
 
Thermal protection materials are separate from thermal control materials in that thermal control 
materials are used to moderate on-orbit temperatures, and thermal protection materials are 
generally for higher temperatures, such as around engine exhaust or for reentry.  These 
temperatures may reach 2,800 ”C (5,070 ”F).  Heatshields may be made from reusable materials, 
such as tiles or ceramic-matrix composites, or one-time use materials, such as ablatives.  
Heatshield material selection is dependent on the peak heat flux and stagnation pressure during 
reentry (fig. 6.6), as well as mechanical strength, density, entry angle, and the shape of the 
heatshield (i.e. blunt-body, sphere-cone, biconic, or non-axisymmetric).   
 

 
Figure 6.6  Peak heat vs. stagnation pressure for various missions.  MER is Mars Exploration Rover; MPF 
is Mars Pathfinder.  (Figure courtesy of Bernard Laub/NASA Ames Research Center) 
 
 
Determining the thickness of the heatshield must balance weight versus the uncertainty of 
performance.  For example, the ablation modeling of the Galileo entry predicted that the nose of 
the shield would ablate considerably more than the shoulder region. However, the data from the 
ablation sensors revealed that this was not the case. The TPS of Galileo recessed about 44 mm in 
the shoulder region, compared to the predicted ablation  distance of about 33 mm, leaving a 
margin of only 10 mm. [14, 15] The stagnation point recession model predicted that the nose 
would recede about 88 mm, but the measured recession value was 41 mm. 
 
Silica ceramic tiles, or high-temperature reusable surface insulation (HRSI), were developed for 
use on the Space Shuttle.  They are lightweight, can be formed in various densities, and can 
handle reentry temperatures up to 1,260 °C (2,300 ”F), but they are fragile and easily damaged.  



 
The vacuum of space presents a challenge for keeping mechanisms lubricated.  Hermetically 
sealing moving parts to keep the lubrication intact may be possible in some cases but is usually 
considered impractical.  When choosing a liquid lubricant (oil, fluid, or grease), the lower the 
volatility, the better.  Also, the component design must include provisions to retard creep, 
evaporation, and draining by gravity.  The temperature extremes of space must be considered 
also, as liquid lubricants have a limited temperature range of operation.  Some commonly used 
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�D�Q�G���S�R�O�\�D�O�S�K�D�R�O�H�I�L�Q�V�����3�$�2�¶�V������ 
 
A better choice for moving mechanical assemblies exposed to the space environment is a solid 
lubricant.  Solid lubricants include molybdenum disulfide, tungsten disulfide, niobium 
diselenide, graphite powder, silver, Teflon (polytetrafluoroethylene), and nylon.  Unbonded solid 
lubricants include loose powder, brush-on, or spray-on lubricants.  Burnishing, or applying loose 
powder onto a component with pressure, is another application method but is subject to wide 
variability in thickness and wear performance.  This type of lubricant is not recommended for 
space-exposed applications.  Bonded solid lubricants may be in a resin binder or inorganic 
binder.  McMurtrey [29] notes that the wear behavior of resin-bonded lubricant films is different 
from other solid lubricants because of initial wear-in, loss of loose material on the bearing 
surface, and compaction.  Inorganic-bonded solid lubricants in general do not perform as well as 
resin-bonded at room temperature but may be more suitable for high temperatures.  Sputtered 
molybdenum disulfide may be difficult to apply for certain parts but has excellent coefficient of 
friction.  Graphite-based lubricants will not work in space due to the lack of moisture and will 
become abrasive.  The molybdenum disulfide  lubricants are the better choice for space use 
especially in sliding applications. [30] 
 
Lubricants containing chlorofluorocarbon constituents should not be used with aluminum or 
magnesium if high shear stresses can be imposed.  Temperature limits should also be considered, 
such as for graphite which loses its absorbed water at higher temperatures and is not 
recommended for use above 1000 °F (538 °C).  Molybdenum disulfide oxidizes at 750 °F (399 
°C) and may also be affected by high humidity.  Storage in an inert atmosphere is recommended 
for sensitive parts lubricated with molybdenum disulfide to decrease exposure to humidity.   
 
