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Carbon Fiber and Nanotubes: The Structural Properties of These materials, and Their Applications to Spacecraft Vehicles


Monetary costs are a leading barrier to commercialization and colonization of outer space.  Launch costs are the first in a line of high-cost problems that make commercialization prohibitive.  One of the factors that make launching costly is the weight of the vehicle, and the dry structural mass of a spacecraft can be as much as 20-25% of the total mass [SOURCE].  Reducing the structural mass, while not decreasing strength or safety, would be a great aid in encouraging space commercialization.


Since the 1980s, Carbon Fiber and Nanotube structures have been developed for use in water vehicles [SOURCE], communication [SOURCE], and even more refined composite materials.  Carbon Fiber is defined as: “[a] carbon filament thread, or [a] felt or woven cloth made from those carbon filaments. By extension, it is also used informally to mean any composite material made with carbon filament” [WIKIPEDIA; NEED DIFFERENT SOURCE].  Nanotubes are: “a recently discovered allotrope of carbon” [WIKIPEDIA].  An allotrope of an element takes on unique properties, as a result of its crystalline structure.  “They take the form of cylindrical carbon molecules and have novel properties that make them potentially useful in a wide variety of applications in nanotechnology, electronics, optics, and other fields of materials science” [WIKIPEDIA; NEED DIFFERENT SOURCE].


Since both materials use carbon, a brief introduction to this material would be appropriate.  “Carbon occurs in all organic life and is the basis of organic chemistry. This nonmetal also has the interesting chemical property of being able to bond with itself and a wide variety of other elements, forming nearly ten million known compounds. When united with oxygen it forms carbon dioxide, which is vital to plant growth. When united with hydrogen, it forms various compounds called hydrocarbons which are essential to industry in the form of fossil fuels. When combined with both oxygen and hydrogen it can form many groups of compounds including fatty acids, which are essential to life, and esters, which give flavor to many fruits. The isotope carbon-14 is commonly used in radioactive dating.” [WIKIPEDIA]


Carbon Fiber is composed of carbon filaments, and “Each carbon filament is made out of long, thin filaments of carbon sometimes transferred to graphite” [WIKIPEDIA].  Graphite is one of the allotropes of carbon.  “A common method of making carbon filaments is the oxidation and thermal pyrolysis of polyacrylonitrile (PAN), a polymer used in the creation of many synthetic materials. Like all polymers, polyacrylonitrile molecules are long chains, which are aligned in the process of drawing continuous filaments. When heated in the correct conditions, these chains bond side-to-side (letter polymers), forming narrow graphene sheets which eventually merge to form a single, jelly roll-shaped or round filament. The result is usually 93-95% carbon. Lower-quality fibre can be manufactured using pitch or rayon as the precursor instead of PAN. The carbon can become further enhanced, as high modulus, or high strength carbon, by heat treatment processes. Carbon heated in the range of 1500-2000 °C (carbonization) exhibits the highest tensile strength (820,000 psi or 5,650 MPa or 5,650 N/mm²), while carbon fiber heated from 2500 to 3000 °C (graphitizing) exhibits a higher modulus of elasticity (77,000,000 psi or 531 GPa or 531 kN/mm²). For further literature see Rose, Ziegmann and Hillermeier” [WIKIPEDIA].


It is these structural properties of tensile strength and modulus of elasticity that interest spacecraft vehicle design.  Composite materials have already been used in airplanes – the Boeing 787 being an example.  “Boeing claims that the 787 will be up to 20% more fuel-efficient than current comparable aircraft. Roughly one-third of this efficiency improvement will come from the engines; another third from aerodynamic improvements and the increased use of lighter weight composite materials; and the other third from advanced systems” [WIKIPEDIA].  “Construction materials (by weight): 50% composite, 20% aluminum, 15% titanium, 10% steel, 5% other. Composite materials are significantly lighter and stronger than traditional aircraft materials, making the 787 a very light aircraft for its capabilities. By volume, the 787 will be 80% composite. This will allow the potential to take off from, and land on, relatively short airstrips as the 767 can, yet still have the capability to fly long-haul distances” [WIKIPEDIA].


More benefits related to composite materials: “Higher humidity in the passenger cabin because of the use of composites (which do not corrode)” [W].


Breakdowns of composites in the 787:

787 vs. 777 on composites and aluminum (by weight) 

787

· 50 percent composites 

· 20 percent aluminum 

777

· 12 percent composites 

· 50 percent aluminum 

Material breakout on 787 

Composites -- 50%
Aluminum -- 20%
Titanium -- 15%
Steel -- 10%
Other -- 5%

Src: http://www.boeing.com/commercial/787family/programfacts.html
More benefits from the use of composites:

More fuel efficient 

20 percent more fuel efficient than similarly sized airplanes

Produces fewer emissions 

20 percent fewer than similarly sized airplanes

Better cash seat mile costs than peer airplanes 

10 percent

Src: et al.

Carbon fiber reinforced plastic or (CFRP or CRP), is a strong, light and very expensive composite material or fiber reinforced plastic. Similar to glass-reinforced plastic, which is sometimes simply called fiberglass, the composite material is commonly referred to by the name of its reinforcing fibers (carbon fiber). The plastic is most often epoxy, but other plastics, such as polyester, vinylester or nylon, are also sometimes used. Some composites contain both carbon fiber and fiberglass reinforcement. Less commonly, the term graphite-reinforced plastic is also used. 

Src: http://en.wikipedia.org/wiki/Carbon_fibre_reinforced_plastic
The choice of matrix can have a profound effect on the properties of the finished composite. One common plastic for this application is graphite epoxy, and materials produced with this methodology are generically referred to as composites. The material is produced by layering sheets of carbon fiber cloth into a mold in the shape of the final product. The alignment and weave of the cloth fibers is important for the strength of the resulting material. In professional applications, all air is evacuated from the mold, but in applications where cost is more important than structural rigidity, this step is skipped. The mold is then filled with epoxy and is heated or air cured. The resulting stiff panel will not corrode in water and is very strong, especially for its weight. If the mold contains air, small air bubbles will be present in the material, reducing strength. For hobby or custom applications the cloth can instead be draped over a mold, and the epoxy is "painted" over it, however because of the resulting lack of strength, this is usually only used for cosmetic details. 

http://en.wikipedia.org/wiki/Carbon_fibre_reinforced_plastic
The chemistry and manufacturing techniques for thermosetting plastics like epoxy are often poorly suited to mass-production. One potentially cost-saving and performance-enhancing measure involves replacing the epoxy matrix with a thermoplastic material such as nylon or polyketone. Boeing's entry in the Joint Strike Fighter competition included a delta-shaped carbon fiber reinforced thermoplastic wing, but difficulties in fabrication of this part contributed to Lockheed Martin winning the competition. 

http://en.wikipedia.org/wiki/Carbon_fibre_reinforced_plastic
	hose features have been stimulating Carbon Fiber users to develop numerous kinds of applications. 
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	Carbon Fiber Reinforced Plastics (CFRP) is superior to steel or glass fiber reinforced plastics (GFRP) in its specific tensile strength and specific elastic modulus (specific rigidity). That is to say, CFRP is "Light in Weight and Strong" in its mechanical performances.
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	Moreover, fatigue resistance of Carbon Fiber surpasses that of other structural material.
	


	[image: image6.png]Excellent Dimensional Stability and Heat Resistance (Thermal Characteristics)






	
	[image: image7.png]Comparison of Thermal Characteristics of various compounds





	Carbon Fibers have low heat expansion ratio and high dimensional stability, and sustains its those excellent mechanical performances even under high temperature region.
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	GFRP:
	Glass Fiber Reinforced Plastics
	

	CFRP:
	Carbon Fiber Reinforced Plastics 
	

	AFRP:
	Aramid Fiber Reinforced Plastics
	

	
	


	[image: image9.png]Highly Electric Conductive and Excellent EM| Shielding Property






	
	[image: image10.png]Electro-magnetic Wave Shielding Property




	

	Carbon Fibers have high electric conductivity (volumetric impedance) and at the same time have excellent EMI shielding property. This successfully brings CFRP to the field of EMI shielding.
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Src: http://www.carbonfiber.gr.jp/english/
	 
	"Applications to Aircraft"

	 
	"Steps to weight reduction of aircraft"


	
	Manufacturers of not only commercial airplanes but also military planes and helicopters have developed various usage of composite material. In every case, objectives of using of composite material have been to reduce weight of planes and to have highly performing flying machines. Composite material also has contributed to those secondary objectives as saving of assembling manpower.

	
Parts of B777 where CFRP is used

	
	*Place pointer here to get one minute memo displayed.
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	"CFRP was adopted !"


	
	The door to uses of composite material for commercial aircraft was opened by adoption of GFRP to a radar dome in 1940. In 1975, NASA developed for a research purpose elevators (horizontal rudders) of B727 and B737, and vertical stabilizers of DC10 made of composite material. This switching over from a metal to FRP contributed to about 30% weight reduction.

The achievement was applied to commercial manufacturing of B757s and B767s. Boeing, U.S.A., first installed FRP-made rudders. Almost simultaneously, Boeing adopted such CFRP secondary structural parts for B767s as elevators, spoilers, outboard aileron, wing-body fairing, fore- and main landing gear doors, wing trailing-edge panel of main wings and stabilizers, and vertical and horizontal stabilizers rib. These parts occupy altogether 3% of the total aircraft weight.

