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Manned spacecraft venturing beyond the Earth’s Van Allen Belts will be subjected to 

high levels of radiation from both energetic particles emanating from the sun and from galactic 

atomic events, such as supernovae.  The metal shell of a spacecraft offers some protection from 

gamma radiation and high energy particles originating from both the sun and cosmic sources.  

The interaction of these high energy particles and radiation with the spacecraft hull create 

secondary radiation and neutrons, additional hazards for astronauts and electronic systems.  

Shielding of neutrons is the most challenging of the high energy radiation, since neutrons have 

zero charge and are least affected by electrical fields, magnetic fields, and atomic forces.  

Previous studies showed that polyethylene is an effective neutron shielding material, due 

to its high hydrogen content.  High energy neutrons are slowed to thermal neutrons through 

multiple collisions with the hydrogen atoms, increasing the effectiveness of neutron capture by 

boron-10 atoms.  This study discusses the fabrication and testing of polyvinyl alcohol (PVOH) 

samples as a neutron shielding material, with comparison to medium density polyethylene 

(MDPE) composite samples to be used for neutron shielding for spacecraft.  PVOH, an aqueous 

polymer, was chosen for hydrogen content and for enabling the use of organic reinforcement 

such as cellulose for secondary structural composites. 

OLTARIS (On-Line Tool for the Assessment of Radiation in Space) was used for 

radiation shielding simulation and compared with experimental data.  Modeling indicates that the 



 

most effective shielding from radiation was in an aluminum layer backed by a polymer layer, 

either MDPE or PVOH.  Cross-linked PVOH was also included in the OLTARIS modeling.  All 

3 polymer cases showed shielding improvement over aluminum alone, with similar dose 

equivalent reduction for galactic cosmic radiation (GCR) and for radiation from a solar particle 

event (SPE). 

Fourier Transform Infrared (FTIR) Spectroscopy was used to confirm the cross-linking in 

the PVOH sample and to determine the uniformity through the thickness. 

PVOH, cross-linked PVOH, and MDPE samples were tested for neutron shielding 

effectiveness using a 1 curie Americium-Beryllium neutron source.  Test results indicated the 

most shielding in the cross-linked PVOH, followed by the pristine PVOH, and MDPE. 

Neutron testing suggests that polyvinyl alcohol is a good alternative to polyethylene for 

neutron shielding.  The neutron shielding materials, PVOH and cross-linked PVOH developed 

under this research will enable the safe operation of spacecraft beyond the Earth’s protective Van 

Allen Radiation Belts.  It will be crucial for NASA’s manned missions to the Moon or Mars to 

protect the health of astronauts and equipment from the harmful effects of excessive radiation. 
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21. INTRODUCTION 

1.1 Research Description and Motivation 

NASA is currently implementing plans to return to the Moon and land humans on the 

surface by 2024.  There will be a permanent human presence, and it will also be used as a 

starting point for a planned Mars mission [1].  In addition to expanding human presence beyond 

Earth, the effort will establish a lunar-based economy for the benefit of US companies and 

international partners.  As a result, not only will the astronauts and electronic equipment need 

protection from high energy protons and ions during the trip, but any habitat or lunar/Martian 

excursions will require some reliable form of radiation shielding.  The interaction of protons and 

ions with the metal hull of spacecraft or other metallic structures produces secondary neutron 

radiation.  The development of effective neutron radiation shielding was therefore the motivation 

for this research. 

The main purpose of this research was to develop and characterize polyvinyl alcohol 

(PVOH) samples, both pristine and cross-linked, to be used for neutron radiation shielding 

applications.  The use of borax was intended to increase the hydrogen content, the boron content, 

and to crosslink the PVOH chains.  Samples of medium density polyethylene (MDPE) were also 

fabricated and tested to be used as a baseline and to test the effectiveness of neutron moderation 

and capture.  Four weight percent concentrations of boron nitride nanotubes (BNNTs) in an 

MDPE material were also developed to determine suitability as a spacecraft radiation shielding 

material and to determine the effect of boron distribution in a stacked configuration, with varying 

BNNT concentration in each layer.  The BNNTs add structural functionality and boron to the 

MDPE.  Previous research at NASA Langley Research Center indicated that materials with high 

hydrogen content such as polyethylene are the most effective for reducing high energy neutrons 
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to thermal energy levels [2, 3, 4].  One such study discusses multifunctional radiation shielding 

materials involving polyethylene and hydrogenated nanotubes as an enhancement to shielding 

materials for spacecraft [5].  The BNNTs were selected for their structural properties and for 

adding boron to the composite.  Boron isotopes occur naturally as 20% boron-10 and 80% boron-

11.  It is well established that for neutrons at thermal energy levels, boron-10 is the most 

effective and economical isotope for capturing neutrons.  The previous studies at NASA Langley 

Research Center were also a motivating factor for this research. 

1.2 Significance of Research 

Research in radiation shielding materials will produce radiation protection technology 

enabling future space exploration missions.  In general, the level of exposure to ionizing 

radiation is determined by: 1) exposure time, 2) distance from the radiation source, and 3) 

shielding.  The first two factors will be determined by the nature of the mission.  The distance 

factor for a radiation point source follows the inverse square law, Eq. 1. [6]: 

𝐼 ∝ #!
"
$
#
      (1) 

where I = the intensity (dose, or dose rate) and d = distance from the radiation source.  For 

comparison of two distances, a ratio can be applied as in Eq. 2: 

𝐼# ∝ 	 𝐼! #	
"!
""
	$
#
       (2) 

For example, the intensity I2 will be reduced to ¼ that of I1 if the distance from the 

radiation source, d1, is doubled (d2).  However, this relation applies to radiation from a point 

source only that is not distorted by a magnetic field.  Although Solar Particle Events (SPEs) 

appear to be applicable, the Sun’s and the Earth’s magnetic fields can distort the radiation from 

the Sun, and the intensity will vary according to the solar cycle.  In the case of GCR, there is no 
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safe distance, since it radiates from every direction, so historical measurements are required for 

modeling incident radiation. 

Sunspot activity follows a cycle of 11 years, alternating between the solar maximum (the 

most sunspot activity) and the solar minimum [7].  During the solar maximum, the Sun’s 

magnetic field is extended, reducing the effective dose of SPE and GCR radiation.  During a 

solar maximum, for example, GCR is reduced to about half that of a solar minimum.  Shielding 

will be the one factor that can limit the radiation exposure to astronauts both during travel 

beyond the Earth’s magnetic field and for lunar, Martian, or near-Earth planetary based habitats.  

It will likely be a determining factor to enable long-duration missions beyond planet Earth. 

This research addresses the shielding requirement with a lightweight, inexpensive 

radiation shielding material that will be suitable for spacecraft and missions beyond the Earth’s 

ionosphere.  Material durability of samples developed in this research will eventually be 

investigated after exposure in a space environment (LEO) on the International Space Station as 

part of the Materials International Space Station Experiment (MISSE).  It is likely that PVOH 

shielding materials will have many terrestrial applications as well, such as in the medical field, 

the military, neutron generating research facilities, and the nuclear power industry. 

1.3 The Radiation Environment 

A few years after confirming the existence of the Van Allen radiation belts in 1958, 

scientists working on the Apollo lunar missions knew that space radiation and charged particles 

would be a major consideration in sending the Apollo astronauts to the Moon.  To alleviate these 

hazards, a radiation protection plan was developed based on real-time monitoring of solar 

activity and radiation in the spacecraft in addition to worldwide solar activity monitoring to 

predict upcoming radiation hazards, such as solar flare particle events [8].  Additionally, lunar 
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excursions were preceded by low altitude earth orbits and rapid transits through the Van Allen 

belt to keep the astronaut radiation dose below 1 rad [9].  Astronauts will again face these 

hazards in addition to solar particle events (SPEs), occasional coronal mass ejections (CMEs), 

and long term exposure from galactic cosmic rays (GCR) when traveling to and living on the 

Moon or Mars.  The same can be said of any long-duration space travel or manned presence 

beyond the protection of Earth’s protective magnetic field. 

Space radiation (SPEs, CMEs, and GCR) consists of gamma rays, high-energy protons, 

electrons, and HZE (high atomic number and energy) ions and can have energies in the GeV 

range.  Both SPEs and CMEs from the Sun are influenced by the solar maximum and solar 

minimum of the eleven-year solar cycle.  The solar maximum is the part of the solar cycle in 

which the maximum number of sunspots appear and solar irradiance grows by about 0.07% [10].  

About 2 or 3 SPEs per day occur during the solar maximum, compared to 1 SPE during solar 

minimum [11].  Ironically, the increased solar activity at solar maximum extends the solar 

magnetic field, resulting in lower radiation levels for the inner solar system.  For example, 

astronauts aboard the International Space Station receive an average of 80 mSv for a six-month 

stay during solar maximum, but an average of 160 mSv for a six-month stay during solar 

minimum [12]. 

