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Figure 78. 2.5 wt% octaphenyl POSS DMA before and after atomic oxygen 
exposure. 

 

 

Figure 79. 2.5 wt% glycidyl POSS DMA before and after atomic oxygen 
exposure. 

The storage modulus decreases and the tan delta curve reflected an additional 

peak for all sample types except octaphenyl POSS. Oxygen radical attack 

leading to chain scission is one of the main mechanisms of degradation, reducing 
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the integrity of the thermoset resin and leading to a decrease in modulus. 

Additionally, as the network fragments, areas of varied molecular weight are 

formed, leading to multiple glass transitions. A homogenous distribution of lower 

molecular weight areas would widen the tan delta curve, whereas a bimodal tan 

delta curve results from two differently eroded regions, indicating that 

degradation is heterogeneous. 

Thermogravimetric Analysis of Atomic Oxygen Exposed Samples. 

Thermogravimetric analysis (TGA) was used to determine the thermal stability of 

unexposed and exposed specimens.124 All three POSS materials (octamethyl in 

red, octaphenyl in green, glycidyl in blue) had similar mass losses to the neat 

DGEBA-44DDS (black) up to approximately 475 °C (Figure 80). 

 

Figure 80. Thermal degradation of unexposed specimens.124 

The second transition observed for the nanocomposite specimens only 575-625 

°C was attributed to the inorganic content of the POSS cage. This is reasonable 

as POSS is often used as an additive for thermal stability.11,124 
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Exposed specimens showed the same initial transition, with a broader 

second transition extending past 750 °C (Figure 81 Top).124 

 

 

Figure 81. Top: thermal degradation of exposed specimens from 0 to 800 °C, and 
bottom: from 400 to 500 °C.124 

The octamethyl and octaphenyl POSS additives did delay the onset of significant 

mass loss by approximately 5 °C (see the bottom plot of Figure 81). Thus, the 

POSS moieties did provide some protection against atomic oxygen degradation 

albeit not to the degree theoretically predicted with glassification of the POSS 

cage. Again, glycidyl POSS behaved differently in that it did not provide as 
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significant enhancement of protection against degradation by exposure to atomic 

oxygen124 

Scanning Electron Microscopy. Scanning electron microscopy (SEM) was 

used to focus on the effects of atomic oxygen exposure on the surface 

morphology of the exposed specimens.124 Micrographs were taken off the bottom 

sample-mold surface for both unexposed and exposed specimens. The 

unexposed neat thermoset surface displayed in Figure 82 did not exhibit any 

distinguishing features. 

 

Figure 82. Unexposed surface of neat DGEBA-44DDS at 1600X.124 

Energy dispersive (x-ray) spectroscopy (EDS) confirmed that the white speckles 

shown in Figure 82 were due to surface contamination or unreacted amine 

crosslinker.124 

The unexposed surface of the 2.5 wt% octamethyl nanocomposite was 

covered with small holes (Figure 83).124 This could be from off-gassing due to 

residual acetone. 
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Figure 83. Unexposed surface of 2.5 wt% octamethyl specimen at a 
magnification of 400X.124 

However, pores were not seen on the opposite surface, suggesting the source is 

related to the mold surface. The larger, unordered shapes were POSS-rich. The 

octaphenyl and glycidyl surfaces did not have pores but did have a variety of 

round aggregates in various sizes as shown in a representative view of a glycidyl 

POSS surface in Figure 84. At high magnification, these structures appear to 

consist of much smaller particles. The distribution and size of these circular 

features was random across the surfaces.124 
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Figure 84. Unexposed surface of 2.5 wt% glycidyl specimen at a magnification of 
500X.124 

All four exposed sample types showed evidence of erosion after exposure. 

