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ABSTRACT 
This white paper from the Thermal Protection System (TPS) community to the NRC Decadal 
Survey Sub-Panels provides an overview of TPS materials needed for future Sample Return (SR) 
missions. We consider the capability of heritage TPS material used by recent SR missions and 
identify appropriate materials for future SR missions. A prime conclusion is that the current TPS 
materials, if properly maintained, offer good low-density solutions for lower velocity (<13.5 km/s) 
sample return missions without planetary protection back-contamination concerns. Furthermore, 
missions that have a larger capsule, a higher entry speed (>13.5 km/s), or back-protection 
concerns will leverage recently developed mid-density TPS materials. To maintain NASA’s Sample 
Return capabilities in the coming decade, we recommend that NASA continue to invest in 
sustainment of relevant TPS materials, as well as ground-test facilities, predictive entry modeling, 
and flight instrumentation. 
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TPS and Sample Return Missions 
NASA and the international community have had several sample return missions in the last 20 

years, including the Genesis, Stardust [1, 2], and Hayabusa missions. As of this writing, the JAXA 
Hayabusa 2 mission will return samples from asteroid Ryugu in late 2020, and the OSIRIS-REx 
mission will return surface material from the asteroid Bennu in 2023. SR missions (Lunar Basin 
Sample Return, Comet Surface Sample Return) were prioritized, though not selected, in the past 
decadal survey [3], and NASA has recently funded a pre-decadal study for a mission that includes 
sample return from Ceres. NASA is also undertaking a Mars Sample Return (MSR) campaign to 
return samples cached by the Perseverance rover, with the goal of returning Martian samples to 
Earth in the 2030s.  Examples of Sample Return configurations are shown below in Figure 1. 

 
Figure 1. Previous Sample Return Capsule Configurations 

All these past and future SR missions require a re-entry vehicle, or capsule. SR capsules rely 
on TPS to endure the extreme heat and pressures created during hypersonic flight through the 
atmosphere. Minimizing the weight and cost of TPS materials, while ensuring the integrity and 
reliability of the capsule, is a continuing challenge for the entry systems community. 

As such, NASA continues to require TPS materials and entry system design capabilities for 
SR missions. These capabilities require specialized expertise and unique capabilities. This includes 
accurate aerothermal environment prediction, thermo-structural modeling and analysis of complex 
integrated elements, high-temperature instrumentation, and arc jet testing of TPS for development 
through flight qualification. Once developed, it is essential to maintain this expertise and 
capabilities between potentially infrequent missions. Past experience with Carbon Phenolic, 
AVCOAT, and PICA materials have shown that maintenance is needed both inside and outside of 
NASA. The Sustaining Mature Thermal Protection Systems Crucial for Future In-Situ Planetary 
Missions white paper [4] further describes the challenges of continued sustainment TPS and entry 
systems technologies. 

SR capsules are typically on the order of 0.5m – 1.4m diameter, ranging from 20kg to 120kg, 
with the first robotic SR re-entry (Genesis) being an exception at ~1.8m and 210kg. Past re-entry 
velocities were at 11 km/s to ~13 km/s, resulting in high heat rates, which means ablative TPS 
materials are required for forebody heatshields. Future SR missions continue to be proposed at re-
entry velocities ranging from 11.5 to 15 km/s. As re-entry speeds increase, so do the environments 
(heat flux, pressure, shear) the TPS must withstand. 

An additional challenge exists for SR missions with backward planetary protection 
requirements from Category V (Earth return) restricted destinations, or destinations of unknown 
indigenous life forms. [5] Missions that plan to return un-sterilized payloads from Mars, 
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Enceladus, Europa, and other destinations may have additional reliability requirements for the TPS 
around their SR capsules. These may be expressed as: 1) Designs that minimize possible failure 
modes such as elimination of TPS seams or interfaces, 2) Restrictions which constrain mission 
design, such as smaller landing footprint, longer free-flight time, or populated area avoidance, 3) 
Demonstrated robustness to degraded or damaged TPS state such as a micro-meteoroid or orbital 
debris impact as shown on OSIRIS-REX in Figure 1 above, or 4) additional verification 
constraints. These additional requirements may drive selection of denser and more robust materials 
or additional test and predictive physics model development related to off-nominal re-entry 
scenarios that have been considered too unlikely to address in previous missions. As of this writing, 
Mars Sample Return appears the likely first candidate mission to address these constraints. 

Table 1 presents a comparison of stagnation point environments for several scenarios, based 
on the 60o sphere-cone OSIRIS-REx / Stardust shape capsule. The vehicle mass (57 kg), diameter 
(0.8m), and entry flight path angle (γ = -8°) are held constant, and re-entry velocity varied. 