The inevitable exposure to cosmic radiation that is expected to cause serious health 

problems will require radiation shielding materials to protect the astronauts, especially for 

particles and electromagnetic energy that are not shielded by the hull of the spacecraft.  High 

energy protons and HZE ions cause secondary radiation and can generate neutrons when they 

collide with atoms in the spacecraft hull.  It has been proposed that space shuttle flight samples 

monitored with the Shuttle Activation Monitor (SAM) and the Cosmic Radiation Effects and 
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Activation Monitor (CREAM) indicate a factor of 2 difference in the radiation spectrum with 

secondary radiation considered and with it omitted [13]. 

Several studies, both computational and experimental, are published quantifying the 

extent and studying the effects of radiation in space.  Radiation transport codes, such as 

HZETRN (High Charge and Energy Transport), OLTARIS (On-Line Tool for the Assessment of 

Radiation in Space, uses HZTERN), PHITS (Particle and Heavy Ion Transport code System), 

MCNP (Monte Carlo N–Particle Transport Code), and several others are used to determine the 

radiation transport through materials. 

There are several publications on the radiation exposure expected and measured, both in 

transit and on the surface of Mars [14, 15].  The Martian rover Curiosity took measurements of 

the radiation both in-transit and on the surface of Mars using the Radiation Assessment Detector 

(RAD).  This instrument characterized the full spectrum of energetic particle radiation at the 

surface of Mars, including GCRs, solar energetic particles (SEPs), secondary neutrons, and other 

particles created both in the atmosphere and in the Martian regolith. [16]. 

1.4 Health Hazards From Radiation 

High energy particle radiation in a space environment creates neutrons and secondary 

radiation from atomic collisions within the hull of a spacecraft or from collisions with the lunar 

or Martian surface.  Reducing the energy of neutrons and capturing them can minimize human 

biological damage resulting from secondary neutron radiation.  It is therefore important to also 

realize the harm that neutrons pose in addition to other particles and electromagnetic radiation 

from GCR and SPEs.  Absorbed dose, dose equivalent, and the effective dose are used as 

measures of radiation effects for different conditions (see Fig. 1).  Absorbed dose, D, is the 

amount of energy deposited in a material by radiation.  Doses are all measured in 
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Joules/kilogram, with the absorbed dose given in Greys (Gy) and both equivalent dose and 

effective dose given in Sieverts (Sv).  For each type of radiation, the equivalent dose is 

determined by multiplying the absorbed dose by a radiation weighting factor, wR.  For situations 

where only certain areas of the body absorb the radiation, the equivalent dose is multiplied by a 

tissue weighting factor to give the effective dose.  For space radiation, the entire body is usually 

affected, so the magnitude of the effective dose equals that of the equivalent dose.  

 

 

Fig. 1:   Absorbed Dose, Equivalent Dose, and Effective Dose Relationship. 

 

The 2007 recommendations of the International Commission on Radiological Protection 

(ICRP), Table A-2, [17] lists the radiation weighting factors for each type of radiation, as shown 

in Fig. 2. 
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Fig. 2:   ICRP recommended radiation weighting factors. 

 

Since SPEs and GCR are each composed of different types of radiation, different 

radiation weighting factors are considered in determining the equivalent dose, HT, according to 

Eq. 3: 

𝐻$ = ∑ 𝑤%& 𝐷$,&         (3) 

where wR is the radiation weighting factor and DT,R is the average absorbed dose from radiation 

R in a tissue or organ T.  Note that the neutron radiation weighting factor is dependent on the 

neutron energy, and is between 2.5 and about 20.  The importance of shielding can be seen by 

comparing SPE and GCR radiation consisting mostly of protons (WR = 2), electrons (WR = 1), 

and heavy ions (WR = 20) to that of secondary radiation consisting of an abundance of neutrons.  

The ICRP recommended tissue weighting factors listed in Table 1 add up to 1.00, so the 

equivalent dose is used in this research. 
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Table 1.   ICRP Tissue Weighting Factors. 

 

 

For situations that result in partial shielding of the body (i.e. shielding vests or helmets), 

the ICRP recommends a similar calculation for determining the effective dose, E (Eq. 4):  

𝐸 = ∑ 𝑤$$ 𝐻$ = ∑ 𝑤$$ ∑ 𝑤&& 𝐷$,&       (4) 

where wT is the tissue weighting factor,  HT is the equivalent dose of incident radiation, 

wR is the radiation weighting factor, and DT,R is the absorbed dose from radiation R in a tissue or 

organ T. 

The Nuclear Regulatory Commission established the yearly radiation dose limits for 

radiation workers (on Earth), as shown in Table 2.  The limits are weighted for different parts of 

the human body. The dose limits are the same as those established by the National Council on 

Radiation Protection & Measurements (NCRP) [18] and the NASA-STD-3001: NASA space 

flight human system standard, volume 1 lists the permissible exposure limits (PELs) and 

radiation health for several environmental conditions [19].  The standard follows the NCRP 
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Table 2.   Yearly Occupational Dose Limits 

 

recommendations for exploration class missions.  NASA’s planned career radiation exposure 

rates vary with astronaut age and gender, but are not to exceed 3 percent risk of exposure-

induced death (REID) for fatal cancer. 

It is important to realize that even though the effects of radiation exposure in a short 

period, such as during a solar particle event, may be within the yearly dose limit, it still may be 

extremely damaging.  For any SPE, immediate protection could be essential.  There are currently 

several publications that attempt to quantify the damaging effects of radiation on astronauts in a 

space environment [20].  John Charles, a cardiovascular physiologist and chief scientist for 

NASA’s Human Research Program, listed as one of the top concerns for the agency’s human 

deep space ambitions: Exposure to cancer-inducing solar and cosmic radiation from which 

humans are normally shielded by the Earth’s magnetic field [21].  The National Space 

Biomedical Research Institute (NSBRI), a NASA-funded consortium of institutions, has 

published numerous papers that identify the risks of space radiation, the effects, and mitigation 

of the effects through techniques in genomics, proteomics, metabolomics, and other biological 

techniques [22]. 
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For both lunar and Mars missions, both acute and chronic radiation effects have been the 

subject of much research.  Acute effects are usually the result of high exposures to radiation, 

with symptoms such as burns, radiation sickness (nausea, vomiting, diarrhea, bleeding, hair loss, 

weakness, and organ damage), or death.  SPE radiation is a major concern for causing acute 

radiation illnesses.  Chronic effects of radiation are the result of long-term exposure to lower 

levels of radiation, such as GCR.  They include DNA mutations and cancer.  Researchers have 

studied, in particular, the radiation effects on the brain cognition, the central nervous system, the 

heart, and vision. 

Vascular damage in the brain has been observed in previous experiments involving boron 

neutron capture therapy.  Radiation injury to the central nervous system as a result of the blood-

brain barrier damage can lead to cell death, gene expression changes, and a toxic 

microenvironment [23].  The blood-brain barrier is a thin layer of protective cells that restrict the 

passage of pathogens and solutes in the blood from entering the central nervous system, while 

selectively allowing nutrients, glucose and other essentials for neural function to pass through. 

Long-term lower-levels of radiation have also been shown in mouse models to cause 

serious mental degradation.  A recent study shows that rodents exposed to cosmic radiation 

exhibit persistent hippocampal and cortical based performance decrements using six independent 

behavioral tasks administered between separate cohorts 12 and 24 weeks after irradiation [24].  

Another study exposed 40 mice to a low radiation dose rate of 1 mGy/d for 6 months.  Severe 

learning and memory impairments were then observed, with the emergence of distress behaviors 

[25].  Although the rodent models for radiation damage assessment can identify health concerns, 

it should also be noted from research by F.A.Cucinotta et al (refer to Table 2) that the rodent 

models have many limitations when comparing to humans [26]. 
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Cardiovascular effects from space radiation may be harder to discern due to the absence 

of Earth’s gravity or the frequency of exercise, both beneficial to cardiovascular health.  

Although the sample population was quite small, the effects of space radiation have indicated a 

higher incidence of heart conditions among the Apollo astronauts, about 4-5 times higher than in 

astronauts exposed to space radiation in low Earth orbit.  The research conducted by Florida 

State was the first comparison of Apollo astronauts to other astronauts.  However, the small 

number (24) of Apollo lunar astronauts and the lack of lifestyle factor considerations such as 

genetics and diet may have skewed the results [27, 28].  Because of the small sample population, 

it may be more reasonable to look at other cases for cardiovascular effects, especially for long-

term exposure.  Chronic, low-level radiation exposure is a risk factor for atherosclerosis and 

increases the risk of cardiovascular disease, an indication reported by radiation-therapy patients, 

atomic bomb survivors, and radiation technicians [29, 30].  

