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crystal, whereas 100 layers should be considered as a thin ! lm of a 
3D material. But how many layers are needed before the structure is 
regarded as 3D? For the case of graphene, the situation has recently 
become reasonably clear. It was shown that the electronic structure 
rapidly evolves with the number of layers, approaching the 3D limit 
of graphite at 10 layers20. Moreover, only graphene and, to a good 
approximation, its bilayer has simple electronic spectra: they are both 
zero-gap semiconductors (they can also be referred to as zero-overlap 
semimetals) with one type of electron and one type of hole. For three 
or more layers, the spectra become increasingly complicated: Several 
charge carriers appear7,21, and the conduction and valence bands 
start notably overlapping7,20. " is allows single-, double- and few- 
(3 to <10) layer graphene to be distinguished as three di# erent types 
of 2D crystals (‘graphenes’). " icker structures should be considered, 
to all intents and purposes, as thin ! lms of graphite. From the 
experimental point of view, such a de! nition is also sensible. " e 
screening length in graphite is only ≈5 Å (that is, less than two layers 
in thickness)21 and, hence, one must di# erentiate between the surface 
and the bulk even for ! lms as thin as ! ve layers21,22.

Earlier attempts to isolate graphene concentrated on chemical 
exfoliation. To this end, bulk graphite was ! rst intercalated23 so that 

graphene planes became separated by layers of intervening atoms or 
molecules. " is usually resulted in new 3D materials23. However, in 
certain cases, large molecules could be inserted between atomic planes, 
providing greater separation such that the resulting compounds 
could be considered as isolated graphene layers embedded in a 3D 
matrix. Furthermore, one can o$ en get rid of intercalating molecules 
in a chemical reaction to obtain a sludge consisting of restacked and 
scrolled graphene sheets24–26. Because of its uncontrollable character, 
graphitic sludge has so far attracted only limited interest.

" ere have also been a small number of attempts to grow 
graphene. " e same approach as generally used for the growth of 
carbon nanotubes so far only produced graphite ! lms thicker than 
≈100 layers27. On the other hand, single- and few-layer graphene 
have been grown epitaxially by chemical vapour deposition of 
hydrocarbons on metal substrates28,29 and by thermal decomposition 
of SiC (refs 30–34). Such ! lms were studied by surface science 
techniques, and their quality and continuity remained unknown. 
Only lately, few-layer graphene obtained on SiC was characterized 
with respect to its electronic properties, revealing high-mobility 
charge carriers32,33. Epitaxial growth of graphene o# ers probably the 
only viable route towards electronic applications and, with so much 

Figure 1 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled 
into 1D nanotubes or stacked into 3D graphite.
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Comparison of CFRP and CNT Literature 
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Ø  Compared to SOA lightweight structural materials (CFRP), there has 
been considerably greater attention paid to CNTs since its discovery in 
1991. 

Statistics derived from Web of Science data, Siochi, April 2013. 
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Why Carbon Nanotubes? 

Harris, Shuart, Gray, NASA TM 211664, 2002 
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Accelerate Technology Maturation 
with Multidisciplinary Approach 
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Competition – Carbon Fiber Composites 
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Early Composite Technology Adopter 

OMS Pods 

Payload Bay Doors          Robotic Arm 

STS orbiter payload bay doors were the largest composite structure 
ever designed and built circa late 1970’s.  First flight in 1981 
Dr. Charlie Harris, Future of Materials, Aviation Unleashed, October, 2010. 
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Composites in Commercial 
Transport Aircraft (2010) 
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Boeing 787 
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Why Carbon Nanotubes? 

Harris, Shuart, Gray, NASA TM 211664, 2002 

? 

S
pe

ci
fic

 M
od

ul
us

 G
P

a/
(g

/c
3 )

 

1000 

100 

10 
0.1 1 10 100 

Specific Strength, GPa/(g/c3) 

Al 2219 

IM7 

M47J CFRP 
IM7 CFRP 

M47J ? 