The Solar Alpha Rotary Joint (SARJ) on the International Space Station is an example of 
insufficient understanding of tribological interaction, and therefore a weak lubrication design, 
which resulted in severe surface distress on orbit.  The joint allows the solar arrays to rotate to 
maximize incident sunlight.  It was noted during flight operations that more power was required 
to rotate the starboard SARJ than the port side and that there was more vibration.  Inspection of 
the starboard SARJ during a spacewalk revealed a large quantity of metal particles (fig. 6.11) 
that was actually spalled nitride layer of the rolling surface where the trundle bearing assemblies 
contacted and rolled on the steel truss structure or race-ring joint.[31] 
 
 

 
Figure 6.11  Damage in Solar Alpha Rotary Joint (SARJ) on International Space Station (ISS) 
 
 
These trundle bearings that formed the structural connection between the large rotating and non-
rotating truss sections also included �W�D�S�H�U�H�G���U�R�O�O�H�U���D�V�V�H�P�E�O�L�H�V���W�K�D�W���D�O�O�R�Z�H�G���W�K�H���‡�D�O�S�K�D�·���U�R�W�D�W�L�R�Q���R�I��
the arrays to track the sun. The trundle bearings, similar to track follower bearings that hold an 
amusement roller coaster cart to a track, were designed for ostensibly rolling contact for low 
friction.  But the on-orbit operation included just enough detrimental slip that the solid film 
lubricant scheme, a thin gold coating on the rollers, could not reduce the total slip/roll interface 
friction to a tolerable level.  This combined friction ultimately exceeded the capability of the 
hardened nitride rolling surface to withstand the subsurface stresses, resulting in a unique, 
massive spalling of the nitride layer.  The damage required three more spacewalks to remove the 
trundle bearings, clean out the loose, hard metallic spalling debris, replace the trundle bearings, 
and lubricate the system, this time with vacuum compatible grease that also included a 
molybdenum disulfide additive.  The starboard SARJ, as of this writing, is operating fine with 
the repair, although the rolling surface is much rougher and softer than the intended design with 
the nitride layer intact. While a rigorous ground test program was implemented to predict the life 
of the lubricant fix, ultimately time will tell if the repair was effective.  Also, there are valid 
concerns over long term outgassing of openly greased surfaces of such magnitude that are in 
line-of-sight to contamination-sensitive surfaces on ISS.  Meanwhile, the port side SARJ, which 
was also lubricated with the perfluorinated MoS2 grease, continues to operate fine with no 
evidence of spalling damage. 
 
This SARJ anomaly example does not promote the use of a specific grease lubricant over other 
solid films, greases, or their base oils.  Rather the anomaly highlights the need to fully 
understand the system level tribological behavior and desired lubrication regime (boundary to 



fully separating lubricant films) to properly design mechanisms that will perform with acceptable 
friction and tolerable wear. All too often a lubricant is called upon to correct weak tribological 
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often not even considered a principal design change as there is no perceived change to the 
�³�K�D�U�G�Z�D�U�H���´�����,�Q�Forporation of a better tribological awareness in all mechanisms in the concept 
and design phase can save a lot of major headaches later on.  Even so, all boundary lubrication 
regime tribological contacts (solid film lubricants, starved fluid lubricant films, slow moving 
high load, etc.) or other questionable tribological couples should be tested at the highest system 
and fidelity level practical.  Modeling or analytically predicting behavior of boundary lubricated 
contacts requires understanding the interaction of more variables than can usually be adequately 
known. 
 
6.13  Seal materials 
 
Seal materials discussed in this section are limited to those used to maintain vehicle 
pressurization, pneumatics, and hydraulics.  These may not be suitable for applications related to 
propulsion systems (see chapters 10-13).  Any seal material used in hydraulic systems should be 
checked for fluid compatibility.  In general, seals are made of metal or elastomer.  Metal seals 
can be made of soft aluminum, copper, or stainless steel, though nickel, Monel, and Inconel have 
been used in the past.  A wide variety of elastomeric seal materials are available, including butyl 
rubber, silicone, Viton, Teflon, Kel-F fluoropolymer, and Neoprene.  Seal materials to be used 
on windows should be thermal vacuum baked prior to flight to minimize outgassing. 
 