Space radiation is also suspected of affecting vision, according to a 2004 astronaut survey 

by questionnaire.  Among the 59 European Space Agency and NASA astronaut respondents, 47 

reported seeing flashes of light with no visible cause [31, 32].  Apollo astronauts Edwin Aldrin 

and Charles Conrad reported that flashes or streaks of white light were seen with a frequency of 

2 per minute [33].  The same article also reports that human research at the Berkeley 184-inch 

(467-cm) cyclotron suggests that the flashes are most likely due to proton recoils induced by the 

fast neutron atomic collision near the retina.  Two NASA space shuttle experiments (on STS-133 

and STS-135) with mice were the first to see the loss of gene expression that aids in cells 

functioning with retinal oxidative stress [34, 35].  Although this damage was partially reversible, 

other permanent cellular-level damage was noted in the optic nerve. 
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The growing concern over the health of astronauts venturing beyond Earth’s 

magnetosphere is reflected in the numerous ongoing research studies on radiation shielding as 

well as the NASA-supported small business research solicitations [36] in radiation protection 

materials development.  For long-duration space travel or long term residence on the lunar or 

planetary surfaces, protection from GCR and SPEs is imperative. 

1.5 State-of-the-Art Radiation Shielding Methods 

1.5.1 Active shielding systems.  There are three main types of active radiation shielding 

systems in development today.  The proposed systems either trap or deflect charged particles 

using a magnetic field, an electrostatic field, or a plasma shield.  Incident GCR and SPE 

radiation lack neutrons since the half-life of isolated neutrons is about 14 minutes and 39 

seconds.  Active radiation shielding systems are designed to shield the spacecraft from GCR and 

SPE radiation to prevent or minimize secondary radiation (and neutrons) generated within the 

spacecraft hull. 

Magnetic Shielding consists of a system to generate a magnetic field around the 

spacecraft using electromagnetic components or superconducting coils to deflect charged particle 

radiation.  Effective shielding from high energy charged particles for both an electromagnetic 

system and a superconducting coil system requires field strengths that imply a prohibitively large 

shielding mass for spacecraft [37]. 

Electrostatic Shielding is a system creating an outwardly facing electrical field 

surrounding the spacecraft to slow or deflect charged particle radiation.  The charge arrangement 

can vary widely and might consist of solid or meshed toroidal or spherical components 

surrounding the spacecraft [38].  The arrangement often consists of an inner positively charged 
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electrical field and an outer negatively charged field, similar to the Earth’s Van Allen radiation 

belts. 

Plasma shielding uses a plasma of negatively charged particles confined by a magnetic 

field.  As protons and positively charged particles approach a spacecraft, the plasma particles, 

being oppositely charged, are propelled to enormous speeds and intercept the incoming (mostly 

proton) flux.  One advantage of plasma shielding is that the magnetic field required to confine 

the electron plasma is much weaker and requires less energy than that required to redirect 

protons, as in the magnetic shielding system.  It is suggested that this will lead to bigger weight 

savings as well [39]. 

A review of the proposed active methods require unique considerations in addition to 

achieving efficient shielding.  Health effects from strong electrical or magnetic fields require 

consideration.  Previous research on the health effects of static magnetic fields in general often 

led to inconclusive results [40].  However, a few studies have shown evidence that exposure to 

electromagnetic fields at non-thermal levels can disrupt the blood-brain barrier surrounding the 

brain [41].  The potential health hazards from active shielding systems will require modeling and 

monitoring for acceptable field strength within the spacecraft.  Magnetic or electrostatic systems 

could also affect the electronics and communications as well.  The system weight, power 

requirements, and reliability will also be a major concern, regardless of the active system 

employed.  Trapped or deflected ions may also produce secondary neutron radiation through 

collision with incident GCR and SPE protons and ions. 

1.5.2 Passive shielding systems.  Passive shielding systems are made of materials that 

reduce or eliminate radiation propagation without the need for power generation systems, 

cooling systems, or system maintenance.  Shielding for gamma or x-rays are most effective when 
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heavier elements are used.  Previous researchers have investigated PVOH composites for gamma 

or x-ray shielding that use lead atoms in lead nitrate paint [], iron atoms in the form magnetite [, 

], tungsten atoms in tungsten oxide (WO3) [], titanium atoms in titanium dioxide [], barium 

atoms in barium sulfate [], etc.  Although these are good for shielding photon radiation, they can 

also produce more penetrating particle radiation (neutrons) when used as shielding from gamma 

or high energy ions [].  For shielding in a space radiation environment, passive radiation 

shielding is most effective using the metal spacecraft hull with an internal polymer layer to 

attenuate secondary radiation. 

For spacecraft shielding materials to be flown on spacecraft, the material weight becomes 

a critical factor to be considered.  Unlike for spacecraft applications, terrestrial applications of 

radiation shielding materials often have few weight and dimensional constraints.  For example, 

nuclear reactors, accelerators, and high energy research facilities can use cement, lead, and water 

for shielding materials.  The same materials would not be practical for spacecraft.  Spacecraft 

shielding materials for astronaut missions are required to possess properties that are often more 

stringent than Earth-based applications.  An effective shielding composite for spacecraft will 

entail the following considerations: 

1. Light weight, to reduce launch cost. 

2. Low material cost and fabrication cost making it economically feasible. 

3. Non-toxic outgassing to be suitable for the closed and isolated environment of a 

spacecraft. 

4. Secondary structural application (multifunctional) is desired to preclude parasitic 

weight. 
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5. Effective reduction of the radiation dose rate for astronauts in a space radiation 

environment. 

There are two mechanisms for minimizing neutron radiation propagation through a 

material: neutron moderation (elastic or inelastic/non-elastic collision with atoms) and neutron 

absorption or capture (Fig. 3).  Hydrogen and hydrogen-containing materials (cement, concrete, 

polymers, water, etc.) have been shown to reduce the energy of neutrons to enable neutron 

capture, such as with boron-10 [49].  Since hydrogen has the least mass of all elements, it can 

remove more kinetic energy from neutrons.  Inelastic collision of the neutron with the hydrogen 

atom transforms some of the kinetic energy of the fast neutron to potential energy in the 

hydrogen atom, potentially reducing fast (> 10 KeV) neutrons to thermal (< 1 eV) neutrons.  

Additional collisions of the neutron with other hydrogen atoms will eventually become 

predominantly elastic (a scattering event), conserving both total kinetic energy and momentum in 

the collision.  As Fig. 3 shows, the polyethylene or PVOH functions as the moderator, while the 

boron-10, after absorbing a neutron, becomes an excited Boron-11 atom that undergoes 

instantaneous fission, releasing gamma energy, an alpha particle (Helium-4), and a Lithium-7 

nucleus. 
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Fig. 3:   Moderation and capture mechanisms for neutron shielding. 

 

Most naturally occurring isotopes and elements (having multiple isotopes) in the periodic 

table have been characterized for neutron scatter and absorption and have a radiation cross-

section, expressed in barns (10-24 cm2), associated with it.  Table 3 is an abbreviated list of 

scattering and absorbing cross-sections, originally compiled by Alan Munter of the NIST Center 

for Neutron Research [50] using data from V.F. Sears, published in Neutron News [51].  The 

barn is an approximation of the cross-sectional area of a uranium nucleus, although the radiation 

cross-section is a measure of the probability of neutron capture and not a physical dimension.   
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Table 3.   Selected, Largest Neutron Radiation Cross 
Sections for Scattering and Absorption. 

 

 
 

The scattering and absorption cross-sections are applicable for thermal neutrons with a kinetic 

energy of 0.025 eV and a speed of 2,200 m/s (k = ½ m v2).  Only the isotopes with a scattering 

neutron radiation cross-section greater than 70 barns and those with an absorption cross-section 

greater than 1,900 barns were considered.  70 barns was selected to limit the isotopes to those 

having the best scattering ability.  The selections for both scattering and absorption are in the 
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dark bordered, highlighted cells in Table 3.  It can be seen that hydrogen, with 82 barns, is the 

best option for scattering since it is the most abundant of the isotopes and is available in water 

and numerous hydrocarbons.  It is also the reason why polyethylene and polyvinyl alcohol are 

excellent moderators.  The 1,900 barns limit for the absorption cross-section was chosen as half 

that of boron-10, and to limit the list to the most promising materials to be considered for neutron 

capture.  A more recent study found that that Zr-88 has a thermal neutron capture cross-section 

of 861,000 ± 69,000 barns, the second-largest thermal neutron capture cross-section known [52].  

However, it is radioactive and therefore not suitable use in manned structures.  Of those selected 

from the list, boron-10 is a good choice because it is not radioactive, is non-toxic, and is easily 

available in many forms (i.e. boron nitride and boron hydrates).  Most importantly, at neutron 

thermal energy, Boron-10 has the highest neutron radiation cross-section (>3800 Barns) of all 

common isotopes. 

1.6 Selection of Materials 

There are several considerations in materials selection that can enhance the neutron 

radiation shielding ability.  Fortunately, for spacecraft applications materials consisting of lighter 

atoms have a few advantages over metals.  Polyethylene and polyvinyl alcohol were chosen for 

this research because of their high hydrogen content and very large molecular composition.  

Hydrogen atoms do not have neutrons, therefore, they are closest in size to the secondary 

neutrons.  This condition makes hydrogen atoms extremely efficient in reducing the kinetic 

energy of fast neutrons to thermal/potential energy.  The large molecules increase the number of 

collisions through the thickness of the polymer layer.  Polymer composites are also well known 

for reducing the secondary radiations (γ rays, protons, and alpha particles) from neutron-atomic 
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interactions [53].  In the case of PVOH shielding materials, both its carbon and oxygen nuclei 

tend to disintegrate into helium nuclei under GCR irradiation without producing neutrons [54]. 