SWNT 

Carbon Fiber 

Q/I Laminate 



Langley Research Center 

Juno Spacecraft - 2011 

Nanotechnology Headed to Jupiter, http://www.nano.gov/slideshow-archive 
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Potential System Weight Savings 
Page 7 

Mark.L.McMillin@nasa.gov 

  
Figure 3 – Effects of Mass Reduction on a TSTO Launch Vehicle 

 

2.3.4 Recommendation 

The application of matrix-less CNT fiber technology to pure tension load bearing structure 
suggests that a composite overwrapped pressure vessel would be a logical demonstration project 
for this technology.  

 

2.4 MER Based Sizing of an Expendable SSTO Launch Vehicle Using Matrix-bound 
CNT Technology 

 

2.4.1 Methodology  

The analysis code utilized to generate the results for this investigation was the integrated rocket 
sizing code (INTROS) developed at the Marshall Spaceflight Center. Each component has its 
own MER derived from regression analysis of historical data based on parameters relevant to the 
component. Also additional propulsion and propellant parameters are specified which allows for 
an actual vehicle layout to be generated. Fluid tracking and mass jettison events are also 
accounted for. This is a critical step towards the more detailed design process discussed in 
section 3. 

2.4.2 Ground Rules and Assumptions 

The baseline vehicle designed in INTROS was calibrated to an all-aluminum structure. 

Mass reduction factors were applied to the vehicle components and subcomponents of the 
systems identified in Figure 4. 
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Nano to Macro Challenge 
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Project Objective 

FY 13 Goal 

Ø  Available materials have starting mechanical properties inferior to other SOA 
materials.  
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Nano to Macro Scaling of Properties 

Adopted from National Nanotechnology Initiative (www.nano.gov) 

Aerospace Vehicles 
10s of meters 

Technology insertion in a structural application remains elusive 
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u  Displacing SOA 
–  Performance 
–  Risk 
–  Cost 
 

u  Knowledgeability 
–  Objective assessment of emerging technology capabilities 
–  Established design paradigms  
 

u  Nano to macro 
–  Addressing heterogeneous system integration issues 
–  Preserving nanoscale benefits  
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Barriers for Technology Insertion 
   – Application Side  
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u  Scale-up to large quantities 
– Commercially viable processes to produce large volume of 

material 
– CNTs should be available in assemblages that lend themselves 

to the fabrication of structural components 

u  Quality of material 
– Development of reliable, reproducible and controlled carbon 

nanotube synthesis process on a large scale 
– Development of the above processes for CNT assemblages that 

have the necessary properties to meet aerospace requirements 
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Barriers for Technology Insertion 
   – Supply Side 
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Nanotechnology Project Spans Modeling to 
Component Demo  

Modeling CNT 
Assemblages 

Post-Processing 
of CNT Sheets 

Characterization 
Methods 

Component 
Demonstration 

Project has adopted a comprehensive approach involving modeling, 
materials development, testing and characterization, and component level 
demonstration to accelerate materials development and mission transition 
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Computationally Guided Materials Development 

Bundle Failure 
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Nanotechnology Project Spans Modeling to 
Component Demo  

Modeling CNT 
Assemblages 

Post-Processing 
of CNT Sheets 

Characterization 
Methods 

Component 
Demonstration 

Project has adopted a comprehensive approach involving modeling, 
materials development, testing and characterization, and component level 
demonstration to accelerate materials development and mission transition 
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Vertical Arrays 
CNT Sheet 

CNT Sheet 
CNT Yarn 

CNT Tape Non-Woven Textile 

Materials State-of-the-Art 

Nanocomp Technologies - SBIR 

General Nano - SBIR 

University of Cincinnati – Cooperative Agreement 

Rice University – AFOSR MOU  
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Properties of As-Received Materials 

M46J Fiber 

IM7 Fiber 

Q-I M46/7714A 

Q-I IM7/8552 
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Nanotechnology Project Spans Modeling to 
Component Demo  

Modeling CNT 
Assemblages 

Post-Processing 
of CNT Sheets 

Characterization 
Methods 

Component 
Demonstration 

Project has adopted a comprehensive approach involving modeling, 
materials development, testing and characterization, and component level 
demonstration to accelerate materials development and mission transition 