Boeing's B777s, the first flight in 1994, adopted intermediate elastic modulus CFRP for those primary structural parts as vertical and horizontal stabilizers, and for floor beams. For those parts, damage tolerance is essentially important.
Airbus A320s, first commercially served in 1998, used CFRP made stabilizers in addition to those secondary parts as movable wing and engine nacelle. This was the first primary structural parts installed on commercial airplanes. Further on, also A330s and A340s use composite material parts equivalent to roughly 12% of the total weight of the airplanes.


	 
	"Further Possibility to Use CFRP parts on Commercial Aircraft"


	
	Airplane manufacturers now plan to expand use of CFRP. Airbus's A380s, the new wide-body plane, and Boeing's B787 shall be the state of the art examples. Use of CFRP for airplane parts will be developed further and further toward the future.
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	CFRP usage for A380 parts
[image: image114.jpg]
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	CFRP usage for B787 parts
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	↑Please click to see bigger pictures.↑
	
	

	
	
	


	 
	"Application to Aerospace" 


	
	In aerospace field, which demands material light in weight and of high rigidity, the H-IIA rocket or satellites adopt CFRP parts. 


	
	H-IIA rocket
[image: image116.jpg]



	
H-IIA rocket and FRP (This photo is of the ground incineration test model. The flying model uses CFRP in below mentioned parts.)


The black one:
the intermediate section of the main body made sandwiched CFRP 

The white one at the top:
the top cap of the main body(payload fairing) made partly of CFRP

The white parts at the bottom:
rocket booster cases made wholly of CFRP

	
	
Space Satellite
[image: image117.jpg]
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Src: http://www.carbonfiber.gr.jp/english/
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Failed Launching of H-IIA Rocket #6 Pictograph [image: image118.jpg]


 Date November 29, 2003 Place Pacific Ocean, Off Tanegashima Island, Kagoshima Location Tanegashima Space Center of NASDA Overview H-IIA Rocket #6 was launched from Tanegashima Space Center of NASDA at 13:33 on Nov. 29th, 2003. About 105 seconds after the lift-off, the signal for separation of the two solid rocket boosters was sent from the on board computer. However, the solid rocket booster on the right was not separated. Without the separation, the rocket was not able to gain the height and velocity necessary for launching the payload to the scheduled orbit, so the signal for self-destruction was sent from the ground control center at 13:43:53. As a result, the rocket and payload were lost in the Pacific Ocean.
The Technical Investigation Committee of the Space Development Commission of Japan conducted the investigation into the cause of the accident.
The direct cause of the incomplete separation of the forward brace connecting the solid booster to main rocket was the malfunction of the separation system, which was due to the leak of fuel gas from the nozzle of the solid rock booster into the aft adapter. The cause of the leak of fuel gas was found to be the thickness reduction by local erosion of the nozzle insulator that was made of carbon fiber reinforced plastic (CFRP).) Incident The sequence of the SRB separation is shown in Fig.4. The SRB on the left hand side failed to separate because the forward brace connecting the fuselage and the SRB was not cut.
Figure 3 shows the structure of the nozzle. Thermal protection is to be achieved by the liner aft B2 with the abrasion behavior of the carbonized layer.
The sequence of events leading to the failure is believed to have occurred as follows. (See Figure 5)
** Because of the difference in the materials used for the nozzle throat and the liner aft, a step emerged along the front edge of the liner aft B2 on the inner side of the SRB-A nozzle during combusting. 
** This step caused a disturbance in the flow of the combustion gas, the heating rate became higher, and a thickness reduction was induced downstream of the flow.
** Somewhere in this area of reduction in thickness, relatively deep grooves were formed by the deterioration of the binding properties of the carbonized layer.
** As the grooves grew, the inter-laminate pressure and delamination increased, causing the exfoliation of the CFRP laminates. As a result of this phenomenon, local erosion was accelerated.
** As a result of the increase of local erosion of the liner-aft B2, the combustion gas reached holder B, resulting the melting of the holder, which led finally to the leakage of the hot gas into the aft adapter.
** The combustion gas leaked into the aft adapter, heated the cable that carried the electric signals for the separation device causing the cable to fail so that the separation signal of SRB was not transmitted. Sequence During the development of the SRB-A, the following combustion tests were carried out.
*Ground combustion test (EM): Heat resistant property test of FRP
Failure Knowledge Database / 100 Selected Cases
http://shippai.jst.go.jp/en/Serach
*Ground combustion test (PM): Assurance test of design and manufacturing process
*Ground combustion test (QM): Reliability assurance and evaluation of the manufacturing process
Results of the QM tests:
In August 1999, significant erosion was observed at the aft liner B due to the exfoliation of CFRP induced by the delamination that occurred as a result of the thermal resolution of the phenolic resin. In order to minimize this erosion, a design change was made from a separate to a monocock structure, and the thickness and the material were also changed.
In June 2000, an incident occurred where the throat inset dropped into the motor case at the final stage of combustion. In order to avoid this from occurring in the future, a design change was made on the shape of the throat insert and the liner aft B2.
In October 2000, significant erosion was found to have occurred in a local area of the liner aft B2 due to the induced vortices. Additional experiments were performed, but the true mechanism of the local erosion was not discovered. In order to counter the effects of the erosion, the wall thickness was increased and a CFRP outer panel was added. Cause Factors accelerating the local erosion were examined.
Due to the uneven thickness reduction of the insulator, the delamination and exfoliation of CFRP tends to take place locally. The formation of a carbonized layer also accelerates these phenomena, resulting in the formation of deep grooves. 
The higher combustion pressure of SRB-A compared with conventional SRB may also be a factor contributing to the acceleration of the above-mentioned phenomena.
As the local erosion at the CFRP nozzle structure is the stochastic phenomenon that is related to the microscopic mechanism, the location and the depth of the erosion cannot be calculated in a deterministic manner. Furthermore, it was pointed out that the present design tools cannot prevent deep erosion that leads to the development of an open hole from occurring. It is difficult to predict the site where the local erosion occurs. However, once the erosion occurs, it will continue to grow at that site.
This phenomenon of local erosion occurred and continued until an open hole in the left SRB-A of H-IIA #6 for the first time [.]

http://shippai.jst.go.jp/en/Detail?fn=0&id=CB1011026&kw=Fires
The biggest modification on the launch vehicle structure is to change the large covers that close the top and bottom parts of each tank to a monolithic configuration made out of a board. The tank for H-II was manufactured by welding seven parts, but H-IIA tank is a monolithic structure. Therefore, the manufacturing process was simplified and the assembly costs were reduced.[image: image140.png]Tl cone
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The location of the part called "beam" that is to absorb the impact of SRB-A thrust has been changed. In H-II, there was a cross beam between the liquid hydrogen and oxygen tanks, and that absorbs SRB thrust. In H-IIA with shorter SRB-As, the part called "cross member" that is to attach LE-7A and the "beam" were integrated into one piece, and that piece absorbs the thrust of SRB-A. Thanks to this change, LRB, that was difficult to attach to H-II, can be fit to H-IIA.
The interstage that connects the first and second stages is now made of carbon fiber reinforced plastics instead of aluminum alloy to make it lighter. This material makes the mid body of H-IIA black. 

http://h2a.jaxa.jp/documents/f4/sheet/h2af4_21_e.html
The extreme environment in space presents both a challenge and opportunity for material scientists. In the near-earth orbit, typical spacecraft encounter naturally occurring phenomena such as vacuum, thermal radiation, atomic oxygen, ionizing radiation, and plasma, along with factors such as micrometeoroids and human-made debris. For example, the International Space Station, during its 30-year life, will undergo about 175,000 thermal cycles from +125°C to –125°C as it moves in and out of the Earth’s shadow. Re-entry vehicles for Earth and Mars missions may encounter temperatures that exceed 1,500°C. Critical spacecraft missions, therefore, demand lightweight space structures with high pointing accuracy and dimensional stability in the presence of dynamic and thermal disturbances. Composite materials, with their high specific stiffness and low coefficient of thermal expansion (CTE), provide the necessary characteristics to produce lightweight and dimensionally stable structures. Therefore, both organic-matrix and metal-matrix composites (MMCs) have been developed for space applications.

Despite the successful production of MMCs such as continuous-fiber reinforced boron/aluminum (B/Al), graphite/ aluminum (Gr/Al), and graphite/ magnesium (Gr/Mg),3–7 the technology insertion was limited by the concerns related to ease of manufacturing and inspection, scale-up, and cost. Organic-matrix composites continued to successfully address the system-level concerns related to microcracking during thermal cycling and radiation exposure, and electromagnetic interference (EMI) shielding; MMCs are inherently resistant to those factors. Concurrently, discontinuously reinforced MMCs such as silicon-carbide particulate (p) reinforced aluminum (SiCp/Al) and Gp/Al composites were developed cost effectively both for aerospace applications (e.g., electronic packaging) and commercial applications. This paper describes the benefits, drawbacks, potential for the various MMCs in the U.S. space program. 

Three processing methods have been primarily used to develop MMCs: high-pressure diffusion bonding, casting, and powder-metallurgy techniques. More specifically, the diffusion-bonding and casting methods have been used for continuous- fiber reinforced MMCs. Discontinuously reinforced MMCs have been produced by powder metallurgy and pressure-assist casting processes. MMCs such as B/Al, Gr/Al, Gr/Mg, and Gr/ Cu have been manufactured by diffusion bonding for prototype spacecraft components such as tubes, plates, and panels.

Properties 

Table I lists the typical properties of a few continuous-fiber reinforced MMCs. Generally, measured properties of as-fabricated MMCs are consistent with the analytically predicted properties of each composite. The primary advantage of MMCs over counterpart organic-matrix composites is the maximum operating temperature. For example, B/Al offers useful mechanical properties up to 510°C, whereas an equivalent B/Ep composite is limited to about 190°C. In addition, MMCs such as Gr/Al, Gr/Mg, and Gr/Cu exhibit higher thermal conductivity because of the significant contribution from the metallic matrix.