Previous research at NASA Langley Research Center identified a combination of 

polyethylene with fillers or reinforcing materials containing boron-10 as having the most 

effective neutron shielding ability [55].  A study published in 1998 showed that a 0.5 cm thick 

sample of the polymer K3B containing 15% amorphous boron powder absorbed over 90% of 

incident thermal neutrons [56]. 

Several other materials were considered by researchers to include both the scattering and 

capture mechanisms for neutron shielding.  One often-considered element is lithium.  Lithium, in 

its natural isotope distribution, has a neutron cross-section of 70.5 barns, while boron’s is 767 

barns (both from the Sears reference table) [57].  One study used a lithium hydride and boron 

mixture to eliminate the (organic) polymer component, raise the operating temperature, and to 

lower the level of gamma (0.42 MeV) radiation emitted from boron-10 after neutron capture 

[58].  Zirconium borohydride and zirconium hydride were also found effective for high-

temperature applications where the neutron energy was below 100 eV [59].  Okuno found that a 

Colemanite-filled epoxy had about 3 times the strength of concrete and suitable performance as a 

neutron shield for up to 133°C [60].  The Colemanite, a hydrous calcium borate mineral, 

functions as a filler rather than a reinforcement.  Researchers have also studied a flexible thermal 

neutron radiation shielding using natural rubber and natural rubber/wood composites with boron 

oxide (B2O3) or boric acid (H3BO3) [61].  A common goal for these and several other researchers 

is to increase the operating temperature of the neutron shielding system [62, 63, 64, 65].  

Although neutron shielding materials with a high operating temperature are necessary for some 

applications, the MDPE and PVOH composites for this research were selected for applications 
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within the living and working space of manned spacecraft.  Both MDPE and PVOH composites 

would be multifunctional (structural and neutron shielding) to eliminate parasitic weight.  

Therefore, the materials were selected for optimizing the neutron radiation shielding 

performance using both the scattering and absorption functionalities; MDPE with BNNT 

reinforcement and PVOH with borax as a cross-linker for enhanced neutron shielding ability. 

The effectiveness of Boron-10 in capturing low energy neutrons ranging from 10-5 to 104 

eV and the effect of hydrogenation for slowing down high energy neutrons is the focus of many 

research efforts [66, 67, 68].  One study using Colemanite, a secondary mineral of borax, in an 

epoxy matrix showed a better neutron dose attenuation than a polyethylene/10% boron oxide 

composite, although it is unknown to make a suitable structural component for spacecraft [69].  

Although naturally occurring forms of boron such as borax are 20% boron-10 and 80% boron-11 

isotope content, enriched products are commercially available [70, 71, 72, 73].  The natural 

distribution was used in this research to allow comparison with previous shielding materials 

research. 

Polyethylene (or other polymers) with boron nitride nanotubes is a well-studied shielding 

composite and makes a good baseline material for comparing to PVOH and cross-linked PVOH. 

Polyvinyl Alcohol is a water-soluble, synthetic chain polymer with the chemical formula 

CH2CH(OH)]n.  It was chosen for the matrix material due to its ability to form long chains, each 

with a hydroxyl group (OH) and its ability to be cross-linked with borax (the boron component). 

The OH also has a slight negative charge that easily forms a hydrogen bond with the slightly 

positive water molecule.  This makes cellulose a compatible reinforcement for PVOH materials.  

Processed cotton fiber, for example, is about 99% cellulose.  Cellulose is composed of long 

chains of glucose molecules, each with three hydroxyl groups (OH).  Since the glucose chains 
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are extremely long in cotton fiber, it functions as a method of increasing hydrogen in the 

composite material.  Cellulose can absorb water, oil, and other liquids, binding 4-9 times its own 

weight in water [74].  Since much research on PVOH/cellulose composites currently exists [75, 

76, 77], the focus will be on the neutron radiation shielding ability of the matrix materials, 

PVOH and cross-linked PVOH.  Several publications on PVOH with fillers, such as cornstarch 

[78, 79, 80] can also be found, although the purpose is most frequently for thin films, and the 

fillers typically reduce the strength of composite materials. 

The material characterization analyzes the effects of space radiation on materials to be 

used on spacecraft using OLTARIS (On-Line Tool for the Assessment of Radiation in Space).  

Additional testing of the neutron shielding effectiveness was also performed in the Neutron 

Radiation Exposure Facility at NASA Langley Research Center. 
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2. RADIATION MODELING IN OLTARIS 

2.1 OLTARIS Overview 

OLTARIS (On-Line Tool for the Assessment of Radiation in Space) is an internet-based 

modeling tool that uses HZETRN (High Charge and Energy Transport) for aiding the 

development and selection of radiation shielding materials [81, 82].  Developed primarily for 

space applications, OLTARIS allows several options to be selected for input based on previous 

GCR and SPE measurements.  Calculations for space radiation effects on electronics and 

biological systems are also possible using OLTARIS. 

The radiation shielding in OLTARIS is determined from GCR and SPE radiation, mostly 

protons, electrons, and heavy ions and accounting for the secondary neutrons generated through 

atomic collision.  For this research, the shielding of neutrons was determined experimentally 

using an Americium/Beryllium source.  Therefore, it should be expected that there will be 

differences in the modeled and measured data.  The reason for selecting OLTARIS was fourfold: 

• OLTARIS accounts for the secondary radiation (neutrons) and backscatter. 

• to determine radiation shielding performance expected in a realistic (space) radiation 

environment. 

• to have output data (i.e. mSv/day) that can be compared to the experimental data. 

• the polymers being modeled will be within an aluminum-hulled spacecraft, making 

secondary (neutron) radiation shielding a significant challenge. 

2.2 OLTARIS Uncertainties 

Uncertainties in OLTARIS output stem from the current generation of radiation transport 

codes.  Uncertainties in the external radiation environmental models, transport algorithms, and 
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nuclear and atomic physics models contribute to non-biological uncertainties and are estimated 

to be about 15% for GCR [83, 84].  Uncertainty predictions may be much larger for SPE spectra.  

However, similar models (i.e. HZETRN PHITS, MCNP, etc.) currently being used show only 

minor differences in data output [85].  OLTARIS is a dynamic model that is constantly being 

validated against a wider set of data as it becomes available. 

2.3 OLTARIS Project Input and Output 

The OLTARIS user will initially create a new project or modify one that was previously 

created.  Under the “Materials” tab, there is a list of common materials that have been provided 

by OLTARIS, such as silicon, water, polyethylene, lunar and Mars regoliths, etc.  PVOH and 

cross-linked PVOH were not in the list, so they were generated for this research by entering the 

chemical formula and density.  The material can also be defined by the elemental mass 

percentage or the molecular mass percentage. 

The user will then create a slab or a sphere.  Although a sphere may be a more 

appropriate choice for GCR, for this research the slab was chosen as a better comparison for the 

experimental data, since the test samples are disks irradiated from one side.  Slab input 

parameters are Name, Comments, Units (for slab depth), Material, and Thickness.  Each material 

and thickness is a data point, so even for a slab of a single material, several layers should be 

defined to make a smooth plot.  For this research, the aluminum slab consisted of 13 data points 

of various thicknesses to get a smooth plot.  The first few thinner layers were spaced to capture 

the initial steep rise in the dose equivalent, while the 1 cm (thicker) layers were sufficient for 

plotting the nearly straight downslope of the graph.  Where polymer backing layers were being 

investigated, an additional 12 layer thickness data points (1/2 mm thick) were used. 
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From the Projects tab, the user can enter the project name and description and mission-

specific parameters.  The chosen parameters for this research were determined for developing 

manned spacecraft radiation shielding materials that would be required for missions to the Moon, 

Mars, or long-duration missions.  Table 4 is a list of the input parameters for both GCR and SPEs 

and the rationale for their selection.  

Table 4.   Selected Input Parameters for OLTARIS Modeling. 