Table 1. Representative Stagnation Point Design Environments for Sample Return Missions 

 
 

Table 1 provides a quick guide to understanding the strong influence of re-entry velocity on 
the parameters that drive TPS selection and mass. Additionally, vehicle size, cone angle, mass, 
and entry flight path angle greatly influence these values as well. Furthermore, steeper entry flight 
path angles (e.g. γ < -15° or steeper) may shift the peak environments away from the stagnation 
point and onto flank positions that experience higher turbulent heating and elevated surface shear. 

CURRENT CAPABILITY:  TPS for Sample Return Missions 
Materials 

The most-recently used materials for NASA SR missions have been Advanced Carbon-Carbon 
(ACC) on Genesis and Phenolic Impregnated Carbon Ablator (PICA) on Stardust and OSIRIS-
REx. JAXA has employed a high-density Carbon Phenolic for its Hayabusa, Hayabusa 2, and 
upcoming Martian Moon Exploration (MMX) capsules. NASA recently developed and matured 
the mid-density HEEET 3D-woven material as a mass-efficient material after it identified issues 
in manufacturing capability for heritage Carbon Phenolic. [6] 

Table 2 lists the capabilities of currently available TPS materials for SR heatshield and 
backshell, where heating and pressure environments are much lower. It should be noted that some 
TPS materials have been omitted from the table that are a) at TRL less than 3, b) have not been 
actively maintained or demonstrated recently, c) are developed outside of the United States, or d) 
are developed without widely available performance data. 

For a OSIRIS-REx sized probe
γ = -8 o 11.5 12.0 12.5 13.0 13.5 14.0 14.5 15.0

Peak Total Heatrate (W/cm2) 1002 1125 1263 1474 1671 1889 2135 2412
Peak Convective Heatrate (W/cm2) 955 1040 1133 1279 1385 1496 1612 1733
Peak Radiative Heatrate (W/cm2) 60 93 137 204 294 399 528 682

Integrated Total Heatload (kJ/cm2) 30 34 37 43 48 53 58 64
Peak Stagnation Pressure (kPa) 46 48 50 51 53 55 56 58

Atmosphere-relative Velocity (km/s)
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Table 2. Candidate TPS materials for Sample Return Missions 
 

 

 
Table 2 also shows TPS material suitability for the SR capsule conditions described in Table 

1 (0.8m diameter, 60o sphere-cone SR capsule of 57 kg entering at γ = -8o), with 13.5 km/s included 
as a convenient dividing line. Applicability is a combination of: 

• Maximum demonstrated capability as a function of peak heat rate and pressure for 
heatshield candidates, 

• Performance versus peak heat rate for backshell candidate materials.  
Materials are scored as either capable, potentially capable, or not capable; additionally, it is 

noted if a material could work but is a heavier TPS solution relative to other options. Several low-
density materials are available for the < 13.5 km/s category, though the > 13.5 km/s category has 
far fewer options. The most-robust material, high-density Chop-Molded Heritage Carbon Phenolic 
(CP), has not been produced or used in flight since the 1980s. NASA Ames held two workshops 

Density Forebody Material Supplier
Estimated TRL, 

Heritage, & Notes Integration
Heatrate+ 

(W/cm2)
Pressure 

(kPa)
< 13.5 
km/s

> 13.5 
km/s

Back
shell

PICA Spirit/FMI
Stardust/OSIRIS-Rex 
(Single Piece)          
MSL/Mars 2020 (Tiled)

Single Piece (<1.5m), 
Tiled (>1.5m) < 1800 < 150   

C-PICA NASA Ames/FMI TRL 4-5 Single Piece (<1.0m), 
Tiled (>1.0m) < 700 < 60   

SIRCA NASA Ames

Mars Pathfinder, MER, 
requires production re-
start.  No commercial 
vendor.  

Tiled < 125 < 50   

C-SIRCA NASA Ames TRL 3-4, Conformal tiles.  
No commercial vendor. Tiled < 125 < 50   

Avcoat Textron/LMS Apollo (H/C), Orion EFT-
1(H/C), Orion EM-1 (Tiled) Honeycomb or Tiled < 1000 <100   