Neat DGEBA-44DDS (Figure 85) was covered with 2-5 µm diameter nodules.124 

 

Figure 85. Exposed surface of neat DGEBA-44DDS at a magnification of 
400X.124 

The 2.5 wt% octamethyl surface featured occasional square POSS crystallites 

(Figure 86). The short octamethyl pendant allows the POSS cage to pack well, 

leading to the square shape. 
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Figure 86. Exposed surface of 2.5 wt% octamethyl specimen at 400X.124 

Although crystallites are present in the octaphenyl and glycidyl samples (Figure 

87, 88), their shapes are not as uniform because the larger pendant groups 

prevent more efficient packing. 

 

Figure 87. Exposed surface of 2.5 wt% octaphenyl specimen at a magnification 
of 400X.124 
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Figure 88. Exposed surface of 2.5 wt% glycidyl specimen at a magnification of 
400X.124 

No continuous film glassification of the POSS was observed for POSS-modified 

DGEBA-44DDS. A resultant –[SiO2]x– network generally displays a smooth 

morphology with limited cracking.12 The lack of such morphology supports the 

idea that the concentration of POSS at the surface, and therefore the overall 

loading level, was insufficient for glassification and the resultant atomic oxygen 

protective layer.124 

Atomic Force Microscopy. Atomic force microscopy (AFM) was performed 

on exposed surfaces. The neat DGEBA-44DDS exposed sample (Figure 89) was 

uniform and did not reflect the nodules shown in Figure 85. This can be 

explained by the ~100 µm scale of SEM compared to the AFM modulus map size 

of 1.5x1.5 µm. 



 

130 

 

Figure 89. Exposed surface of neat DGEBA-44DDS.124 

However, some octamethyl crystallites are small enough to be visible in a larger, 

5x5 µm map of exposed 2.5 wt% octamethyl-DGEBA-44DDS. These show up as 

the white, high modulus, regions of Figure 90. The rest of the map is primarily 

lower modulus matrix. 

 

Figure 90. Exposed surface of 2.5 wt% octamethyl specimen.124 

More POSS-rich regions were shown in the octaphenyl map as higher modulus, 

pink areas (Figure 91). No white, POSS crystallites were seen. 

 

Figure 91. Exposed surface of 2.5 wt% octaphenyl specimen.124 

Fairly homogeneous glycidyl-rich regions are circled in green on the 2.5 wt% 

glycidyl surface (Figure 92). The overall map was the most homogenous of all 
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exposed samples and may predict cohesive protection from glycidyl POSS at a 

higher loading level. 

 

Figure 92. Exposed surface of 2.5 wt% glycidyl specimen.124 

The 2.5 wt% glycidyl POSS in DGEBA-44DDS surface exhibited no 

morphological evidence of POSS glassification in any of the samples 

investigated.124 

Conclusions 

Atomic oxygen is a harsh oxidizing agent that can cause chain scission 

and network degradation in polymers, limiting the use of organic materials in low 

Earth orbit.2,29 Thermoplastic coatings with polyhedral oligomeric silsesquioxanes 

have shown reduced mass loss and other property benefits when exposed to 

atomic oxygen and UV radiation.12,81 The main protective mechanism is the 

transformation of POSS to a surface layer of passivating silica glass.74 However, 

there is a gap in the understanding of POSS protection of thermosets against 

such hazards. In addition, it is not known if creating POSS-rich surfaces would 

result in less mass loss before glassification rather than dispersing POSS 

throughout the bulk of a matrix. 

 Octamethyl, octaphenyl, and glycidyl POSS were mixed in DGEBA-

44DDS. Initially, only octamethyl and octaphenyl were cured in the epoxy-amine 
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matrix, which resulted in aggregations with a wide range of particle sizes and 

locations. Only 5 wt% octaphenyl POSS produced a POSS-rich surface at the 

bottom of bars due to POSS sedimentation. After this initial result, the miscibility 

of the three POSS moieties was evaluated with Teas diagrams. The glycidyl 

POSS had a similar miscibility region to the DGEBA monomer. However, the 

octamethyl and octaphenyl POSS moieties had significantly smaller miscibility 

regions, possibly explaining their aggregation in DGEBA-44DDS. 

