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Kompoziti – višefazni materijali s jasno izraženim granicama faza, kod kojih dva više materijala različitih kemijskih sastava (metali, keramike, polimeri) i/ili oblika (zrna, vlakna, lamele) formiraju jedinstvenu strukturu s jasno izraženim granicama. Kombiniranjem komponenata kompozita postižu se specifične kombinacije svojstava (čvrstoća, gustoća, krutost, tvrdoća, toplinska i električna vodljivost). Svojstva kompozita ovise o svojstvima komponenata, njihovim kemijskim i konstitucijskim sastavima. 
Faze su uniformni dijelovi kompozita, a komponente različite tvari koje sadrži kompozit. 

Za izradu niza dijelova/sustava – S-5.1 (industrije vozila, zrakoplova, sportske opreme, opreme za kućanstva, brodogradnja, vodoopskrba, sanacija otpadnih voda) kompoziti mogu zamijeniti najčešće korištene metale – željezo i aluminij, pri čemu se često postižu bolje performanse dijelova/sustava. Na primjer, s kompozitima se postiže manja masa, u slučaju zamjene čelika za 60 ÷ 80 %, u slučaju zamjene aluminija 20 ÷ 50 %. 
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Slika S-5.1  Proizvodi od kompozita 
4.1 Osnove izrade proizvoda od kompozita 
Prema tome, izrada proizvoda od dvokomponentnog kompozita može se prikazati općom blok shemom: 
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Slika S-5.2  Blok shema izrade proizvoda od kompozita 

4.1.1 Komponente i karakteristike kompozita 
Dvije su osnovne konstitucijske komponente kompozita: 
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	· matrica – osnovni materijal određenih svojstava 

· dodatak – materijal čijim se dodavanjem postižu potrebne kombinacije svojstava kompozita 


Kod kompozita se često koriste kratice: 

· kompoziti s metalnom matricom – MMC (en. Metal Matrix Composites) 

· kompoziti s keramičkom matricom – CMC (en. Ceramic Matrix Composites) 

· kompoziti s polimernom matricom – PMC (en. Polymer Matrix Composites) 

Kompoziti se mogu sistematizirati prema matrici i prema dodatku više načina: 
	prema matrici
	prema dodatku 
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In the structural composites category, laminates are the one in which layers are stacked and subsequently cemented together such that the orientation of the high-strength directions varies with each successive layer. Sandwich panels consists of two strong outer sheets, separated by a layer of less-dense material (core), which has lower stiffness and lower strength. 
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Najviše se koriste kompoziti s duromernom (polimernom) matricom, a još širu primjenu im ograničavaju poteškoće uz automatizaciju proizvodnje dijelova. Razvoj tehnologije oblikovanja prahova potiče šire korištenje kompozita s metalnom matricom. Primjena kompozita s keramičkom matricom najmanje je raširena. 

Primjeri su često korištenih kompozita: 

· s dodatkom velikih čestica – beton, smjesa cementa i šljunak (keramička matrica i keramički dodatak); 

· s dodatkom dugim vlaknima – staklom ojačana plastika, smjesa EP smole i staklenih vlakana (polimerna matrica i keramički dodatak); 

· strukturni slojeviti – "šperploča", izmjenični slojevi: (a) tanka ploča od drveta (smjer vlakana susjednih slojeva je u pravilu 90° ili 45°), (b) ljepilo za drvo (polimer). 

Svojstva kompozita ovise o komponentama (matrica/dodatak), njihovim: 

1. svojstvima, 

2. udjelima, 

3. oblicima, veličinama i raspodjelama, 

4. prirodama i jakostima uzajamnih veza. 

Karakteristike su kompozita u velikoj mjeri različite. 

	Materijal
	matrica
	Titan
	Ugljik
	Poliester
	Epoksid

	
	dodatak
	titan-karbid čestice
	ugljična vlakna
	stakleno tkanje
	stakleno tkanje
	aramidno tkanje
	ugljično tkanje

	Sastav, wi %
	20 TiC(p)
	50 C(Vf)
	tvorničko tkanje
	tkanje (kil) 
	tkanje (kil)
	tkanje (kil)