ACC LMS/C-CAT Genesis Single Piece < 800 < 100   

MONA TRL 4 Honeycomb filled < 300 < 100   

SLA-561V#

Heatshield: InSight, 
Phoenix; Backshell: MSL, 
M2020, Stardust, OSIRIS-
REx

Honeycomb filled < 100 < 50   

SLA-561R TRL 4 Honeycomb filled < 300 < 100   

SLA-220 InSight, Phoenix Backshell Moldable or spray-on < 20 < 20   

BPA TRL 4 Honeycomb filled < 1500 < 100   

BLA CTS-100 Honeycomb filled < 400 < 50   

Acusil I TRL 5 Moldable Silica < 100 < 50   

Acusil II MSL, M2020 Backshell Moldable Silica < 50 < 50   

Acusil IV DoD Moldable Silica < 300 < 100   

HEEET - Dual Layer NASA Ames TRL 6 Tiled < 3800 < 550   
HEEET- Insulation Layer 

Only NASA Ames TRL 5 Single Piece (<1.3m), 
Tiled (>1.3m)  < 3800 < 550   

High Carbon Phenolic Multiple
Pioneer Venus, Galileio, 
requires production re-
start. 

Nose Cap (CM)/ Flank 
(TW)**

10000 - 
30000 > 600   

# Heat flux limit is lower at high shear + Combined total heating at hot-wall conditions
** CM = Chop Molded, TW = Tape Wrapped

Medium

Capability Applicability

Low

LMS

Boeing

Peraton

 Fully Capable  Capable, 
but Heavy 

Potentially capable, 
further dev. req 

Potentially capable and 
heavy, further dev. req  Not capable
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(FY10 and FY11) concerning the supply chain issues with respect to CP and proposed the 
development work required to qualify a new rayon-based carbon fiber as well as a proposed 
alternate, more sustainable, material to CP. Ultimately NASA deemed the restart of CP as not 
sustainable. Instead, NASA invested in the Heatshield for Extreme Entry Environment Technology 
Project (HEEET) that led to the development of an alternate material system to CP for NASA’s 
missions with extreme entry environments. HEEET has replaced the capability once provided by 
Heritage Carbon Phenolic and HEEET’s tailorable design is more mass efficient than CP for SR 
missions. HEEET, and the lower-density PICA, are shown in Figure 2, at SR heatshield relevant 
sizes.  

     
Figure 2. Low and Mid-Density Carbon Ablators for Sample Return Missions: PICA Single Piece 
Prior to Machining, Un-infused HEEET Insulation Layer Single Piece, and Tiled HEEET 
Engineering Test Unit. 

A range of low-density materials are available for SR capsule backshell protection. Table 2 
reflects material capabilities for usage over the entire backshell, including regions of reattaching 
flow with moderate heat fluxes and shear forces. However, backshell material selection may be 
driven by other system-level engineering decisions, such as detailed backshell attachment fixtures 
and overall integration. 
Ground Test Facilities 

A mainstay of TPS development for the past several decades has been the high-enthalpy arc 
jet facilities at Ames Research Center, Arnold Engineering and Development Center (AEDC), and 
Boeing Large Core Arc Tunnel (LCAT) [7]. These facilities with power capabilities from 10 to 60 
MW provide the largest test article or the highest heating capability possible and have proven to 
be indispensable for TPS development work as well as qualification of flight hardware. In addition 
to arc jet facilities, the Laser Hardened Materials Evaluation Laboratory (LHMEL) facility at the 
Air Force Research Laboratory at Wright Patterson Air Force Base allows TPS materials to be 
tested to estimate the level of heat flux required to initiate char spallation. A more thorough 
discussion on ground test facilities needs relevant for entry vehicle missions can be found in the 
NASA Ames Thermophysics Ground Test Facilities Supporting Future Planetary Atmospheric 
Entry white paper. [8] 

For heatshield TPS material qualification at combined pressure and heatflux, the Ames 
Interaction Heating Facility (IHF) is the most relevant. Figure 3 shows relevant IHF facility 
envelopes in black for most relevant nozzle configurations for SR testing (9”, 6”, and 3”). These 
envelopes are co-plotted against the pressure and heatflux flight envelopes of the 11.5 km/s – 15 
km/s examples in Table 1. For entries < 13.5 km/s, the 6” IHF nozzle offers testing that 
conservatively bounds pressure and heatflux. For entries > 13.5 km/s, the newer IHF 3” nozzle is 
relevant, though with increasing over-testing required in stagnation pressure. [9] Though not 
shown, heavier capsules at steeper entries may easily exceed even the 3” IHF nozzle maximum 
heatflux. 