 

 

 The 2014 Badhwar-O’Neill Galactic Cosmic Ray (BON14) model [86, 87, 88, 89] was 

chosen for the GCR model input into OLTARIS, since it is based on data measured from particle 

detectors on satellites and balloons for over 60 years.  The Advanced Composition Explorer 

(ACE) launched in 1997 currently provides among the most comprehensive GCR measurements 
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to date [90].  The detailed description for the BON14 GCR model is described in NASA 

Technical Publication TP-2015-218569 [91].  BON14 numerically solves the Fokker-Planck 

differential equation to characterize particle transport in an ideal spherically symmetric 

heliosphere: 
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where r is the radial position in astronomical units (AU); T is the kinetic energy of the proton or 

neutron (nucleon) in MeV/n; U(r, T) is the GCR flux (particles/sr·m2·s·MeV/n), Vs(r) the solar 

wind speed (≈ 400 km/s); κ(r, T) the particle diffusion coefficient tensor; and α(T) = (T + 2T0)/(T 

+ T0), with T0 being the rest energy of the GCR particle.  The solution assumes that at a boundary 

distance r = Rb, modulation of U(r, T) is negligible, and therefore provides the boundary 

condition at U(Rb, T) = U0 as a known quantity.  The Badhwar-O’Neill 2010 Galactic Cosmic 

Ray Flux Model depicts the GCR flux over the period from 1955 to 2010.  It uses the solution to 

the Fokker-Planck equation to determine the flux of GCR particles of a given charge, Z, as a 

function of energy.  Fig. 4 shows the high-energy spectra, both measured and modeled, for 

phosphorus, iron, and oxygen, data that is typical of that used for all the elements from Li (Z=3) 

to Ni (Z=28) [92].  The NASA GCR Environment Model details the use of the BON14 model 

[93, 94] used for this research in OLTARIS. 
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Fig. 4:  The high-energy spectra for phosphorus, iron, and 
oxygen. (P.M. O’Neill) 

 

The SPE chosen for this model was recorded in October, 1989.  It was the most recent, 

and happened during a solar minimum, when the highest radiation levels occur.  Again, the free 

space solar particle event environment at 1 AU was chosen.  Each SPE option has a 

corresponding differential formula for modeling the radiation.  Eqn. 6 is the radiation flux, ∅(E), 

for the October 1989 model: 

∅(𝐸) 	= 	6.33 × 10.𝑒𝑥𝑝 #!/01
!#

$ + 4.88 × 102𝑒𝑥𝑝 #!//01
./

$    (6) 

NASA Reference Publication 1257 describes the October 1989 SPE [95], one of the 

largest in recent times, with particles 5 MeV–100 MeV energy range [96].  Although radiation 

levels for SPEs far exceed those of GCR, the duration of an SPE  

The output for OLTARIS is selected by the user during the project setup.  For this 

research, the Dose Equivalent, (ICRP 60) was the Response Function chosen, since the data 

would be compatible with the neutron testing data (mSv/day).  ICRP 60 is a compilation of 

radiation protection recommendations for both radiation workers and the public.  Other Response 
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Functions available are more appropriate for specific missions, such as astronaut health or 

examining the effect of radiation on tissue. 

2.4 OLTARIS for GCR, Solar Minimum 2010 

Input parameters for aluminum were determined, using an area density of 20 g/cm2 to 

represent the spacecraft hull depth without secondary radiation shielding.  The 20 g/cm2 value is 

used frequently in the literature and corresponds to 7.4 cm thick aluminum, or a thickness 

accounting for the outer skin, insulation, inner skin, equipment, supplies, racks, etc. [97, 98].  

The depth increment was variable to account for the initial increase in the dose equivalent, with 

the last point at 7.4 cm, or 20 g/cm2 aluminum (see Fig. 5).  The dose equivalents (mSv/day) for 

GCR were based on the GCR model (BON14) for free space at 1 AU and a one day mission 

duration. 

 

Fig. 5:   OLTARIS - GCR dose equivalent in pure aluminum slab 7.4 cm (20 g/cm2 
thick). 
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 For aluminum-hulled spacecraft of 20g/cm2 depth, the GCR dose equivalent initially 

increased from 2.30 to 2.45 mSv/day at a depth of just 0.5 mm.  The initial increase is due to 

scattering and the large flux of neutrons, gamma radiation, and ions produced from the primary 

GCR.  The dose equivalent decreases after the 0.5 mm depth, reaching the initial BON14 GCR 

level at 0.75 cm depth and continues to a dose equivalent of 1.26 mSv/day at a slab thickness of 

7.4 cm. 

Fig. 6 shows the dose equivalent for 7.4 cm thick slabs of Aluminum, PVOH, cross-

linked PVOH, and Polyethylene.  After the 1.5 cm depth, the aluminum slab has the largest 

reduction in the dose equivalent. 

 

 

Fig. 6:   OLTARIS - GCR dose equivalent of 7.4 cm thick slabs of Aluminum, 
PVOH, cross-linked PVOH, and Polyethylene. 
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The polyethylene and PVOH slabs have the same dose equivalent reduction, while the cross-

linked PVOH has the least reduction, possibly due to the additional oxygen atoms involved in 

cross-linking. 

The previous aluminum slab was modeled with an adjacent 6 mm thick layer of 

polyethylene.  In this case, the cumulative thickness was 8 cm.  Two additional configurations 

consisting of the aluminum layer backed by both a PVOH and a cross-linked PVOH layer were 

also run in OLTARIS.  Fig. 7 shows an overlay of the dose equivalents for aluminum layers with 

polyethylene, PVOH, and cross-linked PVOH backing layers. 
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Fig. 7:   OLTARIS - GCR dose equivalent in slabs consisting of an aluminum 
layer with a 6 mm thick polyethylene, PVOH, or cross-linked PVOH 
backing layer. 

 

Compared to the aluminum slab, a sharper reduction in dose equivalent can be seen in all 

three polymer backing layers.  The thickness of the 3 polymer layers, 6 mm, was chosen for 

comparison to the samples that were fabricated and tested for neutron shielding efficiency.  It 

should be noted that the 7.4 cm thick aluminum layer is always included in the slab model, since 

the polymers are unsuitable for the primary spacecraft hull.  For the case of the 

aluminum/polymer slab, there is no initial increase in the dose equivalent at the interface, since 

the polymers consist of atoms with lower atomic numbers than aluminum and are partially 

shielded from incident, higher energy GCR. 
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2.5 OLTARIS for SPE, October 1989. 

Input parameters for SPE October 1989 were similar to the GCR parameters, except 

where GCR-specific input was replaced with the SPE input.  Yearly dose calculation was not 

performed since SPEs last only hours or days.  Percent efficiency is also not shown, since the 

dose equivalent is reduced beyond 1/1000 of a percent, making the daily shielded dose 

equivalent a better measurement for comparison.  Initially, the shielding ability for 7.4 cm thick 

slabs of Aluminum, PVOH, cross-linked PVOH, and Polyethylene were compared (Fig. 8). 

 

 

Fig. 8:   OLTARIS - SPE dose equivalents of 7.4 cm thick slabs of Aluminum, 
PVOH, cross-linked PVOH, and Polyethylene. 

 

In this case the initial SPE is 4x107 mSv/day, with the greatest reduction in the aluminum 

slab to 382 mSv/day.  The polymer slabs reduced the SPE dose equivalent to 1226, 1208, and 

1030 mSv/day for the PE, cross-linked PVOH, and PVOH slabs, respectively.  As with GCR, the 

aluminum slab had the largest reduction in dose equivalent. 
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The shielding ability of slabs consisting of 7.4 cm thick aluminum layers backed by 6 

mm polymer layers is shown in Fig. 9. 

 

 

Fig. 9:   OLTARIS - SPE dose equivalent in aluminum + polymer slabs. 

The initial value of the dose equivalent in the aluminum layer for the 7.4 cm depth is 382 

mSv/day.  This was reduced to 340, 337, and 336 mSv/day for the cross-linked PVOH, PE, and 

PVOH, respectively. 
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3. SAMPLE FABRICATION 

3.1 Preliminary Sample Fabrication 

To investigate water-soluble materials that might be considered for neutron shielding, 25 

samples were made from other materials (Table 5).  Only non-toxic materials were considered.  

The structural requirements eliminated many of the materials that were fabricated.  The PVOH 

with cotton fabric (predominantly cellulose) looked promising, but it was decided to focus on the 

PVOH and cross-linking it with borax since these are strictly the matrix material for composites. 
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Table 5.   Preliminary Sample Fabrication, Selection Criteria, and Evaluation. 
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3.2 Pure MDPE Sample Fabrication 

Four pure-MDP samples were fabricated to be used as a baseline for determining neutron 

radiation shielding effectiveness.  Medium density polyethylene (MDPE, Sigma Aldrich: 

332119-500g) was used for all samples to be evaluated.  The procedure for the pure MDPE 

required adding the MDPE powder (3 times the mold thickness) to the larger, 2.5-in (6.25-cm) 

diameter, copper mold (Fig. 10).  The mold was then heated on a hotplate to 125 °C, the melting 

point of MDPE, until it turned clear and filled out the mold.  A thin copper wire was used to 

remove any bubbles.  The hotplate was turned off, allowing the sample to cool slowly to room 

temperature.  The assembled mold was used to shave the excess MDPE off the top, using the 

sharp edge of a piece of metal sheet.  This step ensures that all samples have the same thickness 

for the radiation shielding comparison. 

