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Abstract

Extreme space environments such as space vacuum, radiation, thermal extremes and cycles,
jagged lunar dust, microgravity, micrometeoroids and orbit debris (MMOD), thrust plume ejecta,
and their synergistically-adverse effects are difficult challenges for safe and sustainable space
exploration to outer planets and satellites. Prolonged space radiation exposure embrittles
materials and structures and abrasive jagged dust particles aggressively wear and erode moving
parts leading to premature failure. To counter or even alleviate such potential failures, robust and
exceptional materials are needed to make NASA missions including Artemis program sustainable
with minimum service and repair needs. This study reports that boron-containing inclusion, B4C,
can improve wear resistance and radiation shielding/resistance of aluminum alloy (Al6061)
significantly to extend the service life in extreme space environments. With increasing B4C
inclusions, the tensile strength increased up to 20 vol% at both room temperature and an elevated
temperature (200°C) while thermal conductivity decreased gradually as a function of B4C
concentration. The neutron shielding effectiveness increased more than 110 times when 50 vol%
B4C is incorporated in AI6061 when compared with the pristine AI6061. The shielding
effectiveness under galactic cosmic rays (GCR) and solar particle events (SPE) was also studied
computationally using on-line tool for the assessment of radiation in space (OLTARIS). By adding
B4C, the adverse effect caused by secondary radiation through the AI6061 matrix was effectively
suppressed to improve the shielding effectiveness against GCR and SPE. The presence of boron
in B4C was the main reason for the enhanced radiation shielding capability against neutron, GCR,
and SPE environments.



1. Introduction

NASA has pursued human space exploration programs and deep-space flight missions while
broadening collaboration with U.S. commercial space industry and international partners in the
Artemis program and Commercial Lunar Payload Services (CLPS) [1-3]. During the space
missions, astronauts, space vehicles, and scientific instruments are subject to extreme space
environments including space vacuum, microgravity, thermal cycles, space radiation, abrasive
lunar dust, and micrometeorite and orbital debris (MMOD). The impacts of the extreme space
environment become more severe in the case of the crewed, prolonged space missions.

Space radiation is considered as one of the most challenging risks for the human space
exploration beyond Low Earth Orbit (LEO). Unlike radiations of high energy photons and energetic
beta particles emitted from the radioisotope power sources while undergoing transmutation
process, space radiation includes geomagnetically trapped energetic charged particles in the Van
Allen belts, galactic cosmic rays (GCR), solar particle events (SPE), and secondary albedo
radiation. The electrons and protons trapped in the Earth’s magnetic field have low energy enough
that a typical mass shielding of space systems can provide significant protection. However, the
trapped particles can still cause degradation of microelectronics, solar cells, and optical
components [4,5]. GCR are the most energetic particles stripped of all electrons during interstellar
travel at close to the speed of light, consisting of protons (85%), alpha particles or helium nuclei
(14%), and high-charge high-energy (HZE) particles (1%) [4,6]. From the viewpoint of relative
biological effectiveness (RBE), HZE particles and neutron-generated nuclear recoils can cause
nearly 20 times higher RBE than protons, implying severe damage to living tissues. While GCR
are always present, SPE are unpredictable and lasting for several days. SPE generate high
energy protons and heavy ions in coronal mass ejections (CME) followed by solar flares. In
comparison with GCR protons, SPE protons can carry energies up to tens of GeV, causing major
single event effects (SEE), ionizing dose, and displacement damage [5,6].

Such GCR and SPE particles interact with the planetary atmosphere and soil, producing
a cascade of secondary particles such as abundant neutrons on the Lunar and Martian surface
[7-9]. In the case of massive space structures like the International Space Station (ISS), the
secondary neutrons are the main radiation source caused by energetic interaction of incoming
space radiation with Aluminum in their shell walls [9,10]. The presence of significant secondary
neutrons can be potential threats to the safety of the crews and the success of space missions
because high linear energy transfer (LET) of neutrons imposes significant damage to biological
cells and sophisticated microelectronics at their paths [11]. Neutron has a mass of 1.67 x 10%” kg
that is similar to that of proton and is electrically neutral. Therefore, hydrogen-rich polymers like
polyethylene or boron-containing composites are considered to be effective for slowing down
neutrons under elastic collision without generating heavy particle fragments [12]. Boron-
containing reinforcements are added to neutron shielding materials because of boron’s excellent
capability of neutron absorption. Especially, '°B, a stable isotope of the naturally occurring boron
has a high neutron capture cross section (3840 barns, at 300 K) for low-energy thermal neutrons
[13].