	(, kg/dm3 
	4,52(4,58
	1,68(1,72
	1,6(2,0
	1,75(1,97
	1,38
	1,54(1,61

	Rm, N/mm2 
	950(1040
	220(250
	175(345
	31,9(35,1
	92(106
	470(668

	Rm,t, N/mm2 
	960(1050
	14(23
	210(350
	319(351
	129(152
	450(649

	E, kN/mm2 
	140(160
	90(100
	14(31
	66,3(69,7
	24(31
	44(48

	(, – 
	0,33(0,35
	0,31(0,33
	0,30(0,35
	0,31(0,32
	0,33(0,35
	0,33(0,34

	Re, N/mm2 
	940(1040
	14(23
	166(276
	207(304
	129(152
	450(649

	A, % 
	0,3÷0,31
	0
	1÷2
	0,85÷0,95
	0,37÷0,42
	0,84÷0,93

	KIC, N/m3/2 
	580(890
	180(200
	340(660
	190(950
	190(1400
	190(2800

	HV 
	240(270
	67(74
	50(83
	11(22
	11(22
	11(22

	Rd,is, N/mm2 
	26,9(31,3
	15(17
	83(138
	41(91
	71(99
	247(477

	tMax, °C 
	380(430
	2000(2100
	170(190
	140(220
	140(220
	140(220

	tmin, °C
	–273
	–273
	–120÷–70
	–120÷–70
	–120÷–70
	–120÷–70

	c, J/(kg◦K) 
	585(590
	754(758
	1150(1210
	1020(1120
	510(690
	950(1090

	(, W/(m◦K) 
	5,5(6,0
	10(70
	0,65(0,68
	0,42(0,51
	0,19(0,26
	1,1(2,2

	(, (m/(m◦K) 
	7,7(8,4
	0,6(8,2
	27(54
	8,6(33
	9,4(13
	5,5(29

	Ek, MV/m 
	–
	10(20
	14(20
	12(20
	12(20
	–

	e0, ((◦cm 
	180(190
	1100(2700
	1018(1019
	2◦1021(2◦1022
	3◦1019(2◦1021
	2◦105(7◦105

	krecikličnosti 
	0
	0
	0,015
	0,015
	0,015
	0,015

	Cijena, kn 
	600(850
	60(85
	58(66
	70(156
	910(990
	470(550

	Otpornost na: 
	
	
	
	
	
	

	trošenje 
	dobra
	dobra
	srednja
	srednja
	srednja
	srednja

	oksidaciju (500°C) 
	vrlo dobra
	slaba
	vrlo slaba
	vrlo slaba
	vrlo slaba
	vrlo slaba

	paljenje
	vrlo dobra
	srednja
	slaba
	dobra
	dobra
	dobra

	UV zrake 
	vrlo dobra
	vrlo dobra
	vrlo dobra
	dobra
	dobra
	dobra

	slatku vodu
	vrlo dobra
	vrlo dobra
	vrlo dobra
	vrlo dobra
	vrlo dobra
	vrlo dobra

	morsku vodu 
	vrlo dobra
	vrlo dobra
	vrlo dobra
	vrlo dobra
	dobra
	vrlo dobra

	jake kiseline 
	dobra
	dobra
	srednja
	srednja
	srednja
	srednja

	jake lužine 
	dobra
	slaba
	srednja
	vrlo dobra
	vrlo dobra
	vrlo dobra

	slabe kiseline 
	vrlo dobra
	vrlo dobra
	vrlo dobra
	vrlo dobra
	vrlo dobra
	vrlo dobra

	slabe lužine 
	vrlo dobra
	vrlo dobra
	srednja
	vrlo dobra
	vrlo dobra
	vrlo dobra

	organska otapala 
	vrlo dobra
	vrlo dobra
	srednja
	dobra
	dobra
	dobra

	Materijal
	matrica
	Titan
	Ugljik
	Poliester
	Epoksid

	
	dodatak
	titan-karbid čestice
	ugljična vlakna
	stakleno tkanje
	stakleno tkanje
	aramidno tkanje
	ugljično tkanje


EMERGING CLASSES of composites:
Hybrid Composites






Functionally Graded Composites






Nano Composites 

Hybrid Composites use two or more different kinds of fibers in a single matrix. Example- carbon and glass fibers incorporated into a polymeric matrix. This glass-carbon hybrid is stronger, tougher and has higher impact resistance. The failure of hybrid composites is non-catastrophic. Carbon fibers are first to fail and the load is transferred to glass fibers. Upon failure of glass fibers, the matrix phase sustains the applied load till the composite fails. 

Functionally Graded Composites are engineered by spatially varying the microstructural details through non-uniform distribution of reinforcement phase, by using reinforcement with different properties/ sizes or shapes. The result is a composite that produces continuously changing thermal and mechanical properties at a macroscopic level. 