	Table I. Material Properties of Unidrectional Metal-Matrix Composites for Space Applications 



	Properties
	P100/6061 Al
(0°)
	P100/AZ91C Mg
( 0°)
	Boron/Al
( 0°)

	
	
	
	

	Volume Percent Reinforcement
	42.2
	43
	50

	Density,  (gm/cm3)
	2.5
	1.97
	2.7

	Poisson Ratio nxy
	0.295
	0.3
	0.23

	Specific Heat Cp (J/kg-K)
	812
	795
	801

	Longitudinal 
	
	
	

	Young’s Modulus (x) (GPa)
	342.5
	323.8
	235

	Ultimate Tensile Strength (x) (MPa)
	905
	710.0
	1100

	Thermal Conductivity Kx (W/m-K)
	320.0
	189
	—

	CTEx (10-6 /K*)
	-0.49
	0.54
	5.8

	Transverse
	
	
	

	Young’s Modulus (y) (GPa)
	35.4
	20.7
	138

	Ultimate Tensile Strength (y) (MPa)
	25.0
	22.0
	110

	Thermal Conductivity Ky (W/m-K)
	72.0
	32.0
	—

	* Slope of a line joining extreme points (at –100°C and +100°C) of the thermal strain curve (first cycle). 




Table II lists the properties of discontinuously reinforced aluminum (DRA) composites for spacecraft and commercial applications. DRA is an isotropic MMC with specific mechanical properties superior to conventional aerospace materials. For example, DWA Aluminum Composites has produced MMCs using 6092 and 2009 matrix alloys for the best combination of strength, ductility, and fracture toughness, and 6063 matrix alloy to obtain high thermal conductivity. Similarly, Metal Matrix Cast Composite (MMCC) Inc. has produced graphite particulate-reinforced aluminum composites for the optimum combination of high specific thermal conductivity and CTE. 

	Table II. Material Properties of Discontinuously Reinforced Aluminum-Matrix Composites 



	Properties
	Graphite Al 
GA 7-230
	Al6092/SiC/17.5p
	Al/SiC/63p

	
	
	
	

	Density,  (gm/cm3)
	2.45
	2.8
	3.01

	Young’s Modulus (GPa)
	88.7
	100
	220

	Compressive Yield Strength (MPa)
	109.6
	406.5
	

	Tensile Ultimate Strength (MPa)
	76.8
	461.6
	253

	Compressive Ultimate Strength (MPa)
	202.6
	—
	

	CTE (x-y) (10-6 /K)
	6.5-9.5
	16.4
	7.9

	Thermal Conductivity (W/m-K) (x-y)
	190
	165
	175

	(z)
	150
	
	170

	Electrical Resistivity (-ohm-cm)
	6.89
	—
	

	


APPLICATIONS

While the desire for high-precision, dimensionally stable spacecraft structures has driven the development of MMCs, applications thus far have been limited by difficult fabrication processes. The first successful application of continuous-fiber reinforced MMC has been the application of B/Al tubular struts used as the frame and rib truss members in the mid-fuselage section, and as the landing gear drag link of the Space Shuttle Orbiter (Figure 1). Several hundred B/Al tube assemblies with titanium collars and end fittings were produced for each shuttle orbiter. In this application, the B/Al tubes provided 45% weight savings over the baseline aluminum design. 
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	Figure 1. Mid-fuselage structure of Space Shuttle Orbiter showing boron-aluminum tubes. (Photo courtesy of U.S. Air Force/NASA). 
	 
	Figure 2. The P100/6061 Al high-gain antenna wave guides/ boom for the Hubble Space Telescope (HST) shown (a-left) before integration in the HST, and (b-right) on the HST as it is deployed in low-earth orbit from the space shuttle orbiter.

	
	 
	


The major application of Gr/Al composite is a high-gain antenna boom (Figures 2a and 2b) for the Hubble Space Telescope made with diffusion-bonded sheet of P100 graphite fibers in 6061 Al. This boom (3.6 m long) offers the desired stiffness and low CTE to maintain the position of the antenna during space maneuvers. In addition, it provides the wave-guide function, with the MMC’s excellent electrical conductivity enabling electrical-signal transmission between the spacecraft and the antenna dish. Also contributing to its success in this function is the MMC’s high dimensional stability—the material maintains internal dimensional tolerance of ±0.15 mm along the entire length. While the part currently in service is continuously reinforced with graphite fibers, replacement structures produced with less expensive DRA have been certified.
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	Figure 3. P100/AZ91C Gr/Mg tubes produced by the vacuum-assist casting process: (a-left) as-cast tubes, and (b-right) demonstration Gr/Mg truss structure. 
	 
	Figure 4. Cast SiCp/Al attachment fittings: (a-top) multi-inlet fitting for a truss node, and (b-bottom) cast fitting brazed to a Gr/Al tube. 

	
	 
	


Like the Gr/Al structural boom, a few MMCs have been designed to serve multiple purposes, such as structural, electrical, and thermal-control functions. For example, prototype Gr/Al composites were developed as structural radiators to perform structural, thermal, and EMI-shielding functions.5 Also, Gr/Cu MMCs with high thermal conductivity were developed for high-temperature structural radiators.6 A DRA panel is used as a heat sink between two printed circuit boards to provide both thermal management and protection against flexure and vibration, which could lead to premature failure of the components in the circuit board.

In technology-development programs sponsored by the U.S. Defense Advanced Research Projects Agency and the U.S. Air Force, graphite/magnesium tubes for truss-structure applications have been successfully produced (jointly by Lockheed Martin Space Systems of Colorado and Fiber Materials of Maine) by the filament-winding vacuum-assisted casting process. Figures 3a and 3b show a few of the cast Gr/Mg tubes (50 mm dia  1.2 m long) that were produced to demonstrate the reproducibility and reliability of the fabrication method.

Of the DRA composites, reinforcements of both particulate SiCp/Al and whisker (w) SiCw/Al were extensively characterized and evaluated during the 1980s. Potential applications included joints and attachment fittings for truss structures, longerons, electronic packages, thermal planes, mechanism housings, and bushings. Figures 4a and 4b show a multi-inlet SiCp/Al truss node produced by a near net-shape casting process.
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Because of their combination of high thermal conductivity, tailorable CTE (to match the CTE of electronic materials such as gallium arsenide or alumina), and low density, DRA composites are especially advantageous for electronic packaging and thermal-management applications.8,9 Several SiCp/Al and Grp/Al (Figures 5a and 5b) electronic packages have been space-qualified and are now flown on communication satellites and Global Positioning System satellites. These components are not only significantly lighter than those produced from previous metal alloys, but they provide significant cost savings through net-shape manufacturing.9 DRA is also used for thermal management of spacecraft power semiconductor modules in geosynchronous earth-orbit communication satellites, displacing Cu/W alloys with a much higher density and lower thermal conductivity, while generating a weight savings of more than 80%. These modules are also used in a number of land-based systems, which accounts for an annual production near 1 million piece-parts. With these demonstrated benefits, application of DRA MMCs for electronic packages will continue to flourish for space applications.

STATUS AND FUTURE

When continuous-fiber reinforced MMCs were no longer needed for the critical strategic defense system/missions, the development of those MMCs for space applications came to an abrupt halt. Major improvements were still necessary, and manufacturing and assembly problems remained to be solved. In essence, continuous-fiber reinforced MMCs were not able to attain their full potential as an engineered material for spacecraft applications. During the same period, Gr/Ep, with its superior specific stiffness and strength in the uniaxially-aligned fiber orientation, became an established choice for tube structures in spacecraft trusses. Issues of environmental stability in the space environment have been satisfactorily resolved.

However, particle-reinforced metals provide very good specific strength and stiffness, isotropic properties, ease of manufacturing to near net shape, excellent thermal and electrical properties, and affordability, making discontinuous MMCs suitable for a wide range of space applications. The high structural efficiency and isotropic properties of discontinuously reinforced metals provide a good match with the required multiaxial loading for truss nodes, where high loads are encountered. DRA is a candidate for lightly-loaded trusses, while discontinuously reinforced Ti (DRTi) is more favorable for highly-loaded trusses. DRTi, now commercially available in both the United States and Japan, offers excellent values of absolute strength and stiffness as well as specific strength and stiffness.

A wide range of additional applications exist for discontinuously reinforced metals. Opportunities for thermal management and electronic packaging include radiator panels and battery sleeves, power semiconductor packages, microwave modules, black box enclosures, and printed circuit board heat sinks. For example, the DSCS-III, a military communication satellite, uses more than 23 kg of Kovar for microwave packaging. Replacing this metal with Al/SiCp, which is used for thermal management in land-based systems, would save more than 13 kg of weight and provide a cost savings over Kovar components. Potential satellite subsystem applications include brackets and braces currently made from metals with lower specific strength and stiffness, semimonocoque plates and cylinders, fittings for organic-matrix composite tubes, hinges, gimbals, inertial wheel housings and electro-optical subsystems.

MMCs are routinely included as candidate materials for primary and secondary structural applications. However, simply having the best engineered material with extraordinary strength, stiffness, and environmental resistance is no guarantee of insertion. The availability and affordability of continuously reinforced MMC remains a significant barrier to insertion.

Designers who often make the decision of material selection must become more familiar with the properties, commercial availability and life-cycle affordability of existing discontinuously reinforced metals. Material performance must be integrated with innovative design and affordable manufacturing methods to produce systems and subsystems that provide tangible benefits. However, in the absence of system-pull and adequate resources, it is difficult to surmount the technical and cost barriers.