B4C-Al metal matrix composites (MMC) have gained a broad attention because of their
lightweight, high strength, wear resistance, and excellent thermal stability. In this study, B4C was
used as a boron-containing neutron absorber and incorporated into aerospace-grade Al6061 alloy
to produce B4sC-Al MMC with up to 50 vol.% B4C. The neutron shielding effectiveness was
experimentally evaluated with a neutron source and then theoretically studied using
computational modeling tools for space radiation environments in GCR and SPE radiations.
Based on the current results, we report that B4C-Al MMC might be a potential candidate for load-
bearing structural materials in on-orbit and on-ground space structures in extreme space
environments.



2. Experimental
2.1. Fabrication of B4C-Al MMC

B4C powders (Dunhua Zhengxing Abrasive, China) of commercial grade F320 with the average
size of 39.0 £ 1.5 ym and AI6061 alloy (ThyssenKrupp Materials Korea, Republic of Korea) were
used as raw materials. A combined process of stir casting and hot rolling was used to effectively
produce 0, 5, 10, and 20 vol.% B4C-reinforced Al MMC in this research. Using an induction heating
system, the AI6061 alloy was melted at 750°C in a graphite mold. Using a custom-designed two-
bladed impeller, molten Al alloy was stirred at 800 rpm strenuously to form a vortex at the surface
of the melt and the detailed process was reported previously [14]. Then, 5, 10, and 20 vol.% B4C
powder was introduced into the molten Al alloy using a powder input nozzle, respectively. The
stirring was continued for about 10 min before the slurry was cast. For the hot rolling process, the
cast B4C-Al MMC with a thickness of 10 mm were annealed first at the rolling temperature at
400°C for 1 hr. The rolling pass was conducted to fabricate B.C-Al composite sheets. The rolling
reduction was about 5% during each rolling pass. Each MMC sample was annealed at the rolling
temperature at 400°C for 5 min during each rolling cycle. The schematic of the stir casting and
hot rolling processes is shown in the top image of Figure 1. On the other hand, for the Al MMC
with high B4C concentrations, a liquid pressing process was employed to produce 30 vol.% and
50 vol.% B4C-Al MMC samples. A B4sC powder layer and an Al6061 plate were placed into a steel
mold (inner dimensions: 100 mm x 100 mm x 10 mm), as illustrated in the bottom image of Figure
1. The mold was heated to 700°C, held for 5 min, and then hydrostatically pressed at about 10
MPa. During the liquid pressing process, the molten Al plate was infiltrated into the B4C powder
layer. The pristine Al6061 control and B4C-Al MMC samples with a diameter of 25.4 mm and a
thickness of around 2 mm are shown in Figure 2. The morphological characteristics of the
fabricated B4C-Al MMC samples were investigated using a scanning electron microscope (SEM;
JSM-6610LV, JEOL, Japan). Tensile properties were measured with a tensile tester (5882 model,
INSTRON, USA) at room temperature and an elevated temperature 200°C. Flat tensile specimens
of the dimensions in accordance with sub-sized ASTM E8/E8M-11 standards were used to
conduct the tests and the strain rate was 5 x 10™ s™'. Hardness was determined with a
microhardness tester (Buehler Micromet 5103) using a Vickers hardness indenter with 500 gf and
10 sec dwelling time. Thermal conductivity was assessed using a laser flash analyzer (Netzsch
467, NETZSCH, Germany) through the thickness by measuring the thermal diffusivity along with
heat capacity.