 
6.14  Adhesives 
 
Two classes of adhesives will be covered in this section �± structural adhesives, such as those 
used in honeycomb laminate manufacture, and non-structural adhesives, such as the pressure-
sensitive adhesive used for thermal control tapes.  The coefficients of thermal expansion (CTE) 
of adhesives and substrates should be evaluated to ensure that a CTE mismatch does not lead to 
problems.  When using an adhesive on two substrates with different CTE, the adhesive should 
have an adequate amount of elasticity (rubber or polyurethane) to compensate.  Surface 
preparation requirements must be specified and rigorously enforced to maintain bond 
characteristics.  Failures in large propulsion components have been attributed to inadequate 
control of the bonding process, usually either in the surface preparation steps or in the storage 
and handling of the adhesive material including mixing and application of the 2-part epoxies. 
 
Structural adhesives can be two-part epoxies, modified phenolics, or thermosetting resins. Cytec 
FM-300 and 3M AF-191 film adhesives have been used for honeycomb core/face bonds, Hysol 
EA9394 paste for external splices.  The epoxy family of thermosetting adhesives exhibits good 
solvent resistance and good elevated temperature properties to ~350 °F. Disadvantages are two-
component mixing requirements, limited pot life, exothermic reactions, and deterioration of 
properties in hot and wet environments.  Adhesives that utilize epoxy-amine or amide polymer 
systems will react with copper and result in blue to green corrosion products.  Large propulsion 
components that used adhesively bonded components generally require long pot and working life 
and tailored cured properties. These materials many times are not available off the shelf, 



During assembly, the tank was accidentally dropped, loosening the fill tube assembly and 
allowing gas leakage.  Because the tank could no longer drain properly, an improvised detanking 
procedure at KSC was developed.  During detanking, as the switches started to open at the upper 
temperature limit, they were welded permanently closed by the too-high voltage.  Failure of the 
switches led to the heater being on for much longer and much higher temperatures than expected, 
melting the fan motor wire insulation.  The higher tank temperature was not noticed because the 
temperature gages only measured to 80 °F.  In flight, when the crew performed the cryo stir, the 
wire short circuited, arced and ignited its insulation, triggering the explosion in the oxygen 
tank.[36] 
 

5. Inappropriate Assembly 
The first test of the Tethered Satellite System during STS-46 in 1992 was halted when the reel 
mechanism jammed.  Only 260 meters (853 ft) of the 20 km (12.43 mi) tether was deployed.  An 
investigation found a protruding bolt from a late-stage modification of the tether reel system. 
 

6. Inadequate Service 
The high-gain antenna for the Galileo spacecraft did not deploy properly after launch.  The 
reason for this is not precisely known, but it is likely that the three years in storage while waiting 
for launch after the Challenger disaster led to the jammed mechanism.  The most likely culprit is 
evaporation of the lubricant, but damage could have occurred while in storage or during one of 
the unplanned trips between the Jet Propulsion Laboratory in California and Kennedy Space 
Center in Florida during the launch delay.  The backup low-gain antenna saved the science 
mission.  Because of this incident, NASA communications satellites with similar antenna designs 
have the pins replaced just before launch, and new lubricant is added.[37] 
 
6.16  Concluding Remarks 
 
As with any engineering task, the requirements must be properly understood, and the materials 
must be selected to meet those requirements with appropriate safety margins.  Design of a 
spacecraft should take into account the interaction of all the components �± structures, thermal, 
propulsion, avionics, guidance, navigation, and control (GN&C), etc.  The full life cycle of the 
design should be considered including safety, verification, reliability, operability, and 
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Spacecraft materials should be selected based on the environment and the time of exposure, with 
either durability in that environment or known degradation for appropriate endurance and end-of-
life properties.  They should be correctly assembled and maintained, with proper compatibility 
with surrounding materials and corrosion prevention.  Attention to detail is never wasted.   
 
Good communication is essential.  Communication with manufacturers and vendors can prevent 
problems with changes in processing or discontinued products.  Interaction with other disciplines 
can help with understanding interfaces, identify deficiencies and improve requirements.  
Ongoing dialogue can keep a small change from becoming a big problem.   
 