Recognizing that defense- and aerospace- driven materials need to turn to the commercial market place, Carlson10 cited four recurring principles that will shape the future of advanced materials such as organic-matrix and MMCs. These four principles included system solutions, economical manufacturing processing, diverse markets, and new technologies. In terms of system solutions, the decision regarding designs, processes and materials must be made synergistically to attain maximum benefit. No single mission or system application can sustain the cost of developing new materials and processes. Thus, the use of DRA in diverse markets such as automotive, recreational, and aircraft industries has made DRA MMC affordable for spacecraft applications such as electronic packaging. Building upon the success of DRA in electronic packaging and in structural applications in the automotive and aeronautical fields, DRA is also being evaluated for truss end fittings, mechanism housings, and longerons.

During the development of MMCs, significant advancements were made on the fundamental science and technology front, including a basic understanding of composite behavior, fiber-matrix interfaces, surface coatings, manufacturing processes, and thermal-mechanical processing of MMCs. Subsequently, the technology experience benefited the latter development of high-temperature intermetallic- matrix composites. (Research activities that will be required to support more widespread use of MMCs for space applications have been discussed in Reference 9.)

Lightweight, stiff, and strong Gr/Al and DRA MMCs will continue to be included in material trade studies for spacecraft components, as MMCs offer significant payoffs in terms of performance (e.g., high precision, survivable) for specific systems. For successful use in space applications, continuous MMCs must become more affordable, readily available, reliable/reproducible, and repairable, exhibiting equivalent or better properties than competing graphite/ epoxy or metallic parts. Discontinuous metals, with their broad range of functional properties including high structural efficiency and isotropic properties, offer the greatest potential for a wide range of space-system applications. A good understanding provided by years of research, and a strong industry based on applications in the automotive, recreation, aeronautical, and land-based communications markets, have established the foundation for cost-effective insertion of discontinuously reinforced metals in the space industry.  

http://www.tms.org/pubs/journals/JOM/0104/Rawal-0104.html
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“Numerous investigations (1,2) in recent years have examined continuously reinforced titanium aluminide composites based upon the Ti3Al (α2) matrix phase.  The majority of these works emphasize Ti-24Al-11Nb (at%) as a representative matrix alloy for this class.  Composites of this type suffer from a number of mechanical performance deficiencies attributed at least in part to the matrix alloy selection (3,4)” (Foster, et al. in The Effect of Heat Treatment… 975).

In crystallography, the orthorhombic crystal system is one of the 7 lattice point groups. Orthorhombic lattices result from stretching a cubic lattice along two of its lattice vectors by two different factors, resulting in a rectangular prism with a rectangular base (a by b, which is different from a) and height (c, which is different from a and b). All three bases intersect at 90° angles. The three lattice vectors remain mutually orthogonal.

There are four orthorhombic Bravais lattices: simple orthorhombic, base-centered orthorhombic, body-centered orthorhombic, and face-centered orthorhombic.

	simple orthorhombic
	base-centered
orthorhombic
	body-centered
orthorhombic
	face-centered
orthorhombic
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The point groups (or crystal classes) that fall under this crystal system are listed below, followed by their representations in international notation and Schoenflies notation, and mineral examples.

	name
	international
	Schoenflies
	example

	orthorhombic bipyramidal
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	D2h
	sulfur

	orthorhombic pyramidal
	2mm
	C2v
	

	orthorhombic sphenoidal
	222
	D2
	


(Src: Wikipedia)

In mathematics, a point group is a group of geometric symmetries (isometries) leaving a point fixed. Point groups can exist in a Euclidean space of any dimension. In 2D, a discrete point group is sometimes called a rosette group, and is used to describe the symmetries of an ornament. The 3D point groups are heavily used in chemistry, especially to describe the symmetries of a molecule and of orbitals forming covalent bonds, and in this context they are also called molecular point groups. See point groups in three dimensions.

[W]

Covalent bonding is an intramolecular form of chemical bonding characterized by the sharing of one or more pairs of electrons between two components, producing a mutual attraction that holds the resultant molecule together. Ions tend to share electrons in such a way that their outer electron shells are filled - this is referred to as electron configuration. Such bonds are always stronger than the intermolecular hydrogen bond and similar in strength to or stronger than the ionic bond.

[w]

An ion is an atom or group of atoms that normally are electrically neutral and achieve their status as an ion by loss (or addition) of an electron. The simplest ions are the proton (a hydrogen ion, H+, positive charge), and alpha particle (helium ion, He2+, consisting of two protons and two neutrons) . A negatively charged ion, which has more electrons in its electron shells than it has protons in its nuclei, is known as an anion (pronounced an-eye-on), for it is attracted to anodes; a positively-charged ion, which has fewer electrons than protons, is known as a cation (pronounced cat-eye-on), for it is attracted to cathodes. An ion with a single atom is called a monatomic ion, and an ion with more than one is called a polyatomic ion. Larger ions containing many atoms are called molecular ions. The process of converting into ions and the state of being ionized is called ionization. The recombining of ions and electrons to form neutral atoms is called recombination. A polyatomic anion that contains oxygen is sometimes known as an oxyanion .

[w]

In atomic physics, an electron shell, also known as a main energy level, is a group of atomic orbitals with the same value of the principal quantum number n. Electron shells are made up of one or more electron subshells, or sublevels, which have two or more orbitals with the same angular momentum quantum number l. Electron shells make up the electron configuration of an atom. It can be shown that the number of electrons that can reside in a shell is equal to 2n2.

[w]

In chemistry, a hydrogen bond is a type of attractive intermolecular force that exists between two partial electric charges of opposite polarity. Although stronger than most other intermolecular forces, the typical hydrogen bond is much weaker than both the ionic bond and the covalent bond. Within macromolecules such as proteins and nucleic acids, it can exist between two parts of the same molecule, and figures as an important constraint on such molecules' overall shape.

[w]

Ionic bonds are a type of chemical bond based on electrostatic forces between two oppositely-charged ions. In ionic bond formation, a metal donates an electron, due to a low electronegativity to form a positive ion or cation. In ordinary table salt, the bonds between the sodium and chlorine ions are ionic bonds. Often ionic bonds form between metals and non-metals. The non-metal atom has an electron configuration just short of a noble gas structure. They have high electronegativity, and so readily gain electrons to form negative ions or anions. The two or more ions are then attracted to each other by electrostatic forces. Such bonds are stronger than hydrogen bonds, but similar in strength to covalent bonds.

[w]

The orthorhombic system is based on three unequal axes all at right angles to each other. As can be imagined, as one views down every one of the axes, two unequal axes crossed at right angles can be seen. A possible two fold rotational symmetry is seen in the axes as well as two possible mirror planes that are parallel to the axes. 

The orthorhombic system has three classes, with the most symmetrical class having the second largest assortment of minerals represented. As stated above, all axes of the orthorhombic system can serve as two fold rotational axes. They as well can serve as the linear intersection of two perpendicular mirror planes. If all three perpendicular mirror planes are present, then the three crystallographic axes are defined by the intersection of the mirrors. All of this symmetry produces a center of symmetry (an inversion operation). This describes the highest symmetry of the orthorhombic system, Orthorhombic Dipyramidal, with symbology of 2/m 2/m 2/m. This class has, as a gross simplification, a model type form that is a simple rectangular box whose six faces are paired into three sets of different sized rectangles.

The next class, The Orthorhombic Disphenoidal Class, has lost its mirror planes but still has the 3 two fold axes. All the axes are of course perpendicular to each other. The model type crystal is called a disphenoid and is similar to the tetragonal disphenoid of the 22nd and the 24th classes and the tetrahedron of the 31st class. The orthorhombic disphenoid has scalene triangular faces as opposed to the isosceles triangles of the tetragonal disphenoid and the equalateral triangles of the isometric tetrahedron. All these forms appear as opposing wedges. 

The final class, Orthorhombic Pyramidal, only has two mirror planes and one two fold axis. The two fold axis serves as the intersection of the mirror planes. Since this class lacks the perpendicular mirror plane or other two fold rotations to the only two fold axis, it can then produce hemimorphic crystals that have a different top from their bottom. 

[http://www.galleries.com/minerals/symmetry/orthorho.htm]

Titanium matrix composites (TMC's) are commonly made up of a titanium alloy matrix reinforced by silicon carbide fibers that are oriented parallel to the loading axis. These composites can provide high strength at lower densities than monolithic titanium alloys and superalloys in selected gas turbine engine applications. The use of TMC rings with unidirectional SiC fibers as reinforcing rings within compressor rotors could significantly reduce the weight of these components (ref. 1). In service, these TMC reinforcing rings would be subjected to complex service mission loading cycles, including fatigue and dwell excursions. Orthorhombic titanium aluminide alloys are of particular interest for such TMC applications because their tensile and creep strengths are high in comparison to those of other titanium alloys (ref. 2). The objective of this investigation was to assess, in simulated mission tests at the NASA Lewis Research Center, the durability of a SiC(SCS-6)/Ti-22Al-23Nb (at.%) TMC for compressor ring applications, in cooperation with the Allison Engine Company.