5 
 

 
Figure 3. Example Sample Return Pressure and Heating Envelopes  

and IHF Arc Jet Facility Envelopes 

CHALLENGES & OPPORTUNITIES 
Instrumentation and Remote Observation 

NASA has identified the importance of planning for and gathering in-flight entry vehicle 
performance data to benefit future entry missions [10, 11]. Recent EDL flight data from Mars 
(MEDLI) and Earth (Orion’s Entry Flight Test 1) have been valuable for designing future missions 
[12], even at different planetary destinations than where the data was captured. In-situ TPS 
temperatures and external vehicle pressure measurements are key to improving predictive 
capabilities and potentially reducing future mission risk profiles, and potentially reducing TPS 
masses. SR capsules are typically more constrained in power, volume, and mass than other entry 
vehicles (such as those to Mars or Crewed Earth missions), which can make in-situ engineering 
instrumentation challenging. As an alternative, airborne observation and pre- and post-
examination of the capsules have proven useful for understanding both the Stardust and Hayabusa 
SR capsules. 
Predictive Techniques and Experimental Facilities 

Accurate entry environment predictions and ground-testing for SR missions are challenging, 
and frequently carry large uncertainties and design margins. However, predictive and experimental 
shock-tube techniques for characterization of heatshield and backshell radiative heating have 
improved enormously since the mid-2000s. [12] Some of these investments have already 
contributed to recent SR missions, such as the analysis of anticipated OSIRIS-REx’s backshell 
entry environments. [14] For more demanding entries (either >13.5 km/s or more massive 
vehicles), further maturation is needed for predictive capabilities that incorporate the fully-coupled 
effects and interaction of TPS pyrolysis products into the boundary layers and surrounding highly 
ionized radiating flowfields. This is especially true for accurately predicting potential 
consequences of damaged TPS for high-reliability missions  
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Materials and Ground Test Facilities 
Recent history has shown that having written material specifications does not guarantee that 

manufacturers can resurrect past TPS manufacturing to deliver consistent, quality products. For 
example, during the Orion TPS Advanced Development Project, NASA attempted to resurrect 
Apollo’s heritage material, Avcoat. This process took many years, was expensive, and ultimately 
resulted in a material that, while acceptable, was not identical to the heritage material. This is 
because over time, staff involved in fabrication change and many important process steps are not 
documented. All TPS materials are at risk of attrition if not required for a mission for a decade or 
more and no steps are taken to sustain its technology and associated assembly and test facilities. 
This is particularly the case for complex integration steps, or where large, single piece TPS 
components are needed. 

RECOMMENDATIONS 
Category V unrestricted SR missions in the coming decade have suitable TPS materials 

available. Vehicles of ~60kg or less re-entering at speeds < 13.5 km/s are possible with current 
low-density TPS material solutions and associated predictive and test capabilities, due to past 
NASA technology investments and other non-SR missions. More massive or faster (> 13.5 km/s) 
SR missions have mid-density TPS material solutions, also due to recent NASA investments in 
the mid-density HEEET material. However, for both low and mid-density TPS materials, NASA 
and industry capabilities must be maintained. 

A SR mission with planetary protection back-protection concerns (Category V restricted) may 
feature prominently in the next decade with MSR. This will likely require a robust TPS material 
solution and mature analysis and testing capabilities.  

To prepare for any SR mission in the coming decade and beyond we recommended that NASA: 
For TPS Materials: 

1. Ensure the fabrication of heatshield TPS materials for SR missions is maintained by 
conducting regular manufacturing assessments at SR scale (~1m or larger). 

2. Expand the capability of HEEET by developing single piece construction heatshields 
(including a loom upgrade) for high-speed or high reliability SR missions.  

For TPS test facilities: 
3. Maintain or expand NASA’s ability to accurately test in highly energetic environments at 

existing arc jet facilities. To enable higher mass, faster (>13.5 km/s) or high reliability SR 
capsules, this should include testing at higher heat fluxes (≥ 4000 W/cm2), and in high-
shear configurations corresponding to turbulent environments. 

For Predictive Model Development & Entry Flight Data: 
4. Continue to invest in and improve design and analysis tools, such as aerothermal CFD, 

radiation predictions, and coupled ablative material response models, needed to verify 
material response and qualification test conditions. This is particularly crucial for 
prediction of off-nominal events for high-reliability Category V restricted missions. 

5. Prioritize low-cost miniaturized EDL instrumentation for inclusion on all future SMD entry 
vehicles, including SR capsules. Flight data from other destinations such as Venus or the 
Outer Planets may benefit SR missions that use the same materials, albeit at different 
conditions. Additionally, fund remote observation of SR capsule entry for un-instrumented 
capsules such as OSIRIS-REx. 
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In conclusion, many of the above recommendations are cross-cutting and will also benefit 
missions with entry vehicles to other solar system destinations (Mars, Venus, and the Outer 
Planets). Finally, the TPS community requests continued participation in Sample Return and other 
future atmospheric entry mission studies commissioned by the Decadal panels, in order to advise 
on potential mission constraints and TPS material feasibility and performance. 
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