2.2.  Neutron shielding experiment

Neutron shielding measurements on the B4sC-Al MMCs were made using a neutron activation
analysis. For a neutron shielding test, a circular piece of pure indium (In) foil with a diameter of
25 mm and a thickness of around 1.0 mm was covered with the material to be studied as a
shielding material. The In foil (AA) was exposed to a one-Curie Americium (?4'Am)-Beryllium (°Be)
neutron source (4.5 MeV) through the shielding material in the test, as illustrated in Figure 3. The
neutron source encapsulated in stainless steel was safely placed inside a hole drilled at the center
of a stack of 2.54 cm-thick phenolic plates surrounded by lead bricks. To moderate the neutron
emission, a polyethylene (PE) block was placed in front of the Am-Be neutron source. The set of
In foil and test material was placed to the PE block and exposed to the neutron irradiation at a
dose rate of 300 mrem/hr so that the "°In could be activated to "In by neutrons. The neutron
exposure was conducted overnight for the activation equilibrium. In the next day, the activated In
foil was removed from the test sample and counted using a Geiger-Mueller (GM) probe with a
digital counter (SpecTech ST360, TN). The first activity count started one minute after the removal
of the activated In foil from the neutron source, followed by the collection of counts for 100
seconds at two-minute intervals for total two hours. Since the activated ""®In decays with a half-
life of 54 minutes, the counting can be completed in two hours or two half-lives. When the neutron
shielding effectiveness of the material increases, the radioactivity induced in the In foil decreases
because of the neutron capture by the shielding material. The neutron shielding test via the In



activation was conducted for a pristine Al6061 control and B4C-Al MMC materials, respectively.
The activation at saturation or GM probe count at time t = 0 was determined for each material by
extrapolation of the count plotto t = 0.
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Figure 1. Schematic illustration of the B4C—Al MMC fabrication process: (top) stir casting and hot
rolling processes for low vol.% MMC samples (5, 10, and 20 vol.%) and (bottom) liquid pressing
process for high vol% MMC samples (30 vol.% and 50 vol%).
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Figure 2. Image of a pristine AlI6061 control and B4C-Al MMC disk samples fabricated by the stir
casting and hot rolling processes (5, 10, and 20 vol.%) and the liquid pressing process (30
vol.% and 50 vol.%).
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Figure 3. Setup of neutron shielding test at NASA Langley Research Center using the Am-Be
neutron source, PE moderator block, and indium circular foil.

2.3. Modeling

In addition to experimental studies, we used the On-Line Tool for Assessment of Radiation in
Space (OLTARIS) developed by NASA Langley Research Center (LaRC) to model B4sC-Al MMCs
under various space radiation environments. The space radiation shielding effectiveness of the
B4C-Al samples were modeled for GCR and SPE radiations, using the deterministic code from
NASA LaRC, HZETRN (High Z and Energy TRanNsport) based on the Boltzmann transport
equation [15]. The web-based OLTARIS allowed us to utilize the most up-to-date version of
HZETRN and the nuclear physics model such as NUCFRG2 (NUClear FRaGmentaion2) to
improve the contributions from secondary nuclear fragmentations of nucleons and light ions
[16,17]. For space radiation environments provided by OLTARIS, the Badhwar-O’'Neill (BON)
2014 spectrum [18] and the August 1972 King proton spectrum [19] were selected for the GCR
and SPE models, respectively, and used for free space, Lunar, and Martian surface cases.

3. Results and Discussion

B4+C-Al MMC samples with various B4C concentrations (5, 10, 20, 30, and 50 vol.%) were
examined with SEM to assess the quality of dispersion, which is shown in Figure 4. The first three
samples (5, 10, and 20 vol.%) were prepared by the stir casting and hot rolling process, and the
rest (30 vol.% and 50 vol.%) were prepared by the liquid pressing process. The B4C inclusions
were uniformly distributed without any noticeable agglomerates for all samples. The samples
prepared by the stir casting and hot rolling process appear slightly aligned along the hot rolling
direction (Figures 4a-c). The stir cast samples before hot rolling showed homogeneous dispersion
without preferred alignment [14, Figures 1a-c therein].



Figure 4. SEM micrographs of BsC—Al MMC samples fabricated by the stir casting and hot
rolling processes for (a) 5 vol.%, (b) 10 vol.%, and (c) 20 vol.%, and the liquid pressing method
for (d) 30 vol.%, and (e) 50 vol.% B4C. Individual B4C particles are represented by dark objects
in the SEM images.