Isothermal fatigue load-controlled tests were first performed at a frequency of 0.33 Hz, a temperature of 538 °C, and a maximum applied stress (max) of 1035 MPa. The effects of a more realistic simulated mission cycle were then assessed. The Allison baseline mission cycle was designed to simulate aircraft engine operation in a simplified manner. The mission, illustrated in the left graph, is made up of a "Type I" major cycle and "Type III" subcycles. The Type I cycle represents starting the engine, accelerating and stabilizing at maximum engine power at the beginning of an aircraft mission, and later shutting down the engine at the end of an aircraft mission. This cycle is simulated in the mechanical test specimen by an excursion from minimum temperature and zero stress through max and maximum temperature (Tmax), with a cyclic stress ratio (R) of zero. Type III subcycles represent going from engine idle to maximum power, stabilizing at maximum power, then returning to idle at different times during a mission. This cycle is simulated in the mechanical test specimen by an excursion from intermediate stress and temperature through Tmax and max, with R= 0.5. One total mission cycle is composed of one Type I and six Type III subcycles. Baseline conditions of max = 1035 MPa and Tmax = 538 °C were chosen for detailed evaluations. The right graph shows a typical stabilized stress-strain hysteresis loop with segment descriptions. 
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Left: Applied stress and temperature versus time in the Allison baseline mission cycle. Right: Typical stabilized stress-strain hysteresis loop of the baseline mission cycle. A-load at 93 °C; B-heat to 260 °C; C-load at 260 °C; D-heat to 538 °C, then dwell at max,Tmax; E-unload at 538 °C; F-cool to 260 °C; G-unload at 260 °C; H-cool to 93 °C.

The average mission life was 1235 cycles, significantly lower than the average isothermal life of 8149 cycles in duplicate tests with the same maximum temperature and stress. The mission test specimens had fatigue cracks initiating from damaged fibers along the machined specimen edges, as in isothermal specimens. However, the percentage of fatigue-cracked area in mission tests was significantly lower than in isothermal tests. This appeared to be associated with a process of enhanced cyclic stress relaxation of the matrix during the mission. The process encouraged load transfer from the matrix to the fibers, which suppressed fatigue cracking and induced fiber overload. In future work, mission tests will be performed on orthorhombic TMC's that contain fibers with greater inherent strength.

[http://www.grc.nasa.gov/WWW/RT1996/5000/5120g.htm]

“The orthorhombic phase is characterized by three mutually perpendicular axes of twofold symmetry.  If these three axes are parallel to the edges of the cubic cell of the parent phase, then the transformation strains are described by the six matrices:

U1 = (α, 0, 0; 0, β, 0; 0, 0, γ), U2 = (β, 0, 0; 0, α, 0; 0, 0, γ), U3 = (α, 0, 0; 0, γ, 0; 0, 0, β), U4 = (β, 0, 0; 0, γ, 0; 0, 0, α), U5 = (γ, 0, 0; 0, α, 0; 0, 0, β), U6 = (γ, 0, 0; 0, β, 0; 0, 0, α).

There seems to be no material known with this symmetry in the maternsitic phase” (135 Dolzman, George in Variation Methods for Crystalline Microstructure – Analysis and Computation).

“Martensite, named after the German metallurgist Adolf Martens (1850-1914), is any cystal structure that was formed by displacive transformation, as opposed to much slower diffusive transformations. It includes a class of hard minerals occurring as lathe- or plate-shaped crystal grains. When viewed in cross-section, the lenticular (lens-shaped) crystal grains appear acicular (needle-shaped), which is how they are sometimes incorrectly described. "Martensite" most commonly refers to a form of ferrite supersaturated with carbon found in very hard steels, for use in such products as springs and piano wire. The martensite is formed by rapid cooling (quenching) of austenite which traps carbon atoms that do not have time to diffuse out of the crystal structure.”

[w]

Austenite (or gamma phase iron) is a metallic, non-magnetic solid solution of iron and an alloying element. In plain-carbon steel, austenite exists above the critical eutectoid temperature of 1333 °F (about 723 °C); other alloys of steel have different eutectoid temperatures. It is named after Sir William Chandler Roberts-Austen (1843-1902). Its face-centred cubic (FCC) structure has more open space than the body-centered cubic structure, allowing it to hold a higher proportion of carbon in solution. 

[w]

A eutectic or eutectic mixture is a mixture of two or more phases at a composition that has the lowest melting point, and where the phases simultaneously crystallise from molten solution at this temperature. The proper ratios of phases to obtain a eutectic is identified by the eutectic point on a binary phase diagram. The term comes from the Greek 'eutektos', meaning 'easily melted.' 

[w]

In the physical sciences, a phase is a set of states of a macroscopic physical system that have relatively uniform chemical composition and physical properties (i.e. density, crystal structure, index of refraction, and so forth). The most familiar examples of phases are solids, liquids, and gases. Less familiar phases include: plasmas and quark-gluon plasmas; Bose-Einstein condensates and fermionic condensates; strange matter; liquid crystals; superfluids and supersolids; and the paramagnetic and ferromagnetic phases of magnetic materials. 

[w]

The refractive index (or index of refraction) of a material is the factor by which the phase velocity of electromagnetic radiation is slowed in that material, relative to its velocity in a vacuum. It is usually given the symbol n, and defined for a material by:


 

where εr is the material's relative permittivity, and μr is its relative permeability. For a non-magnetic material, μr is very close to 1, therefore n is approximately 
.

[w]

The phase velocity of a wave is the rate at which the phase of the wave propagates in space. This is the velocity at which the phase of any one frequency component of the wave will propagate. You could pick one particular phase of the wave (for example the crest) and it would appear to travel at the phase velocity. The phase velocity is given in terms of the wave's frequency ω and wave vector k by


 

Note that the phase velocity is not necessarily the same as the group velocity of the wave, which is the rate that changes in amplitude (known as the envelope of the wave) will propagate.

[w]

A wave vector is a vector representation of a wave. The wave vector has magnitude indicating wavenumber (reciprocal of wavelength), and the direction of the vector indicates the direction of wave propagation. 

[w]

Wavenumber in most physical sciences is a wave property inversely related to wavelength, having units of inverse length (cycles per meter). Wavenumber is the spatial analogue of frequency. Application of a Fourier transformation on data in the time domain yields a frequency spectrum; applied on data in the spatial domain (data as a function of position) yields a spectrum as a function of wavenumber. The exact definition is dependent on the field. 

[w]

Permittivity is a physical quantity that describes how an electric field affects and is affected by a dielectric medium, and is determined by the ability of a material to polarize in response to the field, and thereby reduce the field inside the material. Thus, permittivity relates to a material's ability to transmit (or "permit") an electric field. 

[w]

A dielectric, or electrical insulator, is a substance that is highly resistant to electric current. Although a vacuum is also an excellent dielectric, the following discussion applies primarily to physical substances. 

[w]

In physical chemistry and materials science, a phase diagram is a type of graph used to show the equilibrium conditions between the thermodynamically-distinct phases. In mathematics and physics, a phase diagram also has an alternative meaning, as a synonym for a phase space. 

[w]

The cubic crystal system is a crystal system where the unit cell is in the shape of a cube. This is one of the most common shapes found in metallic crystals, and being the simplest, is often the first to be taught to students.

[w]

Most household trash bags are made of a polymer called polyethylene. Variants of that molecule turn out to be excellent at shielding the most dangerous forms of space radiation. Scientists have long known this. The trouble has been trying to build a spaceship out of the flimsy stuff.

Right: Humans set off on a journey to Mars, an artist's concept. [More] 

But now NASA scientists have invented a groundbreaking, polyethylene-based material called RXF1 that's even stronger and lighter than aluminum. "This new material is a first in the sense that it combines superior structural properties with superior shielding properties," says Nasser Barghouty, Project Scientist for NASA's Space Radiation Shielding Project at the Marshall Space Flight Center.

Protecting astronauts from deep-space radiation is a major unsolved problem. Consider a manned mission to Mars: The round-trip could last as long as 30 months, and would require leaving the protective bubble of Earth's magnetic field. Some scientists believe that materials such as aluminum, which provide adequate shielding in Earth orbit or for short trips to the Moon, would be inadequate for the trip to Mars.

Barghouty is one of the skeptics: "Going to Mars now with an aluminum spaceship is undoable," he believes. 

Plastic is an appealing alternative: Compared to aluminum, polyethylene is 50% better at shielding solar flares and 15% better for cosmic rays.

Left: Cosmic rays crash into matter, producing secondary particles. [More] 

The advantage of plastic-like materials is that they produce far less "secondary radiation" than heavier materials like aluminum or lead. Secondary radiation comes from the shielding material itself. When particles of space radiation smash into atoms within the shield, they trigger tiny nuclear reactions. Those reactions produce a shower of nuclear byproducts -- neutrons and other particles -- that enter the spacecraft. It's a bit like trying to protect yourself from a flying bowling ball by erecting a wall of pins. You avoid the ball but get pelted by pins. "Secondaries" can be worse for astronauts' health than the original space radiation!

Despite their shielding power, ordinary trash bags obviously won't do for building a spaceship. So Barghouty and his colleagues have been trying to beef-up polyethylene for aerospace work.

That's how Shielding Project researcher Raj Kaul, working together with Barghouty, came to invent RXF1. RXF1 is remarkably strong and light: it has 3 times the tensile strength of aluminum, yet is 2.6 times lighter -- impressive even by aerospace standards. 

[http://science.nasa.gov/headlines/y2005/25aug_plasticspaceships.htm]

NASA Tech Briefs: What is the mission of NASA’s Space Radiation Shielding Project? 

Dr. Nasser Barghouty: NASA needs the capability to gauge how effective a certain material is for shielding astronauts and systems in general against space radiation. To be able to do that, there are some basic developments of transport codes that are needed. As inputs to these transport codes, you need some basic physics information – essentially nuclear physics information because the radiation issue is related to the nuclear issue (basic nuclear interactions of radiation and matter). Matter in this case could be the skin of the spacecraft or tissue (i.e., liver) of an astronaut.
We help support measurements of these nuclear physics cross-sections. These are probabilities of these nuclear processes to take place. We also fund efforts to develop these radiation transport codes. These are the two important things we do in addition to funding work to develop materials that are lighter and stronger than aluminum that can meet the shielding requirements. So there is the analysis part and the development part of novel materials for radiation shielding. 