 
To confine our attention to terrestrial matters would be to limit the human spirit. 

�²  Stephen Hawking 
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to fill the core.  When the tank was drained and started warming, the core pressure increased to 
the point of failure, when the outer facesheet and core separated and peeled away from the inner 
facesheet.  (fig. 6.2) (Also see chapter 7) 
 

 
Figure 6.2  X-33 cryogenic tank after failure. 
 
6.6 Thermal control materials 
 
Passive thermal control of a spacecraft can be by a surface treatment, application of a coating, or 
covering with a multi-layer insulation blanket.  Surface treatment of metals is generally required 
to prevent corrosion prior to launch.  Environmental protection directives have led to increasing 
restrictions on hexavalent chromate use, which is commonly used in chemical conversion 
coatings.  Newer conversion coatings may contain trivalent chromium or no chromium at all.  
Corrosion and space environmental effects testing of these coatings are continuing.  While 
chemical conversion coatings per MIL-C-5541 provide more than adequate corrosion protection, 
they are usually very low in thermal emittance and may not meet temperature requirements on 
orbit.  Manned spacecraft that may require extravehicular activities (EVAs, also known as 
spacewalks) will have more stringent thermal control requirements for touch temperatures, 
generally -118 to +113 °C (-180 to +235 °F). 
 
Better passive thermal control in terms of absorptance and emittance may be achieved with 
anodizing per MIL-A-8625.  MIL-A-8625 calls out three types of anodize �– Type I chromic acid, 



Type II sulfuric acid, and Type III hard anodize.  Reduction of chromate use has virtually 
eliminated Type I chromic acid anodize.  Type II sulfuric acid anodize that will be exposed to 
space should be processed with a hot water seal, not nickel acetate, as the residue from the nickel 
acetate seal yellows after a brief exposure to ultraviolet radiation.  Type III hard anodize is also 
performed with sulfuric acid but usually at lower temperatures to get a thicker oxide layer, when 
needed for wear resistance. However, hard anodize should be carefully evaluated before use on 
parts subjected to fatigue.  Boric/sulfuric acid and phosphoric acid anodize have been tested in 
space and may be useful when the desired thermal properties cannot be met by sulfuric acid 
anodized aluminum (generally �. = 0.45/�0 = 0.80) without compromising corrosion protection.   
 
�:�K�H�Q���D���O�R�Z�H�U���.���0���U�D�W�L�R���L�V���Q�H�H�G�H�G�����S�D�V�V�L�Y�H���W�K�H�U�P�D�O���F�R�Q�W�U�R�O���F�R�D�W�L�Q�J�V���R�U���S�D�L�Q�W�V���D�U�H���X�V�H�G�������7�K�R�V�H��
qualified for use on spacecraft generally have one of four types of binder �– polyurethane, epoxy, 
silicone, or potassium silicate.  Acrylic-based paints have very poor performance in space and 
should not be considered.  Polyurethane and epoxy-based coatings have limited life in low Earth 
orbit, because atomic oxygen will erode the binder, leaving only pigment particles behind. [10]  
Silicone, usually a low-outgassing type, is used when some UV darkening can be allowed or if 
the geometry is complicated enough where coating adhesion is a concern.  Coatings with silicone 
binders should be used with caution when in line-of-sight to sensitive optics.  Potassium silicate 
coatings can be difficult to apply and are sensitive to contamination, but they have the advantage 
of proven durability in space for long periods of time and are generally considered safest around 
optics. [11]  Manufacturer-recommended cure times for coatings should be followed, e.g. putting 
Z-93 potassium silicate coating in vacuum before the 7-day cure is complete will cause the 
coating to crack and debond.  Manufacturers�¶ cure conditions may not be adequate to insure the 
coating does not become a contamination source to sensitive optical surfaces.  Materials may 
require thermal vacuum bakeout and should be tested under conditions equivalent to on-orbit 
extremes. 
 