The mechanical reinforcement was assessed by a tensile test at room temperature. Both
tensile strength and modulus increased significantly with the B4C inclusions compared with
pristine AlI6061 at all concentrations as shown in Figure 5. The tensile strength increased with
increasing B4C concentration and reached the maximum at 20 vol.% (over 50% increase), and
then decreased at 30 vol.% and 50 vol.%. This attests the efficacy of B4C as a mechanical
reinforcing inclusion. The tribological study of these composites reported with the same systems
[14] showed that wear volume was significantly reduced with increasing B4C concentration up to
50 vol.%, which supports the tensile test results. Decrease in tensile strength at 30 vol.% and
50 vol.% B4C-Al MMC samples is likely to be arisen from the different type of the process, where
the liquid pressing process was employed without a hot rolling. Nevertheless, the tensile strengths
of 30 vol.% and 50 vol.% MMC also exhibited greater strength than that of the pristine AI6061
control. The tensile strength at an elevated temperature (200°C) was also measured for all of the
samples, which is shown in Figure 6. The tensile strength was increased about 40% with B4C
inclusion for all concentrations at 200°C in comparison with that of the pristine Al6061, and greater
than that of pristine AlI6061 measured at room temperature. Vickers hardness also increased with
increasing B4C concentration, which is shown in Table 1. The Vickers hardness (H,) of Al6061
was 113.0 £ 7.2, which was increased about 40% up to 157.6 £ 7.7 with 20 vol.% B4C inclusion.
The uniform incorporation of B4C inclusion increased both tensile strength, modulus, and
hardness effectively, which is consistent to the improved wear resistance reported earlier [14].
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Figure 5. Tensile test result of AI6061 and BsC—AI6061 MMC samples at a room temperature.
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Figure 6. Tensile test result of AI6061 and BsC—-Al6061 MMC samples at an elevated
temperature (200°C).

Table 1. Vickers hardness (H,) of Al6061 and B4C-Al6061 MMCs.
Sample Al6061 5%B4C/AI6061 | 10%B4C/AI6061 20%B4C/AI6061

Hardness (Hv) 113.0+7.2 [120.2+6.5 127.4+£5.2 157.6£7.7

The effects of B4C concentration on the thermal conductivity of the MMC samples were
investigated at both room temperature and an elevated temperature (200°C). Thermal
conductivity of B4C is around 20 W/mK to 40 W/mK [20] while the measured thermal conductivity
of the pristine Al6061 at room temperature is about 156 W/mK. The thermal conductivity of the
B4C-Al6061 MMC samples decreased gradually with increasing B4sC concentration at both room
temperature and 200 °C, as shown in Figure 7, which also indicates a uniform dispersion of B4C
particles in AI6061 matrix. The thermal conductivity of the MMC samples measured at an elevated
temperature (200°C) increased overall when compared with those at room temperature as
expected for metals, as shown in Figure 7. This increase demonstrates that B4C inclusion can
control not only mechanical properties, but also thermal properties very effectively.
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Figure 7. Thermal conductivity of the Al6061 control and B4C- AI6061 MMC samples.

The neutron shielding test was conducted for the Al6061 control and B4C-Al6061 MMC
samples via the "5In foil activation. The stable isotope of ''In was exposed to neutron radiation
and activated to ''6In along with the release of a gamma (y) particle, and the reaction of interest
can be expressed in a shorthand notation.

The radioactive decay spectra of the fully activated indium foils with and without shielding
materials after overnight exposure from the neutron source are shown in Figure 8. The activation
at saturation or the Geiger-Mueller (GM) probe count at time t = 0 was determined for each
shielding sample by extrapolation of the count plot to t = 0, and the results are summarized in
Table 1 along with shielding thickness (or areal density), shielding percentage, and mass
absorption coefficient. The shield thickness (g/cm?) was obtained by multiplying the measured
thickness in cm by the material density in g/cm?3. The shielding percentage or percent of radiation
shielded by the sample was determined by the following equation.

% shielded = 100 — (A/Ao x 100)

where A,, is the average initial activity of unshielded In foil, and A, the average initial activity of
shielded foil. To normalize the shielding effectiveness with different thickness and density of each
sample, the normalized neutron shielding effectiveness was determined by mass absorption
cross-section (or coefficient, um) of the material, which can be calculated using the following
equation:

- 7(3)
‘um_ d'tnAO

where t is the sample thickness and d is the sample density.