NTB: What is it about polyethylene that makes it an appealing alternative to shield against space radiation?

Dr. Barghouty: First, there is very little that can be done about deep-space radiation, unless you use 1-meter-thick steel, which in reality makes things worse. What we can do is alter the particulate radiation ionization damage by making them fragment as they go through a shielding material, and, as we do this, not produce secondary products as a result of this interaction. In other words, minimize the waste. Aluminum does not do this. Aluminum, to a certain degree, can actually make things worse because while it fragments the particulate radiation, it produces a lot of secondary products. These are bad and essentially add to the dose of radiation. 
What you want is something that is effective at fragmenting but does not produce a lot of secondary products. It turns out materials that are rich in hydrogen and carbon – like polymers – can accomplish this. Polymer-based composites have theoretically been thought of as good candidates because they not only meet the requirements for shielding, but also because they are composites and therefore can be designed as strong or as flexible as desired (designer materials). RXF1 typifies this polymer-based composite; it is certainly not the only one, but so far it is the only one that has been tested and proven. 


NTB: What is RXF1? What are its benefits?

Dr. Barghouty: Theoretically, these polymer composites were already known to be good shielding materials. RXF1 is different in the sense that it actually was the first to prove this as a real material. We lab tested RXF1 at three different accelerators and exposed the material. As we predicted, the results of those test were very promising. The mechanical tests that the materials have passed with flying colors. We are currently conducting environmental tests and are addressing issues of flammability, toxicity, and other structural matters that are required by structural engineers and we are near to closing these gaps. This is where we believe that some work is needed. 
A patent on the material is pending, so the specifics of how RXF1 is made are secret. However, generally speaking, RXF1 begins with a polyethylene matrix, the backbone of which is graphite fiber giving it strength. These are the types of materials that are good for radiation shielding and are the basic building blocks of the material. 
What’s novel is that the fibers could be designed any way you want. You also could design the shape as well as how to put the fiber into that shape. There is a beautiful synergy between what you want and what you can do, a synergy between function and property. This is what makes composites attractive. What we have added is the idea of radiation, which is new to the composites industry. It turned out to be easy because polymers are naturally rich in hydrogen and that’s all we needed. Additionally,for the nuclear industry, it turns out that materials with a high concentration of hydrogen also address their issues, which are neutrons. Nuclear reactors produces a lot of neutrons and materials rich in hydrogen tend to slow down or “thermalize” these neutrons. 

NTB: Do commercial applications exist for RXF1?

Dr. Barghouty: A good portion (60-70%) of the newest Airbus A380 is made of composites – not necessarily polymer composites, but they are carbon composites. Wherever carbon composites are applicable, polymer composites can actually perform similar functions. If carbon composites are being used in a specific application, one may want to look at polymer composites once the issues of flammability and toxicity are resolved. Europeans are making a lot of progress on this front. In terms of the Airbus, there was a need for them to make it lighter, and aluminum obviously would not work. So they utilized carbon, and I believe some polymer composites. 
We know it can be strong enough for structural applications and the chemical tests are very promising. When it comes to properties needed by structural engineers and designers, if the gaps are closed then you have a material that can be designed according to your specific application. It is light and it is strong, so it could replace almost anything. Carbon composites have been made really strong, but they are still much to heavy for what we need at NASA. 
They also could be used in the radiation shielding business for terrestrial applications, such as the nuclear industry, nuclear medicine, and nuclear power generation. The issues of radiation are somewhat different in these industries, but the superior properties of these composite materials for your own radiation issues can be custom tailored. 
These are just two general examples of structural and radiation uses of the material; between the two, I believe the commercialization opportunities are very promising. 

[http://www.nasatech.com/NEWS/Nov05/who_1105.html]

Tensile Strengths of Aluminum: 

	Alloy and Temper
	Tensile Strength3³ (ksi) 

	1100-O 
1100-H12 
1100-H14
1100-H16 
1100-H18 
1100-H19 

2011-T3 
2011-T451 
2011-T8 

2014-O
2014-T4,-T451 
2014-T6,-T651 

Alclad 2014-O 
Alclad 2014-T3 
Alclad 2014-T4,-T451 
Alclad 2014-T6,-T651 

2017-H13 
2017-O
2014-T4,-T451 

2024-O
2024-T3
2024-T361¹
2024-T4,-T351 
2024-T6 
2024-T81,-T851 
2024-T861 ² 

Alclad 2024-O
Alclad 2024-T3 
Alclad 2024-T361¹
Alclad 2024- T4,-T351 
Alclad 2024- T81,-T85 
Alclad 2024-T861 ¹

3003-O 
3003-H12 
3003-H14 
3003-H16 
3003-H18 
3003-H22 

Alclad 3003-O
Alclad 3003-H12
Alclad 3003-H14
Alclad 3003-H16 
Alclad 3003-H18

3004-O 
3004-H32
3004-H34
3004H36 
3004-H38 

Alclad 3004-O 
Alclad 3004- H32 
Alclad 3004- H34 
Alclad 3004- H36 
Alclad 3004- H38 

3105-H14

4032-T86
4032-T651 

5005- O 
5005- H12
5005- H14 
5005- H16 
5005- H18
5005- H32 
5005- H34 
5005- H36 
5005- H38 

5050- O 

5052- O 
5052- H32 
5052- H320 °
5052- H34 
5052- H36 
5052- H38 

5083- O
5083- H112 
5083- H321,-H116 
5083- H323
5083-H343 

5086-O 
5086-H32,H116
5086- H34 
5086-H36 
5086-H112 

5154-O
5154-H112
5154- H32 
5154-H34
5154- H36
5154- H38 

5454- O
5454- H32
5454- H34
5454- H112 

5456- O 
5456- H112 
5456- H321,-H116 

5457- O 
5457- H25 
5457- H28
5657- H25 

6013- T8

6020- T9
6020- T651 

6061-O 
6061-T4,-T451
6061-T6,-T651,-T6511 
6061-T6511P °

Alclad 6061-O 
Alclad 6061-T4,-T451 
Alclad 6061-T6,-T651 

6063-O 
6063-T1
6063-T4
6063-T5,-T52
6063-T6
6063-T83 
6063-T831
6063-T832

6101-T61

6262-T6511 ² 
6262-T8
6262-T9

7075-O
7075-T6,-T651

Alclad 7075-O 

Cast Tool And Jig Plates 
	13.0
16.0
18.0
21.0
24.0 
27.0

55.0
40.6
59.0

27.0
62.0
70.0

25.0
63.0 
61.0 
68.0 

35.0
26.0
62.0 

27.0 
70.0 
72.0
68.0
69.0 
70.0
75.0

26.0
65.0 
67.0 
64.0
65.0 
70.0 

16.0
19.0 
22.0 
26.0
29.0
23.0 

16.0
19.0 
22.0 
26.0 
29.0

26.0 
31.0 
35.0
38.0 
41.0 

26.0
31.0 
35.0 
38.0 
41.0 

25.0

54.0
55.0

18.0
20.0 
23.0 
26.0
29.0
20.0 
23.0
26.0 
29.0 

21.0 

28.0
33.0
29.0 
38.0 
40.0
42.0 

42.0
43.0 
46.0 
47.0
52.0 

38.0
42.0 
47.0 
50.0 
39.0 

35.0
35.0 
39.0
42.0
45.0
48.0 

36.0 
40.0
44.0 
36.0

45.0
45.0 
51.0 

19.0
26.0 
30.0 
23.0

64.0 

58.0
45.0 

18.0
35.0 
45.0 
42.0

17.0 
33.0 
42.0 

13.0
22.0
25.0
27.0 
35.0 
37.0 
30.0
42.0 

32.0 

45.0 
42.0 
58.0 

33.0
83.0 

32.0 

26.0 


¹ Tempers T361 T861 were formerly designated T36 and T86, respectively.

² For stress-relieved tempers, the characteristics and properties other than 
those specified may differ somewhat from the corresponding characteristics
and properties of material in the basic temper.

³ 1 ksi = 1000 psi

° Minimum Properties

[http://www.americanmachinetools.com/tensile_strength.htm]

According to Michael D. Griffin in Space Vehicle Design, the following grades of aluminum are commonly used in spacecrafts:

2024-T6; 2090-T83, Al-Li; 2219-T62; 6061-O; 6061-T6; 7075-T6.  According to the chart above, their respective tensile strengths are:

69, 771, 602, 18, 45, 83.

1 - https://www.alcoa.com/mill_products/catalog/pdf/alloy2090-t83techsheet.pdf
2 - http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA2219T62
[CL]

"What we are doing here with the radiation study program will affect all other long-term NASA space exploration missions," said Ed Semmes, NASA radiation study program manager at the National Space Science and Technology Center. The NSSTC and Marshall Space Flight Center are working together on the project.

"Going anywhere in the solar system or universe will depend on protecting crews from radiation," said Semmes. "Lunar exploration, which may be in the near future, and if we chose to go to Mars in the future, will be dependent on this research."

Semmes said Huntsville researchers are developing a better radiation model that would show NASA the risks of space radiation and how to combat them. He estimates researchers should have answers by 2008.

The shield, composed of several sheets of polyethylene heavily impregnated with hydrogen, is called a material composite, said Raj Kaul, an NSSTC materials scientist. The hydrogen breaks down, or diffuses, harmful radiation that could cause cancer by reducing heavy ions into lighter ones.