Nano Composites uses nanoparticles/ carbon nanotubes as an alternative material to dispersed phase in composites. Single-walled carbon nanotubes (SWNTs) possess a unique combination of high strength, high modulus, and high elongation. 40 percent increase in flexure strength of a structural epoxy with the addition of 10 weight percent SWNTs has been demonstrated 

Primjeri proizvoda i postupaka 
Elektrotehnika: 

električna izolacija dijelova, izolacija od utjecaja elektromagnetnih valova, podloge sklopki, podloge tiskanih kola, oklopi, kućišta, poklopci, satelitske antene, radarske antene, kupole, vrhovi TV tornjeva, kanali za kablove, vjetrenjače 

Građevinarstvo: 

stambene jedinice, dimnjaci, betonske konstrukcije, različiti pokrovi (kupole, prozori), bazeni za plivanje, pročelja zgrada, profili, unutarnji zidovi, vrata, namještaj, kupaone, telefonske kabine 

Transport cestama: 

dijelovi karoserije, kompletne karoserije, volani, branici, rešetke hladnjaka, vratila transmisije, opruge ogibljenja, spremnici za plin, šasije, zglobovi ogibljenja, navlake, kabine, sjedišta, autocisterne, hladnjače, prikolice 
Transport željeznicom: 

čeoni dijelovi lokomotiva, konstrukcijski dijelovi vagoni, vrata, sjedišta i unutarnje pregrade putničkih vagona, kućišta ventilatora, kabine žičara 

Transport morem: 

brodovi lebdjelice (hoverkrafti), brodovi za spašavanje, patrolni brodovi, male ribarice, ribarski brodovi, oprema za iskrcaj, minolovci, regatne brodice, brodice za zabavu, kanui 
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Zračni transport: 

konstrukcijski dijelovi putničkih zrakoplova, jedrilice, kupole, usmjerivači zraka, krilca, vertikalni stabilizatori, krakovi elise helikoptera, propeleri, vratila transmisije, diskovi kočnica zrakoplova, svemirske letjelice 


[image: image13]
Application of advanced composite materials in Boeing 757-200 commercial aircraft.  
Svemirski transport: 

startne rakete, spremnici, sapnice, oplate za ulazak u atmosferu 

Opće strojarstvo: 

zupčanici, ležajevi, zaštitni pokrovi, tijela dizalica, ruke robota, naplatci, letve za tkanje, cijevi, dijelovi ploče za crtanje, boce za komprimirani plin, cijevi za morske platforme, radijalni pneumatici 
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Sport i rekreacija: 

reketi za tenis i skvoš, štapovi za pecanje, skije, štapovi za skok preko motke, jedrilice, daske za jedrenje, daske za surfanje, daske za koturanje, lukovi i strijele, atletska koplja, zaštitne kacige, okvir bicikla, oprema za golf, oprema za sportsko veslanje 

Prednosti i nedostaci 

· Proizvodi, Postupci 


[image: image17]
Advantages 
of using Composites

· For the same strength, composites are lighter than steel by 80% and aluminum by 60%. 

· Tailorable thermal expansion properties (can be compounded to closely match surrounding structures to minimize thermal stresses)

· Exceptional formability (can be formed into many complex shapes during fabrication) 

· Low observablity (can be seeded with appropriate materials to absorb electromagnetic waves) 

4.1.2 Oblikovanje proizvoda od kompozita 

Oblikovanje proizvoda 

4.1.3 Postupci oblikovanja proizvoda od kompozita

Klasifikacija postupaka 
For Polymer Matrix Composites
· Pultrusion

· Filament winding

· Resin Transfer Molding (RTM)

· Vacuum Assisted Resin Transfer Molding (VARTM)

· Hand Layup of prepeg

For Ceramic Matrix Composites

· Hot Pressing

· Hot Isostatic Pressing (HIP)

· Liquid Phase Sintering

For Metal Matrix Composites

· Stir Casting

· Squeeze Infiltration

· Reactive Processing

· Powder Blending & Consolidation

· Physical Vapor Deposition

· Particle-Liquid Sheet Impingement Technique

· Two stage process: Quick-Set and Quick- Cast

4.1.4 Materijali koji se koriste u izradi proizvoda od kompozita

4.2 Postupci izrade proizvoda s polimernom matricom 
Postupci su izrade proizvoda s polimernom matricom: 
4.2.1 Pultruzija 
4.2.2 Laminiranje 
4.2.3 Prešanje 
4.2.4 Centrifugalno kalupljenje 

· Vacuum Assisted Resin Transfer Molding (VARTM) 
· Hand Layup of prepeg 
· Pultrusion 
Continuous fiber rovings are first impregnated with a thermosetting resign, these are then pulled through a steel die which preforms the desired shape  and also establishes the resign/ fiber ratio. The stock then passes through curing die which is imparts the final shape; this die is also heated in order to initiate curing of the resign matrix. A pulling device draws the stock through the dies. 