As shown in Figure 8, the decay curve of the pure Al6061 sample (gray solid circle)
showed a similar curve to that of the bare foil (sky blue solid circle) without shielding material,
which indicates very low shielding effectiveness of the pristine AI6061 (1.1% shielding). On the
other hand, the B4C-Al MMCs exhibited excellent shielding effectiveness (29.9% shielding) even
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with 5 vol.% B4C. With increasing B4C volume fraction, shielding effectiveness increased
significantly and reached 75.5% shielding at 50 vol.% even with less than 0.5 g/cm? shielding
thickness (areal density). The normalized neutron mass absorption coefficients with different
thickness and density of each sample are shown in Table 1. By adding 5 vol.% B4C, the shielding
effectiveness improved 24 times greater than the pristine aluminum alloy and gradually increased
up to 115 times at 50 vol.% with the same areal density. Since the neutron shielding effectiveness
of the pristine Al6061 is negligible and the neutron capture cross-section of carbon is also
negligible (~1 x 10 barns), the outstanding shielding effectiveness is arisen from the presence
of boron in B4C because of the high neutron capture cross-section (~760 barns for natural boron)
and their excellent dispersion without aggregates throughout the MMC.
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Figure 8. Radiation counts of indium foil sample with and without shielding materials B4C-AlI6061
MMC samples.

Table 2. Summary of radioactive measurement recorded by GM probe, areal density, % shielding,
and mass absorption coefficient of B,C-Al6061 MMC samples.

Areal Linear Linear
Average Density  Absorption Absorption

Description A0 Trial 1 A Trial 2 A A (g/em2) (em-1) (mm-1) % shielded
Bare Foil (AA) 2486.2 - - - -

|Al 6061 - 2455.8 2462.5 2459.2 0.4256 0.07 0.01 1.1
BAC 5 % vol - 1788.0] 1696.1 1742.1 04711 2.01 0.20] 29.9
B4C 10% vol - 1384.3] 1309.8 1347.1 0.4750 3.42 0.34] 45.8
BAC 20% vol - 947.8) 964.6 956.2 0.4773 5.18 0.52 61.5
B4C 30% vol - 755.1] 776.5 765.8| 0.4300 6.94 0.69 69.2
B4C 50% vol - 600.1] 620.3] 610.2 0.4269 8.18 0.82 75.5




To understand the shielding effectiveness of B4sC-Al MMC against GCR and SPE
radiations in space, the OLTARIS (On-Line Tool for Assessment of Radiation in Space)
computational code was used to simulate space radiation environment. The dose equivalent was
calculated for a human within a space vehicle made of a series of B4C/AI6061 MMCs along with
pure boron, polyethylene, and magnesium borohydride (Mg(BH4)2, MBH in short) for comparison.
The dose equivalent spectra computed for free space GCR and SPE environment are shown in
Figures 9 and 10, respectively. The results of these studies for the series of materials indicate that
polyethylene (C2H2), and MBH showed the best shielding effectiveness for both GCR and SPE
throughout the entire areal density because of high hydrogen content of the materials. The GCR
particles, the most challenging to shield, are primarily positively charged and interact with
materials mainly by Coulomb interactions with the negative electrons and positive nuclei in the
materials and, to a much smaller extent, by collisions with atomic nuclei in the materials. For these
reasons, the energy loss of GCR particles increases approximately with the charge-to-mass ratio
of the materials. Hydrogen (H), with the highest charge-to-mass ratio of any element, provides
the best shielding [21]. In addition, hydrogen is very effective against GCR and SPE radiation
because it does not generate a cascade of secondary radiation source unlike high atomic number
(2) elements. On the other hand, boron especially '°B isotope possesses one of the largest
neutron absorption cross-sections among low Z materials, which can shield neutron very
effectively while producing less secondary radiation source from GCR and SPE radiation than
metal alloys such as aluminum alloys. Therefore, MBH can be the best shielding material against
all GCR, SPE, and neutron radiations with high hydrogen content (14.93%, greater than that of
PE, 14.37%) and high boron content (40.08%) [22].