 

 

Fig. 10:   Copper sample molds: 2.5 in. and 1.375 in. diameters. 
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3.3 MDPE Composite Sample Fabrication 

Five samples of MDPE/BNNT were fabricated for determining the effect of boron 

distribution for radiation shielding.  The samples had BNNT weight percents of 4, 2, 1, 0.and 

two 0.5 (both diameters).  BNNTs were measured for making ALL of the MDPE/BNNT 

samples, put in a 100-mL beaker, and ethanol was added to the 40 mL mark.  A small stirring bar 

was added and the mixture was mixed on a hotplate at room temperature using the magnetic 

stirring feature until the BNNTs were fully dispersed (about 3 hours).  To efficiently disperse the 

BNNTs, the beaker was moved until the spinning stirring bar was off-centered (near the side) 

within the beaker.  Once dispersed, an amount of MDPE powder was measured to give the 

mixture the highest BNNT wt %, 4% for this research.  The rationale was to fabricate all 5 

samples from the same BNNT batch/process for uniformity, adding MDPE as each sample was 

made for successively lower BNNT wt % concentrations.  The mixture formed a thick slurry that 

filled the mold, allowing excess to account for shrinkage once the ethanol evaporated.  The 

smaller mold is to conserve BNNTs for samples with higher weight percent.  The mold was then 

heated to 50 °C until the ethanol evaporated.  The slurry was added until the dried amount could 

fill the mold, then the temperature was increased to 125 °C to melt the MDPE and make the 

sample.  The sample was then weighed BEFORE trimming to determine the amount of MDPE to 

add for the next lower BNNT wt% concentration.  These calculations were determined in an 

Excel spreadsheet for all composite samples fabricated.  The sample was then trimmed to the 

mold thickness of 2 mm.  The remaining samples were made following the same procedure, 

adding MDPE to make the 2%, 1%, and ½ wt% BNNT samples. 
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3.4 PVOH Sample Fabrication 

The PVOH samples required a solution of 10 wt% PVOH chips in deionized water.  A 

mixture was prepared using 80 grams of PVOH chips in 720 grams of deionized water in a 1 L 

Nalgene bottle.  The bottle with the mixture was heated to 90 °C in a microwave oven for 2 

minutes.  The bottle was shaken for 1 minute, the top was briefly loosened to release pressure, 

then reheated in the microwave for an additional minute.  The heating times vary depending on 

the microwave that is used and the power settings.  The process was repeated as necessary to 

prevent the chips from melting together instead of dissolving into a smooth, viscous solution.  

The solution was then poured in the mold (Fig. 11) to a level twice the desired thickness of the 

finished sample. 

 

 

Fig. 11:   Mold for PVOH samples. 

 

  Any bubbles were skimmed off the top of the surface and the mold was placed in the freezer to 

promote polymerization.  The solution was frozen for a few hours; the time for polymerization 

dependent on the thickness of the samples.  The freeze gelation process performs two purposes: 

polymerization of the PVOH and freezing (expansion) of the water.  If allowed to thaw the 
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process results in a hydrogel. However the mold was put under an infrared heat lamp (GE, 

250W) to evaporate the water until thawed (still gelled). A heat lamp was chosen as the method 

of heating the sample since it heats the bulk of the sample rather than just a surface. Deionized 

water was sprayed on the top surface periodically to prevent the sample from drying out and the 

top surface and the sample was flipped to prevent warping or uneven evaporation. Once the 

sample reached about 60 °C it was refrozen, and the previous process was repeated.  Depending 

on the sample thickness, several iterations of this process were required to produce a rigid, dry 

sample.  The amount of water remaining is indicated by the translucency: hydrated samples are 

opaque white, while dried samples are transparent to translucent. 

3.5 Cross-Linked PVOH Sample Fabrication 

Samples of PVOH cross-linked with Borax (20 Mule Team) were also fabricated.  A 5 

wt% Borax solution was first prepared by mixing the Borax in deionized water at 60 °C.  A 

PVOH sample was allowed to thaw to the gel state, then submerged in the room-temperature 

Borax solution for 3 hours.  The sample was then submerged in deionized water for 2 hours to 

allow the sodium ions and unreacted borate ions to diffuse into the water solution.  After 

partially drying the cross-linked PVOH sample, it was refrozen, and the drying process used for 

the pure PVOH was initiated. 
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4. MATERIALS CHARACTERIZATION 

4.1 Materials Characterization Using Infrared Spectrometry 

4.1.1 FTIR background.  Fourier Transform Infrared (FTIR) Spectroscopy is used to 

identify the chemical bonds and functional groups present in a material.  The chemical bonds are 

identified by the specific wavelengths of infrared radiation that are absorbed.  The Fourier 

transform converts the interatomic vibrations into an absorption frequency spectrum, expressed 

in wavenumbers (cm-1).  The interatomic vibrations are dependent on the masses of the atoms 

involved and their bond length.  The vibrations can be in stretching or bending with the 

absorption of infrared radiation.  The stretching mode is usually associated with the stronger 

peaks of functional groups, while the bending absorption mode usually indicates similar bond 

types.  A shift in the frequency peak to a higher frequency indicates a decreased bond length, 

while a shift towards lower frequencies indicates the bond length increased. 

FTIR spectra usually have a wavenumber range of 4000 - 400 cm-1, frequently considered 

the mid-infrared region.  Often the functional groups are initially identified in the wavenumber 

region of 4000 - 1500 cm-1, since functional groups normally display the highest peaks.  The 

higher peaks are due to the number of the particular bond types in the molecule and the polarity 

of the molecule.  The 1500 - 400 cm-1 range often indicates more complex vibrational or bending 

modes, sometimes involving more than one bond.  Due to the abundance and complexity of 

peaks in this region, identifying the source of the absorption peaks requires comparison to 

published IR spectra for known materials.  Unique and prominent patterns of the peaks in this 

region can help to identify the bonding involved.  The mass of atoms involved in bonding can 



40 

 

also give a clue toward identification; the larger the masses involved, the lower the IR frequency 

that is absorbed. 

The Nicolet iS5 FTIR Spectrometer was used for all absorption spectral data in this 

research.  FTIR was selected since PVOH has many hydroxyl groups, so the O-H peak in the IR 

spectra will show a broader and less prominent peak with borate anion cross-linking.  The cross-

linking be indicated by an O-H shift to a higher frequency. 

4.1.2 FTIR Spectra of PVOH Sample to Determine Borax Cross-Linking.  Infrared 

absorption spectras were obtained for samples of Borax powder, pristine polyvinyl alcohol 

(PVOH), and PVOH cross-linked with Borax for determining the presence of borate cross-

linking.  An initial comparison of three infrared absorption spectra was made to determine the 

presence of the borate anion involved in cross-linking PVOH.  The samples were a pristine 

PVOH sample (C2H4O)n, and a PVOH sample cross-linked with Borax (Na2B4O7 ·10H2O), tested 

on the top and bottom surfaces.  The infrared absorption spectra for the pristine and both sides of 

the Borax cross-linked PVOH sample are shown in Fig. 12.  The peaks for some common 

functional groups (O-H, C-H, and C=O) were also labeled. 
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Fig. 12:   Infrared absorbance spectra for pristine PVOH sample and both sides of a 
cross-linked PVOH sample. 

 

Efflorescence of the Borax was present on the top surface of the PVOH / Borax cross-

linked sample, and to a lesser extent on the bottom side.  Therefore, the top side crust was shaved 

off to the original PVOH sample surface, and the before-and-after spectra were compared (Fig. 

13).  The same absorption peaks indicate the remaining presence of the borate anion in the bulk 

of the sample. 
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Fig. 13:   Absorbance spectra for the top surface of the PVOH/Borax sample, before and 
after removal of excess Borax on the surface. 

 

Both PVOH and Borax contain water.  Borax (Na2B4O7·10H2O) can also be converted to 

Tincalconite (Na2B4O7·5H2O) under dry or hot conditions.  The NIST Webbook database for 

chemistry has the IR absorption spectrum for Tincalconite, but not for Borax [99].  Spectra for 

both, using the SensIR Durascope on a Nicolet Magna 860 FTIR, was found in the RRUFF 

Project database (http://www.rruff.info/.com) and compared [100].  The peaks were identical for 

Tincalconite and Borax, suggesting that the two cannot be distinguished from one another using 

infrared absorption wavenumbers.  A higher absorption along the entire spectrum for the sample 

cross-linked with Borax, however, can likely be attributed to the higher water content.  

To isolate the IR absorbance due only to borax, the IR spectrum for pure borax powder was 

compared to previous data collected by C.E. Weir of the National Bureau of Standards, renamed 

http://www.rruff.info/.com
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the National Institute of Standards and Technology (NIST) [101].  The published data indicates 

numerous similar absorption peaks for Tincalconite and borax (Table 6).  Compared to the 

spectra in this study, the peaks showing the most similarity are with the Tincalconite.  It should 

be noted that all materials were dry, and that the cross-linked PVOH samples were prepared from 

solution and then dried.  For the cross-linked samples, the borax peaks may be shifted and 

broadened due to the hydrogen bonding and the resulting absorption resonant modes.  The borate 

anion spectrum was determined to occur in the 1,200 – 400 cm-1 wavenumber range. 
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Table 6.   FT-IR Absorption for Tincalconite and Borax. Both (a) 
and (b) from C.E. Wier and (c) Measurements Performed 
for This Study. 

 

 

The pristine PVOH spectrum, as shown in Fig. 14, was compared to the shaved, cross-

linked PVOH.  The absence of the C-H bond peak in the shaved cross-linked PVOH sample is 

another indicator of cross-linking, due to the hydrogen bonding of the borate anion. 
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Fig. 14:   Absorption spectra for pristine PVOH and shaved, cross-linked PVOH sample. 

 

The absorption peaks were tabulated (Table 7) and compared to that of powdered borax.  