Exposure to lighter ions is less harmful to people than cosmic radiation, said Nasser Barghouty, also a materials scientist.

"We have the data today for space shuttle and space station," said Barghouty. "Much of what we do is an uncertain element. The question is, how do we minimize that?"

NASA and the Russian Space Agency have been sending probes to Mars for 40 years. Scientists know the radiation counts in space and on Mars' surface, but they don't know how long-term exposure would affect a space traveler, Barghouty said.

The Huntsville-developed material is strong and flexible enough to be used to build a spaceship or a space station module, Kaul said.

"We are trying to develop a material that is multifunctional," Kaul said. "If we make a spacecraft out of it, then it is not only a structural material, but it also protects the astronauts from radiation, too. This material accomplishes those goals."

Kaul said the material also acts as a shield for micrometeroids, high-speed small particles that sometimes strike a spacecraft and cause damage.

"It gives us many types of protection all in one package," Semmes said.

Initial tests prove the shield protects humans from radiation, but scientists will need more information, Semmes said. The materials will be tested extensively over the next few years in Huntsville and at Brookhaven Lab, on Long Island, N.Y.

[http://www.space.com/scienceastronomy/nasa_radiation_031201.html]

Polyethylene, renamed poly(ethene), is a thermoplastic commodity heavily used in consumer products (over 60 million tons are produced worldwide every year). Its name originates from the monomer ethene, previously named ethylene, used to create the polymer.

In the polymer industry the name is sometimes shortened to PE, similar to how other polymers like polypropylene and polystyrene are shortened to PP and PS, respectively. In the United Kingdom the polymer is called polythene.

The ethene molecule (known almost universally by its trivial name ethylene), C2H4 is CH2=CH2, Two CH2 groups connected by a double bond, thus:



         


Polyethylene is created through polymerization of ethene. It can be produced through radical polymerization, anionic addition polymerization, ion coordination polymerization or cationic addition polymerization. This is because ethene does not have any substituent groups which influence the stability of the propagation head of the polymer. Each of these methods results in a different type of polyethylene.

[w]

A thermoplastic is a material that is plastic or deformable, melts to a liquid when heated and freezes to a brittle, glassy state when cooled sufficiently. Most thermoplastics are high molecular weight polymers whose chains associate through weak van der Waals forces (polyethylene); stronger dipole-dipole interactions and hydrogen bonding (nylon); or even stacking of aromatic rings (polystyrene). Thermoplastic polymers differ from thermosetting polymers (Bakelite; vulcanized rubber) which once formed and cured, can never be remelted and remolded. Many thermoplastic materials are addition polymers; e.g., vinyl chain-growth polymers such as polyethylene and polypropylene.

[w]

The molecular mass (abbreviated MM) of a substance, formerly also called molecular weight and abbreviated as MW, is the mass of one molecule of that substance, relative to the unified atomic mass unit u (equal to 1/12 the mass of one atom of carbon-12). Due to this relativity, the molecular mass of a substance is commonly referred to as the relative molecular mass, and abbreviated to Mr.

[w]

Polymer is a term used to describe molecules consisting of structural units and a large number of repeating units connected by covalent chemical bonds. The term is derived from the Greek words: polys meaning many, and meros meaning parts [1]. The key feature that distinguishes polymers from other molecules is the repetition of many identical, similar, or complementary molecular subunits in these chains. These subunits, the monomers, are small molecules of low to moderate molecular weight, and are linked to each other during a chemical reaction called polymerization.

[w]
In chemistry, the term van der Waals force refers to a particular class of intermolecular forces. The term originally referred to all such forces, and this usage is still sometimes observed, but it is now more commonly used to refer to those forces which arise from the polarization of molecules into dipoles. This includes forces that arise from fixed or angle-averaged dipoles (Keesom forces) and free or rotation dipoles (Debye forces) as well as shifts in electron cloud distribution (London forces). The name refers to the Dutch physicist and chemist Johannes Diderik van der Waals, who first documented these types of forces. The Lennard-Jones potential is often used as an approximate model for the Van der Waals force as a function of distance.

[w]

Intermolecular forces are electromagnetic forces which act between molecules or between widely separated regions of a macromolecule. Listed in order of decreasing strength, these forces are:

· Ionic interactions 

· Hydrogen bonds 

· dipole-dipole interactions 

· London dispersion forces (Van der Waals force) 

[w]

Dipole-dipole interactions, also called Keesom interactions or Keesom forces after Willem Hendrik Keesom who produced the first mathematical description in 1921, are the force that occur between two molecules with permanent dipoles (spatially oriented δ+ within a molecule). These work in a similar manner to ionic interactions, but are weaker because only partial charges are involved. They result from the angle-averaged dipole-dipole interaction between two atoms or molecules and its potential. An example of this can be seen in hydrochloric acid:

(+)(-)   (+)(-)

 H--Cl----H--Cl

[w]

In physics, there are two kinds of dipoles (Greek: di(s) = double and polos = pivot). An electric dipole is a separation of positive and negative charge. The simplest example of this is a pair of electric charges of equal magnitude but opposite sign, separated by some, usually small, distance. By contrast, a magnetic dipole is a closed circulation of electric current. A simple example of this is a single loop of wire with some constant current flowing through it. [1] [2]
[w]

Aromaticity is a chemical property in which a conjugated ring of unsaturated bonds, lone pairs, or empty orbitals exhibit a stabilization stronger than would be expected by the stabilization of conjugation alone. It can also be considered a manifestation of cyclic delocalization and of resonance [1] [2] [3].

[w]

A chemically conjugated system is a system of atoms covalently bonded with alternating single and multiple (e.g. double) bonds (e.g., C=C-C=C-C) in a molecule of an organic compound. This system results in a general delocalization of the electrons, which increases stability and thereby lowers the overall energy of the molecule.

[w]

An organic compound is any member of a large class of chemical compounds whose molecules contain carbon and hydrogen; therefore, carbides, carbonates, carbon oxides and elementary carbon are not organic (see below for more on the definition controversy for this word). The study of organic compounds is termed organic chemistry, and since it is a vast collection of chemicals (over half of all known chemical compounds), systems have been devised to classify organic compounds. 

[w]

In physics delocalized electrons are electrons in a molecule that are not associated with a single atom or a covalent bond. Delocalized electrons are part of a pi electron system that extends over several adjacent atoms. Delocalized electrons can be found in conjugated systems of double bonds and in aromatic and mesoionic systems. A case of delocalized electrons occurs also in solid metals, where the d-subshell interferes with the above s-subshell, and contributes to the properties of a metal.

[w]

In chemistry, pi bonds (π bonds) are chemical bonds of the covalent type, where two lobes of one involved electron orbital overlap two lobes of the other involved electron orbital. Of the orbital's node planes, one only goes through both atoms.

[w]

Resonance in chemistry is a tool used (predominately in organic chemistry) to represent certain types of molecular structures. Resonance is a key component of valence bond theory and arises when no single conventional model using only single, double or triple bonds can account for all the observed properties of the molecule. There are two closely related but useful-to-distinguish meanings given to the term resonance. One of these has to do with diagrammatic representation of molecules using Lewis structures while the other has to do with the mathematical description of a molecule using valence bond theory.

[w]

The valence bond theory is a concept in chemistry that explains the nature of a chemical bond in a molecule [1] . It has its origins with G.N. Lewis who in 1916 first proposed that a chemical bond forms by the interaction of two shared bonding electrons, with the representation of molecules as Lewis structures, and with the Heitler-London theory (1927) which for the first time enabled the calculation of properties of hydrogen based on quantum mechanical considerations Two other key concepts in VB theory are resonance (1928) and orbital hybridization (1930) both developed by Linus Pauling.

[edit]

Theory

A valence bond structure has a close relationship to a Lewis structure. Where no single Lewis structure can be written, several valence bond structures are used, each arising from a specific Lewis structure. This combination of valence bond structures is the key idea of resonance theory.

Valence bond theory considers that the overlapping atomic orbitals of the participating atoms form a chemical bond. Due to the overlapping, it is most probable that electrons should be in the bond region. Valence bond theory views bonds as weakly coupled orbitals (small overlap). Valence bond theory is typically easier to employ in ground state molecules.

The overlapping atomic orbitals can be of different types. There are two different types of overlapping orbitals: sigma and pi. Sigma bonds occur when the orbitals of two shared electrons overlap co-axially. Pi bonds occur when two orbitals overlap but do not do so on the axes (i.e. the side-to-side overlap of p-orbitals). For example, a bond between two s-orbital electrons is a sigma bond, because two spheres are always coaxial. In terms of bond order, single bonds consist of one sigma bond, double bonds consist of one sigma bond and one pi bond, and triple bonds consist of one sigma bond and two pi bonds.

However, the atomic orbitals for bonding may not be "pure" atomic orbitals. Often, the bonding atomic orbitals have a character of several possible types of orbitals. The methods to get an atomic orbital with the proper character for the bonding is called hybridization (also spelled hybridisation). Hybridization can only occur when electrons need to be promoted to the next energy level.

[w]

Lewis structures, also called electron-dot structures or electron-dot diagrams, are diagrams that show the bonding between atoms of a molecule, and the lone pairs of electrons that may exist in the molecule. A Lewis structure can be drawn for any covalently-bonded molecule, as well as coordination compounds. The Lewis structure was named after G.N. Lewis, who introduced it in his 1916 article The Molecule and the Atom.

Lewis structures show each atom in the structure of the molecule using its chemical symbol. Lines are drawn between atoms that are bonded to one another (rarely, pairs of dots are used instead of lines). Excess electrons that form lone pairs are represented as pair of dots, and are placed next to the atoms on which they reside.