 Modifying the cure protocol to allow POSS more time to sediment at the 

interface resulted in more pronounced regions of octamethyl and octaphenyl at 

the bottom of 2.5 and 5 wt% octaphenyl POSS-DGEBA-44DDS and 5 wt% 

octamethyl-DGEBA-44DDS bars. The thickness of the sediment layer was 

dependent on loading level and POSS type. Standard deviations in glass 

transition temperature decreased, indicating more uniform samples with the 

modified cure prescription. However, high standard deviations were observed in 

the tensile and flexural test results, preventing definite conclusions to be reached 

on the relationships between the composite attributes and mechanical properties 

of the materials. 

In an atomic oxygen exposure study, neat DGEBA-44DDS and 2.5 wt% 

octamethyl, octaphenyl, and glycidyl POSS in DGEBA-44DDS were examined for 

mass loss, and changes in glass transition temperature, thermal degradation, 

and morphology.124 Unexpectedly, POSS-inclusive samples did not decrease 

mass loss per area compared to the neat DGEBA-44DDS. This was attributed to 

insufficient loading level of POSS. After exposure, glass transition temperatures 
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dropped significantly for the neat and glycidyl samples. Thermal stability after 

exposure differed from control specimens in that the neat DGBEA-44DDS 

specimen began to show mass loss at a slightly lower temperature than the 

POSS-filled specimens and the secondary transition of the composites broadens. 

Scanning electron microscopy showed that neat DGEBA-44DDS was eroded by 

the atomic oxygen, leading to a pattern of micron-scale nodules. Erosion was 

also seen in the 2.5 wt% POSS-DGEBA-44DDS surfaces but as a less 

homogeneous pitted motif. Atomic force microscopy established that the glycidyl 

POSS nanocomposite had the most homogeneous surface in terms of POSS 

coverage. Neither SEM nor AFM studies found evidence of POSS glassification 

during exposure, indicating the need for a higher concentration of the additive.124  

The homogenous surfaces of the 2.5 wt% glycidyl POSS-DGEBA-44DDS 

focused attention on this specific POSS moiety. In addition, this may disprove the 

hypothesis that POSS layered at a surface would provide enhanced protection 

against atomic oxygen compared to well dispersed POSS in the bulk of a 

material. Therefore, focus shifted to making POSS-rich coatings to be placed 

over polymers. Additional work was then done to add cerium oxide for UV 

radiation protection. 
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CHAPTER IV – POSS AND CERIUM COMPOUNDS 

Introduction 

Previous experiments that mixed POSS moieties in an epoxy-amine 

matrix resulted in sedimentation of POSS particulates unless the POSS could 

react into the matrix. This sedimentation did not glassify under exposure to 

atomic oxygen and did not reduce mass loss compared to neat epoxy-amine. 

This was thought to be due to the lack of nanoscale dispersion of the additives, 

leaving large gaps of exposed matrix between micron-sized aggregates as 

detected by atomic force microscopy of the exposed surfaces. A different 

approach was needed to use POSS to protect epoxies against atomic oxygen. 

Spray coating of oxides with an epoxy binder is a common method of 

protecting composites in orbit. These coatings are difficult to apply consistently 

and suffer from defects that lead to underpinning damage.60 Pinhole defects in 

coatings allow for the infiltration of degradants such as photons or atomic oxygen 

atoms into the matrix that are then trapped underneath. These degradants then 

spend more time in the matrix, causing a greater degree of damage. Thus, the 

overall goal of this entire study is to construct a dense layer of POSS over the 

surface of an epoxy matrix composite in order to provide better protection to 

composite materials in low Earth orbit. The initial approach, inducing POSS 

transport to the surface of the matrix during cure, was not effective. A matrix with 

a surface coating of POSS may provide an alternative route to protection against 

atomic oxygen and other hazards. In addition, open cage trisilanol POSS could 