Identical peaks were highlighted for borax, PVOH, and the cross-linked PVOH.  Both the lack of 

matching wavenumbers and the peak broadening in the alcohol (OH) group, 3200 – 3600 cm-1 

range, strongly indicate the presence of borate bonds.  Chemically, the crosslinking of PVOH 

with borax can result in other hydrogen bonds with water and the hydroxyl groups from adjacent 

PVOH chains as seen in Fig. 15.  It is these bonds that make it difficult to quantify the actual 

amount of borate anion in cross-linked samples. 
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Table 7.   Infrared Absorbance in Borax, PVOH, and Cross-Linked PVOH. 
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Fig. 15:   (a) Borax cross-linking, (b) hydrogen bond with a water 
molecule, and (c) with hydroxyl groups. 

 

Cross-linking PVOH with borax not only improves the structural properties of the 

composite, but results in an improvement in the radiation shielding properties.  Neutron radiation 

shielding tests comparing the borax cross-linked sample to the pristine sample showed 2% 

improved shielding for the cross-linked sample, even though the area density was only 0.3 g/cm2. 

The comparison of the FTIR spectra for pristine and cross-linked PVOH reveals the 

broadening and the left-shifted O-H peak, indicating the presence of chemically bonded borate 

anions.  The comparison of powdered borax FTIR peaks to the cross-linked PVOH sample 

revealed 4 peaks not present in the pristine PVOH sample:  wavenumbers 2341, 991, 944, and 

425 cm-1.  This verifies that the O-H broadening and the left shift is not merely due to water or 

the hydroxyl groups.  Although the hydrogen atoms in PVOH make an excellent, stable method 

for moderating neutrons, the boron atoms (boron-10) have the high radiation cross section for 

capturing thermal neutrons.  It could be seen from the neutron shielding improvement and the 
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FTIR spectral analysis that borax cross-linked PVOH would be a cheap, effective neutron 

shielding material.   
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4.2 Neutron Radiation Shielding Characterization 

4.2.1 Neutron exposure equipment and configuration.  For neutron radiation shielding 

characterization, an Americium-Beryllium (AmBe) neutron source with an ionizing radiation of 

1 Ci was used in combination with a Ludlum Model 2363 gamma-neutron survey meter and 

Model 42-41 neutron probe. 

The AmBe source has an average neutron energy of 4.30 MeV and a maximum dose 

equivalent of 384 pSv cm2 [102].  The survey meter (see Fig. 16) was connected to a pc for data 

recording. 

 

 
 
Fig. 16:   Gamma-neutron survey meter and neutron probe. 

 

The neutron probe consists of 4 fast neutron scintillators arranged around a Lucite light 

guide.  As the neutrons from the source collide with the protons in the window material, the 
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protons recoil and strike a scintillating material to generate optical photons.  A photomultiplier 

tube within the handle centered on the top face detects the photons coming through the light 

guide [103].  The real-time data collected for this study was in mrems/hr, then converted to 

mSv/day (mrems/hr x 24 hrs/day x 0.01 mSv/mrem) for comparison to literature and the 

OLTARIS data collected.  The slab geometry (rather than spherical) was selected for OLTARIS 

as a comparison to the sample testing since it is a through-the-thickness measurement, and 

similar to the testing setup.  Fig. 17 shows the configuration for neutron radiation exposure.  The 

sample holder is adjustable to hold various sample sizes. 

 

 

Fig. 17:   Neutron exposure configuration. 
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The AmBe source, the sample, and the probe were aligned.  Although the distances 

between each are adjustable, all data for this study was from a source-to-sample distance of 5.1 

cm (2 in.) and a source-to-probe distance of 11.4 cm (4.5 in.). 

4.2.2 Sample measurement and measurement uncertainties.  Data was collected each 

second for 4 minutes (240 measurements) for each sample.  A mean average was used for the 

dose equivalent, and the standard deviation was also determined.  Neutron shielding tests were 

first performed on the PE/BNNT samples with different weight percentages of BNNTs.  Three 

stacked samples were tested, consisting of 1, 2, and 4 wt% BNNTs in a polyethylene matrix, the 

testing configuration as shown in Table 8.  Two orientations for 3 PE/BNNT stacked samples 

were tested.  Each sample was approximately 2 mm thick, for a total thickness of 6.01 mm.  The 

first orientation was with the 4%BNNT facing the neutron source, followed by the 2% and 1% 

BNNT samples.  The first, with a neutron dose equivalent of 28.93 mSv/day shielded 7.97% of 

the neutron flux.  The stack was then flipped around with the 1% BNNT sample facing the 

source.  For this configuration, a dose equivalent of 28.72 mSv/day was measured, 8.64% 

shielding of neutrons.  The result suggests that the boron concentration is more effective the 

further it is from the source, since neutrons lose energy as they propagate through the thickness, 

and since the boron-10 in BNNTs are more effective at thermal energies. 

 

Table 8.   Two Orientations for PE/BNNT Stacked Sample Testing. 



52 

 

 

 

Neutron radiation shielding efficiencies were then determined for samples consisting of MDPE 

(the control sample), PVOH, and PVOH cross-linked with borax. 

A measurement of 31.43 mSv/day was taken without a sample installed.  This was the 

initial neutron radiation dose equivalent measurement that was compared to all sample 

measurements to determine the dose equivalent coming through each sample and the percent 

shielding.  Due to the small differences in dose equivalent and the standard deviation for each 

measurement, error analysis was performed on the no sample setup as shown in Fig. 18.  This 

condition was analyzed to find errors in the AmBe source and detector configuration (without a 

sample) to determine the acceptability of using a mean average for all measurements as opposed 

to using the median average.  The difference in the mean and the median average was 0.071 

mSv/day, allowing the mean average to be used for all measurements. 
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Fig. 18:   Mean average dose equivalent (mSv/hr) for the no sample measurement. 

 

The measurement duration was also analyzed to determine the minimum measurement time 

required to minimize the deviation from the mean average, as shown in Fig. 19.  After a 2 minute 

duration, the difference in the dose equivalent measurement varied by 0.04 mSv/day (31.43 – 

31.39), suggesting that the 4 minute measurement period was sufficient for sample measurement 

and comparison. 

 

 

Fig. 19.  Mean average dose equivalent (mSv/hr) for a testing duration of 0.5 to 4 minutes. 
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The standard deviation for the 4 minute exposure without a sample was then compared to 

the standard deviation for all sample measurements.  The standard deviation for the “no sample” 

measurement during the 4 minute exposure was 0.68 mSv/day.  The standard deviation range for 

the sample measurements was between 0.58 and 0.75 mSv/day, with an average standard 

deviation of 0.65 mSv/day.  This suggests that the majority of uncertainties in sample 

measurement are due to the AmBe source and detector, with minor variance in the sample 

measurements.   
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5. DISCUSSION 

5.1 Comparison of OLTARIS Results 

Table 9 shows the reductions in dose equivalent (from GCR incident radiation) for 7.4 

cm thick slabs of each material and 8 cm thick slabs consisting of aluminum layers backed by 

polymer layers representing the shielding added to the spacecraft interior.  For the 7.4 cm thick 

slabs of each single material, the PVOH and the polyethylene reduce the dose equivalents by 

40.1 and 39.6%, respectively.  The cross-linked PVOH slab reduces incident GCR radiation by 

35.8% and the aluminum slab by 45.5%.  The higher reduction in the 7.4 cm thick aluminum is 

the result of the higher atomic number.  The larger atoms produce more collisions with the high 

energy protons and core atoms that are abundant in GCR.  However, the collisions also produce 

secondary radiation and neutrons.  The secondary radiation is more effectively reduced with the 

hydrogen atoms (of polymers).  This is evident in the abrupt decrease in the dose equivalent at 

the aluminum/polymer interface: 0.09 (polyethylene), 0.07 (PVOH), and 0.05 (cross-linked 

PVOH) mSv/(day∙mm) from 0.01 mSv/(day∙mm) in aluminum. 

 

Table 9.   OLTARIS - GCR Shielding for Solid 7.4 cm Thick Slabs and 8 cm Thick 
Aluminum/Polymer Slabs. 
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The largest reduction in dose equivalent is in the slab with the 7.4 cm thick aluminum 

layers backed by a 6 mm thick polyethylene layer, with a total reduction of 51.3% in the dose 

equivalent.  The PVOH-backed aluminum slab shows a similar slab reduction of 50.2%.  The 

aluminum with the cross-linked PVOH slab had a 48.9% reduction, only 3.4% better than the 

aluminum slab alone.  At thermal energies, the boron-10 in the cross-linked sample becomes the 

most effective for neutron capture.  Although the data shows the lowest reduction for the 

PVOH/Borax, a slab thicker than 6 mm may show better performance.  The modeling also 

considers all particle and photon transport energies, and the chemistry of each material. 

Table 10 shows the reductions in dose equivalent from SPE incident radiation for 7.4 cm 

thick slabs of each material and 8 cm thick slabs consisting of aluminum layers backed by 

polymer layers.  For the 7.4 cm thick slabs of each single material, the aluminum slab showed 

the largest SPE dose equivalent reduction to 382 mSv from an initial value of 4.31 x 107 

mSv/day.   