Passive thermal control coatings and anodizes may be electrically insulative enough to build up 
surface charge in the space environment.  Sufficiently high surface charge can even break down 
the anodized layer on aluminum (fig. 6.3) or result in operational anomalies.  NASA RP-1390 
details a number of satellites that had system failures due to the plasma environment. [12]  Some 
of these spacecraft charging events caused loss of control of the satellite.  These events 
sometimes required station-keeping fuel to stabilize, therefore shortening the life of the satellite.  
Static-dissipative materials or conductive coatings can bleed off this surface charge before 
damage occurs.  Indium tin oxide-coated thin films have been used for many years, but special 
care must be taken not to crack the coating.   Also, fiberglass cloth with conductive thread has 
been used.   
 



 
Figure 6.3  Breakdown of anodized aluminum in plasma environment 
 
Conductive or static-dissipative thermal control coatings usually have conductivity on the order 
of 105 to 108 ohms/square.  Coatings loaded with carbon for conductivity (e.g. Electrodag 501) 
should not be used in low Earth orbit, as the carbon will be eroded by atomic oxygen, but they 
may be acceptable for other environments.  It is of utmost importance that the coating 
demonstrate conductivity in high vacuum after adequately conditioning (at least 24 hours as a 
minimum).  In the past, some coatings were advertised as conductive when they were actually 
dependent on water content for their conductivity.  As the water was removed by vacuum, these 
coatings became insulative. 
 
Multilayer insulation (MLI) blankets use multiple reflectors, usually thin polymer films with 
vapor-deposited metal on one or both sides, separated by lightweight, low-thermal conductivity 
materials.  These thin films are fragile, as evidenced by the damage by purge on the Huygens 
probe (fig. 6.4), so a durable outer cover is usually added to the MLI blanket, and an inner cover 
may be added as well.  Common MLI blanket materials and their properties can be found in 
NASA TP-1999-�����������������‡�0�X�O�W�L�O�D�\�H�U���,�Q�V�X�O�D�W�L�R�Q���0�D�W�H�U�L�D�O���*�X�L�G�H�O�L�Q�H�V���·�����,�W���V�K�R�X�O�G���E�H���Q�R�W�H�G���W�K�D�W��
MLI blankets composed of Mylar reflector layers should be kept below 120 °C (250 °F) because 
of shrinkage and loss of tensile strength. 
 



 
Figure 6.4  A worker repairs the multi-layer insulation on the Huygens probe after an abnormally high 
pressure purge ripped the delicate material. 
 
MLI blankets require atmospheric pressure of less than 10-5 torr to prevent convection and gas 
conduction between the reflector layers.  The reflector layers may have perforations or 
porolations to allow better venting.  MLI blankets should not be pulled taut; pinch points, heat 
shorts, and cut-outs should be minimized.  Organic threads should not be used in low Earth orbit 
unless they are adequately protected from atomic oxygen erosion.  Hook and loop tape fastener 
���H���J�����9�H�O�F�U�R���R�U���$�S�O�L�[�����V�H�D�P�V���V�K�R�X�O�G���K�D�Y�H���V�R�P�H���E�O�D�Q�N�H�W���R�Y�H�U�K�D�Q�J�����S�U�H�I�H�U�D�E�O�\�����·�����W�R���S�U�H�Y�H�Q�W��
atomic oxygen erosion of the polymeric hooks and loops down to stubs.  It is recommended that 
unmated hook and loop tape fasteners not be exposed to more than 1 x 1020 atoms/cm2 of atomic 
oxygen.   
 
Electrical grounding required for MLI depends on the size of the blanket and the environment.  
Proper grounding requires that the spacer netting be cut away and grounding tape, such as 
aluminum tape with conductive adhesive, applied in a continuous accordion between the 
































reflector layers of the blanket. (fig. 6.5)  A hole is punched through all of the layers, and a 
grounding bolt with washers, eyelet terminal, and locking nut is installed.  A single conductor 
wire is generally used between the eyelet terminal and ground. 
 

 
Figure 2.5  Electrical grounding design for multilayer insulation blanket. [13]  
  
 
In addition to MLI blankets, the large dewar on Gravity Probe-B used vapor-cooled metallic 
shields.  The dewar contained superfluid helium cooled to near absolute zero.  As the helium was 
slowly vented during spacecraft operations, it was circulated through the shields.  This design 
was successful in that the helium onboard stayed liquid for 16 months. 
 
6.7 Thermal protection materials 