[w]

In chemistry, hybridisation or hybridization (see also spelling differences) is the concept of mixing atomic orbitals to form new hybrid orbitals suitable for the qualitative description of atomic bonding properties. Hybridised orbitals are very useful in the explanation of the shape of molecular orbitals for molecules. It is an integral part of valence bond theory and the valence shell electron-pair repulsion (VSEPR) theory [1] [2].

[w]

In chemistry, a molecular orbital is a region in which an electron may be found in a molecule.[1] In general, atomic orbitals combine to form molecular orbitals. The probability of finding an electron in a given region can be obtained by solving the Schrodinger wave equation.

[w]

Valence shell electron pair repulsion theory (VSEPR) (1957) is a model in chemistry that aims to generally represent the shapes of individual molecules [1] . To achieve this, it is necessary to construct a valid Lewis structure that shows all of the bonds within the molecule and the locations of lone pairs of electrons. To predict the molecular geometry, the total coordination number of the central atom is taken into account.

[w]

Molecular geometry

From Wikipedia, the free encyclopedia
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Geometry of the water molecule
Molecular geometry or molecular structure is the three dimensional arrangement of the atoms that constitute a molecule, inferred from the spectroscopic studies of the compound. It determines several properties of a substance including its reactivity, polarity, phase of matter, color, magnetism, and biological activity.

A defined molecular geometry at equilibrium can only be expected at temperatures close to absolute zero because at higher temperatures the atoms will wobble around. The molecular geometry can be measured by X-ray crystallography and computed by quantum mechanical calculations or through semi-empirical molecular modeling. Larger molecules often exist in multiple stable chemical conformations that differ in their molecular geometry.

The position of each atom is determined by the nature of the chemical bonds by which it is connected to its neighboring atoms. The molecular geometry can be described by the positions of these atoms in space, evoking bond lengths of two joined atoms, bond angles of three connected atoms, and torsion angles of three consecutive bonds.
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[edit]

Bonding

Molecules, by definition, are most often held together with covalent bonds involving single, double, and/or triple bonds, where a "bond" is a shared pair of electrons (the other method of bonding between atoms is called ionic bonding and involves a positive cation and a negative anion).

Molecular geometries can be specified in terms of bond lengths, bonds angles and torsional angles. The bond length is defined to be the average distance between the centers of two atoms bonded together in any given molecule. A bond angle is the angle formed by three atoms bonded together. For four atoms bonded together in a straight chain, the torsional angle is the angle between the plane formed by the first three atoms and the plane formed by the last three atoms.

Molecular geometry is determined by the type of bonds between the atoms that make up the molecule. Before atoms interact to form a chemical bond, the atomic orbitals mix in a process called orbital hybridisation. The two most common types of bonds are:

· Sigma bond 

· Pi bond 

An understanding of these bonds is in the domain of valence bond theory, which relies on an understanding of the wavelike behavior of electrons in atoms and molecules.

[edit]

Isomers

Isomers are types of molecules that share a chemical formula but have different geometries, resulting in very different properties:

· A pure substance is composed of only one type of isomer of a molecule (all have the same geometrical structure). 

· Structural isomers have the same chemical formula but different physical arrangements, often forming alternate molecular geometries with very different properties. The atoms are not bonded (connected) together in the same orders. 

· Functional isomers are special kinds of structural isomers, where certain groups of atoms exhibit a special kind of behavior, such as an ether or an alcohol. 

· Stereoisomers may have many similar physicochemical properties (melting point, boiling point) and at the same time very different biochemical activities. This is because they exhibit a handedness that is commonly found in living systems. One manifestation of this chirality or handedness is that they have the ability to rotate polarized light in different directions. 

· Protein folding concerns the complex geometries and different isomers that proteins can take. 

[w]

QUESTIONS TO PURSUE WHEN I CONTINUE THIS RESEARCH:

HOW DOES MOLECULAR GEOMETRY DETERMINE “several properties of a substance including its reactivity, polarity, phase of matter, color, magnetism, and biological activity.”

WHAT IS THE MOLECULAR GEOMETRY OF POLYETHYLENE?  C-60?

Atomic oxygen (also known as nascent oxygen, AO, or ATOX), symbol O, is not normally accepted as an element as such. It occurs in the high stratosphere as a temporary by-product of the splitting of ozone into one dioxygen atom (O2 oxygen) and one nascent oxygen atom by ultraviolet sunlight. These will then quickly re-combine with other similar atoms present back to ozone or O2 oxygen.

Atomic oxygen is one of the principial mechanisms of corrosion in space.

[w]

Corrosion in space is the corrosion of materials occurring in outer space. Instead of moisture and oxygen acting as the primary corrosion causes, the materials exposed to outer space are subjected to vacuum, bombardment by ultraviolet light and x-rays, high-energy charged particles (mostly electrons and protons from the solar wind). In the upper layers of the atmosphere (between 90-800 km), the atmospheric atoms, ions and free radicals, most notably atomic oxygen, play major role. The concentration of atomic oxygen depends on altitude and solar activity, as the bursts of ultraviolet radiation cause photodissociation of molecular oxygen. [1] Between 160 and 560 km, the atmosphere consists of about 90% atomic oxygen. [2]
[w]

Photodissociation (or photolysis) is a chemical reaction in which a chemical compound is broken down by photons. Photodissociation is not limited to visible light, but to have enough energy to breakup a molecule, the photon is likely to be an electromagnetic wave with the energy of visible light or higher, such as ultraviolet light, x-rays and gamma rays. The direct process is defined as the interaction of one photon interacting with one target molecule.

[w]

Polyimide (sometimes abbreviated PI) is a polymer of imide monomers. 

[w]

In organic chemistry, imide is a functional group consisting of two carbonyl groups bound to a primary amine or ammonia. Imides are generally prepared directly from ammonia or the primary amine, and either carboxylic acid(s) or acid anhydrides. 

[w]

In organic chemistry functional groups are specific groups of atoms within molecules, that are responsible for the characteristic chemical reactions of those molecules. The same functional group will undergo the same or similar chemical reaction(s) regardless of the size of the molecule it is a part of.

[w]

In organic chemistry, a carbonyl group is a functional group composed of a carbon atom double-bonded to an oxygen atom : C=O.

[w]

Amines are organic compounds and a type of functional group that contain nitrogen as the key atom. Structurally amines resemble ammonia, wherein one or more hydrogen atoms are replaced by organic substituents such as alkyl and aryl groups. An important exception to this rule is that compounds of the type RC(O)NR2, where the C(O) refers to a carbonyl group, are called amides rather than amines. Amides and amines have different structures and properties, so the distinction is chemically important. Somewhat confusing is the fact that amines in which an N-H group has been replaced by an N-M group (M = metal) are also called amides. Thus (CH3)2NLi is lithium dimethylamide.

[w]

An alkyl is a univalent radical containing only carbon and hydrogen atoms arranged in a chain. The alkyls form a homologous series with the general formula CnH2n+1. Examples include methyl, CH3· (derived from methane) and butyl C4H9· (derived from butane). They are normally not found on their own but are found as part of larger branched chain organic molecules. On their own they are free radicals and therefore extremely reactive.

[w]

In chemistry, radicals (often referred to as free radicals) are atomic or molecular species with unpaired electrons on an otherwise open shell configuration. These unpaired electrons are usually highly reactive, so radicals are likely to take part in chemical reactions. Because they are uncharged, their reactivity is different from the reactivity of similar ions.

[w]

In chemistry, a homologous series is a series of organic compounds with a similar general formula, possessing similar chemical properties due to the presence of the same functional group, and shows a gradation in physical properties as a result of increase in molecular size and mass (see relative molecular mass). Organic compounds in the same homologous series vary by a CH2.

[w]

In the context of organic molecules, aryl refers to any functional group or substituent derived from a simple aromatic ring. There are more specific terms, such as phenyl, to describe unsubstituted aryl groups and subsets of aryl groups (as well as arbitrarily substituted groups: see IUPAC nomenclature), but "aryl" is used for the sake of abbreviation or generalization.

[w]

In chemistry, an amide is one of two kinds of compounds:

- the organic functional group characterized by a carbonyl group (C=O) linked to a nitrogen atom (N), or a compound that contains this functional group (pictured to the right); or
- a particular kind of nitrogen anion.

[w]

Acid anhydrides are chemical compounds that look like, and sometimes are, the product resulting from dehydration of an acid. Most commonly, they form the acid when mixed with water. In organic chemistry, the acids involved are often carboxylic acids; for such cases, please see carboxylic anhydride.

[w]

Carboxylic acids are organic acids characterized by the presence of a carboxyl group, which has the formula -(C=O)-OH, usually written as -COOH. In general, the salts and anions of carboxylic acids are called carboxylates.

[w]

Carboxylic anhydrides have the general formula (RCO)2O, and appear to be the dehydration product of two carboxylic acid molecules. They are acid anhydrides, as they form acids when reacted with water. In practice, carboxylic acids do not readily dehydrate to form anhydrides, so they must be produced by other means, such as a substitution reaction between an acid chloride and a carboxylate ion.

[w]

In organic chemistry, an acyl chloride (or acid chloride) is an organic compound which is a reactive derivative of a carboxylic acid. As part of its molecular structure, an acyl chloride has the reactive functional group -CO-Cl. An acyl chloride has the general formula RCOCl where R is an organic radical group.

[w]
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Figure 5. Discontinuously reinforced aluminum MMCs for electronic packaging applications: (a-top) SiCp/Al electronic package for a remote power controller (photo courtesy of Lockheed Martin Corporation), and (b-bottom) cast Grp/Al components (photo courtesy of MMCC, Inc.). 
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