Langley Research Center 

Testing of Nanomaterials 
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CNT Composite Tensile Testing 
Objective: 
•  Develop a reliable method for measuring tensile 

strength and stiffness of scaled-up CNT 
composites 

Issues: 
•  Strain measurement 

•  Specimens relatively flimsy and small - cannot use 
extensometers or strain gages 

•  Cross-sectional area measurement 
•  Difficult to reliably measure thickness 

•  Definition of stiffness 
•  The response of most specimens tested to-date is highly 

non-linear  

Approach: 
•  Utilize the modified ASTM D-638 test method 

•  3.0” long dog-bone specimen with 0.25” wide gage section  
•  Measure strain using a non-contact laser extensometer 
•  Compute specific strength and stiffness  
•  Define consistent range for computing the “elastic” modulus 
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Continuous Winder – Dry or Wet Winding 
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Nanotechnology Project Spans Modeling to 
Component Demo  

Modeling CNT 
Assemblages 

Post-Processing 
of CNT Sheets 

Characterization 
Methods 

Component 
Demonstration 

Project has adopted a comprehensive approach involving modeling, 
materials development, testing and characterization, and component level 
demonstration to accelerate materials development and mission transition 
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Status – End of FY 14 
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How is Structural Nano Different? 

Uni IM7/8552 
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Nanotechnology Project Spans Modeling to 
Component Demo  

Modeling CNT 
Assemblages 

Post-Processing 
of CNT Sheets 

Characterization 
Methods 

Component 
Demonstration 

Project has adopted a comprehensive approach involving modeling, 
materials development, testing and characterization, and component level 
demonstration to accelerate materials development and mission transition 
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Accelerated Technology Maturation 
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Sounding Rocket Demo 

Scheduled for September, 2016 



Langley Research Center Engineered Surfaces for Mitigation 
of Insect Residue Adhesion 

Emilie J. Siochi1, Christopher J. Wohl1, Joseph G. Smith Jr. 1, John 
M. Gardner2, Ronald K. Penner3, John W. Connell1  

 
1NASA Langley Research Center, Hampton, VA 23681 
2National Institute of Aerospace, Hampton, VA 23666 

3Science and Technology Corporation, Hampton, VA 23666 
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Laminar Flow 
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Motivation for Laminar Flow Control 
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Objective 

Bragg,	
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  Paper	
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To design an engineered surface that prevents insect  
residue adhesion under take-off and landing conditions. 
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Evaluation of Engineered Surfaces 

Screen commercial and 
experimental materials using 
contact angle goniometry. 

Downselect promising coatings 
for wind tunnel testing. 

Flight test candidate coatings down-
selected from wind tunnel tests. 40 



Langley Research Center 

Engineered Surfaces 

Aluminum Substrate Low Surface Energy Aluminum Substrate 

Laser Ablated Aluminum Substrate Coated Laser Ablated 
Aluminum Substrate 
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Influence of Surface Characteristics on 
Surface Energy 
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Lab Scale Bug Gun 

Bench top wind tunnel 

Scaled wing leading edge 

Insect delivery system 
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Influence of Surface Characteristics on 
Insect Residue Adhesion 

Surface Contact 
Angle Residue Area Areal Coverage 

(mm2) 
Residue Height  

(µm) 

Aluminum 
Control 1.38 ± 0.49 70	
  ±	
  4	
  

Hydrophobic 
Coating 0.71	
  ±	
  0.30	
   66	
  ±	
  4	
  

Laser 
Patterned 1.22	
  ±	
  0.10	
   66	
  ±	
  5	
  

Coated 
Laser 
Patterned 

0.45	
   62	
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Lab Scale Fruit Fly Test Results 
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Model for BART Insect Adhesion Tests 

Engineered surface 

Wing model 
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BART Video Excerpt 
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Falcon Flight Testing 

48 
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Falcon Flight Testing 
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Summary of Test Results 
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EcoDemonstrator for 2015 Flight Testing 

51 
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EcoDemonstrator for 2015 Flight Testing 

52 
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Thank You 