 

Table 10.   OLTARIS - SPE Shielding for Solid 7.4 cm Thick Slabs and Aluminum/Polymer 
Slabs. 
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Although the PVOH slab showed a higher dose equivalent reduction among the 

polymers, 1,030 mSv/day, it verifies the fact that aluminum is the most effective material for the 

initial reduction of SPE radiation, again due to the higher atomic number of aluminum being the 

most effective for scattering protons and core atoms in both GCR and SPE radiation.  This does 

not imply that aluminum is all that is required for radiation shielding.  The polymers are not as 

efficient at shielding high energy GCR, but are much better at shielding secondary neutron 

propagation.  This fact becomes apparent with the modeling for the slabs with a 7.4 cm thick 

aluminum layer followed by a 6 mm thick polymer layer.  Dose equivalent reductions for the 

aluminum/polymer-backed slabs show the greatest reduction in the aluminum/PVOH slab to 336 

mSv/day.  The aluminum/cross-linked PVOH and the aluminum/polyethylene slabs reduced the 

dose equivalents to 340 and 337 mSv/day, respectively. 

Modeling GCR and SPE radiation transport in OLTARIS yielded small differences from 

the sample test data for the MDPE, PVOH, and cross-linked PVOH.  It is not surprising, since 

the differences in shielding performance of the 3 polymers is small and the testing included data 

for only neutron shielding without consideration of proton and core atom radiation transport.  

The OLTARIS model accurately predicts the similar shielding ability for polyethylene and 

PVOH.  The cross-linked model does not agree with the test result.  A possible reason would be 

that OLTARIS calculates for GCR and SPEs comprised of protons and atomic nuclei and 

secondary neutrons in a range of energies, while the test data detects radiation from a neutron 

source only and within a narrow energy range.  Additional consideration should be given for the 

amount of remaining water in PVOH after the drying process. 

The SPE radiation, as modeled in OLTARIS, is several orders of magnitude higher than 

that of the GCR: 4.31 x 107 versus 2.30 mSv/day.  For the four 7.4 cm thick aluminum and 
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polymer slabs, there is no initial increase in the dose equivalent, as scattering is the predominant 

shielding mechanism.  For the polymer slabs, the PVOH had the highest reduction of dose 

equivalent to 1030 mSv/day, followed by cross-linked PVOH and PE, 1,208, and 1,226 

mSv/day, respectively.  The higher performance of the PVOH and cross-linked slabs may be due 

to the slightly higher atomic number of the oxygen atoms present in them and lacking in the 

polyethylene.  The disparity in dose equivalent reduction narrows to within a few mSv/day, as 

shown the slabs with aluminum backed by polymer results.  In these cases, the dose equivalent of 

382 mSv/day for the aluminum layer is reduced to 336, 337, and 340 mSv/day in the PVOH, PE, 

and cross-linked PVOH layers, respectively.  It is suggested that as the particle energy decreases, 

the remaining energy will reach a point where the bond energy is greater, and particle capture 

becomes the predominant shielding mechanism. 

5.2 The Sample Fabrication Processes 

The sample fabrication for MDPE requires the MDPE to be heated and formed in the 

mold.  Variations of the process would still involve heating.  A sample with 8% BNNTs was 

attempted, but did not flow and fill out the mold.  The effort was abandoned since it would 

require a different forming process such as pressing.  The PVOH samples used the freeze 

gelation process, and did not require heat.  Although the process could involve heating the 

PVOH pellets, freeze gelation was chosen to maximize the polymer chain length for increased 

sample strength.  Freeze gelation also lowers the density, since it is a xerogel once cured.  For 

the cross-linked samples, freezing expands the structure to allow diffusion of the borax solution 

before the drying process.  The combination of these processes was intended to prevent the 

cross-linking before the polymerization took place. 
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5.3 Neutron Shielding Characterization 

Four samples of PVOH were tested: G1, G2, G3, and G4, as shown in Table 11.  The first 

3 were then stacked to determine the shielding for a 6 mm depth.  A cross-linked PVOH sample, 

190319wBx, was then tested. 

 

Table 11.   Neutron Shielding for PVOH, Cross-Linked PVOH, and Polyethylene Samples. 

 

 

Three polyethylene samples, PE1 (2.1 mm thick), PE2 (2.2 mm thick), and PE3 (2.2 mm thick) 

were tested for comparison.  PE1 was tested first, followed by two stacked samples (PE1+PE2), 

and three stacked samples (PE1+PE2+PE3).  Neutron shielding percent for all samples is 

dependent on the depth (thickness).  It is calculated using the “No sample” dose equivalent 

measurement and the test sample dose equivalent: 

(𝑛𝑜	𝑠𝑎𝑚𝑝𝑙𝑒) −	(𝑡𝑒𝑠𝑡	𝑠𝑎𝑚𝑝𝑙𝑒)
(𝑛𝑜	𝑠𝑎𝑚𝑝𝑙𝑒) × 100 

Normalization of the data would require several samples of each material to determine the non-

linear neutron transport through the thickness.  This is due to the increasing number of neutron 

scattering events with increasing depth.  Therefore, the plot of dose equivalents as shown in Fig. 

20, was used as a comparison of PVOH and cross-linked PVOH to polyethylene.   
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Fig. 20:   Dose equivalent in MDPE, PVOH, and cross-linked PVOH samples. 

 

All but one of the data points for PVOH appear below the MDPE curve, indicating a 

slightly higher reduction in dose equivalent for samples of thickness between 1.4 and 6.5 mm 

thick.  The dose equivalent reduction implies that PVOH and cross-linked PVOH can be as 

effective as polyethylene, but with the advantage of using natural fibers such as cellulose as 

reinforcement in secondary structural composites.  Samples G1 and G2, both 2 mm thick, vary 

by 0.09 mSv/day dose equivalent reduction.  This could be due to a small difference in water 

content after the drying process. 
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6. CONCLUSION 

The current plan for NASA astronauts to return to the Moon and land astronauts on the 

surface by 2024 will be followed by a permanent human presence on the surface.  The lunar 

outpost will not only establish a lunar-based economy for the benefit of US companies and 

international partners, but will also be a starting point for a planned Mars mission.  The long-

duration missions beyond the Earth's protective magnetosphere will require radiation shielding 

systems to protect astronauts and electronic equipment in spacecraft, lunar or Mars habitats, and 

surface vehicles.  Ionizing radiation from GCR and SPE's consist mainly of protons, heavy ions, 

and electrons. The interaction of these particles with the metal hull of spacecraft or other metallic 

structures produces secondary neutron radiation, potentially more damaging to human tissue than 

the incident radiation.  An effective neutron radiation shielding polymer was therefore developed 

to minimize the effects of secondary radiation.  Based on a literature search, the health effects in 

human tissue and organs were extensively studied for both actual radiation exposure and in 

radiation modeling. 

Also, through a literature search, both active and passive radiation shielding systems were 

considered.  Passive shielding systems based on current publications already exist and are used 

today for a variety of applications.  Considering material and fabrication cost, weight, 

outgassing, and scalability, PVOH was determined to meet the requirements for spacecraft.  

Several published studies indicated that PVOH composites containing natural cellulose fibers 

were of interest due to their structural properties and low toxicity, therefore this study focused on 

the matrix polymer without the reinforcing fiber.  Polyethylene, a well-known neutron 

moderator, was also fabricated and tested and compared to PVOH. 
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Modeling the shielding efficiency for both GCR and SPE radiation of MDPE and PVOH 

for spacecraft applications was accomplished using OLTARIS.  The aluminum slab model 

initially was compared to an equal thickness (7.4 cm) of slabs consisting of polyethylene, PVOH, 

and PVOH cross-linked with borax.  For both GCR and SPE radiation, the aluminum slab 

showed the greatest decrease in dose equivalent through the entire 7.4 cm thickness.  However, a 

7.4 cm thick aluminum slab with a 6 mm thick polymer backing layer resulted in a more abrupt 

decrease in GCR dose equivalent in the polymer layer.  For SPE radiation, the initial decrease 

was less abrupt, then continued from 382 mSv/day to just over 335 mSv/day. 

The polymer performance from OLTARIS was in contrast to the actual test results using 

a 1 Ci Americium-Beryllium neutron source, most likely due to the lack of protons, heavy ions, 

and electrons in the incident radiation and the different efficiencies for GCR and SPE radiation.  

For the experimental data, the dose equivalent percent reduction for polyethylene was plotted for 

3 thicknesses: 2.1, 4.3, and 6.5 mm.  Five samples of pristine PVOH and one cross-linked PVOH 

sample were also plotted.  The dose equivalent for all but one pristine PVOH sample were less 

than that of polyethylene by about 0.9 mSv/day.  A very similar radiation shielding performance 

was shown in polyethylene and PVOH, both in the OLTARIS models and the neutron testing 

results.  Both PVOH and cross-linked PVOH would meet the requirements for a multifunctional 

composite matrix material suitable for spacecraft applications using cellulose fiber 

reinforcement.  
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