It is interesting to note that the dose equivalent initially decreases until approximately
50 g/cm? areal density and increases up to around 200 g/cm? to reach a maximum, and then
decreases gradually with increasing shielding thickness for the pristine AI6061 as seen in Figure 9.
The increase in dose equivalent is likely to be arisen from the buildup of mainly neutrons along
with minor contributions from pions, muons, electrons, positrons, and photons produced by
secondary radiations when the GCR goes through the Al6061 [23]. The same trend is shown
under the free space SPE environment (Figure 10). The adverse effect by the secondary
radiations were suppressed by incorporating B4C inclusions in the AlI6061 as seen in Figures 9
and 10 because the incorporation of greater charge-to-mass ratio B4C and the presence of boron
with high neutron absorption cross-section can minimize generation of secondary neutrons in the
AlI6061 matrix. With 50 vol.% B4C, the dose equivalent of the B4C-Al MMC drops almost a half of
that of the pristine Al6061 without B4C. The dose equivalent can be further suppressed if °B-
enriched B4C is used instead of naturally occurring B4C because of the greater neutron absorption
cross-section of '°B (3840 barns, at 300 K) as shown in Figure 11. Consequently, the boron-
containing inclusions such as B4C can serve as an excellent shielding material against GCR and
SPE as well as neutron radiation in space environment. On lunar and Mars surfaces, shielding
effectiveness of B4C can be more pronounced where more albedo neutron radiation is produced
from the regolith surfaces (Figure 12). Earth and Mars’s orbits meet an ideal alignment at closest
distance every 26 months, which would be generally the best time for the most energy-efficient
trip to Mars. Assuming the outgoing trip to Mars would take nine months, the surface exploration,
three months, and the returning trip to Earth, nine months, the total round-trip to Mars would take
21 months. Using the average areal density of space flight vehicle materials (25 g/cm?) and the
theorized duration of a Mars mission (21 months), the total combined dose equivalent of the 21-
month Mars mission was estimated for each material at 25 g/cm? shielding thickness, which is
shown in Figure 13. For comparison, the red and green lines indicate lifetime career effective
dose limits 1000 mSv and 600 mSy for 25-year-old female astronaut and recently recommended
universal limit independent of age and gender, respectively [24]. The total dose equivalent for a
roundtrip mission with 25 g/cm? pristine Al6061 vehicle is beyond the lifetime career limit or
1000 mSv. The total dose equivalent significantly lessens for vehicles with higher boron and
hydrogen content materials. By incorporating 60 vol.% B4C in Al6061, the total dose equivalent
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falls below the 1000 mSv astronaut lifetime limit, which makes the round-trip Mars mission safer
for astronauts, but still above the new limit or 600 mSv. To limit the total radiation exposure below
600 mSyv, high hydrogen and boron containing shielding materials such as MBH and PE should
be employed or thicker shielding is required to protect astronauts.
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Figures 9. (a) The dose equivalent of the materials in a Free Space GCR environment; (b) the
initial negative effect often found in smaller areal densities; (c) the suppression of the secondary
neutrons by increasing boron and hydrogen content.
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Figure 10. (a) The dose equivalent of the materials in the Free Space SPE environment; (b) the
initial shielding for low areal densities; (c) the suppression of the secondary neutrons by
increasing boron and hydrogen content.
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Figure 11. The dose equivalent of the materials including '°B enriched B4C/Al6061 in a Free
Space GCR environment.
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Figure 13. The total dose equivalent for a roundtrip mission using the average areal density of
various space flight materials and the theorized duration of a Mars mission. The total dose
equivalent for a roundtrip mission is significantly lower for vehicles with higher boron and
hydrogen content materials. From 60 vol.% B4C and on the total dose equivalent falls below the
1000 mSyv astronaut lifetime limit established by Johnson Space Center. This decrease in dose
equivalent could increase a mission period by up to 409 more days leading to the execution of
vital research.
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4. Conclusion

The boron-containing B4C reinforcement was successfully incorporated into Al6061 matrix
using both stir casting/hot rolling and liquid press processing techniques. Test results revealed
that both mechanical and thermal properties can be controlled effectively with B4C inclusions.
Tensile strength and modulus as well as hardness increased with increasing B4sC composition,
which is consistent with the wear resistance improvement reported elsewhere [14]. Furthermore,
adding B4C inclusions offered excellent radiation shielding capabilities against all of neutron, GCR,
and SPE space radiations. Combining mechanical robustness, wear resistance, and radiation
shielding potential, B4C-Al6061 MMCs can be a great resource applicable for a sustainable space
exploration on dusty Lunar and Mars surfaces with much reduced maintenance and repair needs.
Further refinement of this composite material would greatly elevate and warrant the safe and
productive future human space exploration missions including the Artemis program.
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