[image: image18]
Tubes and hollow sections can be made possible by using central mandrels or  inserted hollow cores. Pultrusion is used for manufacturing of components having continuous lengths and a constant cross sectional shape. Principle reinforcements are glass, carbon and aramid fibers, normally added in concentrations between 40 and 70 vol%. Commonly used matrix materials include polyesters, vinyl esters and epoxy resins. 

· Filament winding 
Filament winding is a process by which continuous reinforcing fibers are accurately positioned in a predetermined pattern to form a hollow (usually cylindrical) shape. The fibers are fed through a resign bath and then continuously wound onto a mandrel. After appropriate number of layers have been applied , curing is carried out after which mandrel is removed 


[image: image19]
Filament wound parts have very high strength to weight ratios. Common filament wound defence application is rocket motor casing. Various winding pattern are possible (i.e. circumferential, helical etc.) to give desired mechanical characteristics. 

· Resin Transfer Molding (RTM) 
RTM is commonly referred to a ‘closed mold process’ in which reinforcement material is placed between two matching mold surfaces- bottom mold and top mold the mold set is then closed and clamped and a low viscosity thermoset resin is injected under moderate pressures (50-100 psi) into the mold cavity through a port or a series of ports within the mold. The resign thus wets out all surfaces of reinforcements. The part is then cured under heat and pressure. 


[image: image20]
This process can produce parts faster- as much as 5-20 times faster than open molding techniques. RTM produces tighter dimensional tolerances to within 
+ 0.005 inch. Complex mold shapes can be achieved and mold surface can produce a high quality finish.

· (VARTM) 
This process use the injection of resign in combination with a vacuum. Parts using VARTM are made by placing dry reinforcing fabrics into a mold, applying a vacuum bag to the open surface and pulling the vacuum while at the same time infusing a resin to saturate the fibers until the part is fully cured. Heat and pressure are applied for curing. A vacuum is applied to the bag to remove air and volatile products. 

· Hand Layup of prepeg 
Prepregging involves the application of formulated resin products, in solution or molten form, to a reinforcement such as carbon, fiberglass or aramid fiber or cloth. The prepreg product is trimmed and laid down over a mold where it is formed to the desired shape. Several layers may be required. After forming, a vacuum bag is sealed around the lay-up.  Vacuum is pulled on the raw prepreg to remove air and compact the part. Then the assembly is placed in an autoclave for cure under heat and pressure. 


[image: image21]
Most parts made by hand lay-up or automated tape lay-up must be cured by a combination of heat, pressure, vacuum, and inert atmosphere. To achieve proper cure, the part is placed into a plastic bag inside an autoclave. A vacuum is applied to the bag to remove air and volatile products. Heat and pressure are applied for curing. Usually an inert atmosphere is provided inside the autoclave through the introduction of nitrogen or carbon dioxide. 


[image: image22]
This autoclave can achieve temperatures up to 350 degrees F and pressures up to 105 pounds per square inch. The autoclave has a working size of: 8 feet in diameter and up to 26 feet in length. A computer controls the entire process, and an accurate record is kept of the entire curing process. 


[image: image23]
Schematic illustration of methods of reinforcing plastics (matrix) with (a) particles, (b) short or long fibers or flakes, and (c) continuous fibers.  The laminate structures shown in (d) can be produced from layers of continuous fibers or sandwich structures using a foam or honeycomb core 


[image: image24]
Specific tensile strength (tensile strength-to-density ratio) and specific tensile modulus (modulus of elasticity-to-density ratio) for various fibers used in reinforced plastics.  Note the wide range of specific strengths and stiffnesses available.

[image: image25]

[image: image26]
Cross-section of a tennis racket, showing graphite and aramid (Kevlar) reinforcing fibers.  Source:  Courtesy of J. Dvorak, Mercury Marine Corporation and F. Garret, Wilson Sporting Goods Co. (b)  Cross-section of boron fiber-reinforced composite material


[image: image27]
The effect of type of fiber on various properties of fiber-reinforced nylon 
	
[image: image28]
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(a)  Fracture surface of a glass fiber-reinforced epoxy composite.  The fibers are 10μm (400μin.) in diameter and have random orientation.  (b)  Fracture surface of a graphite fiber-reinforced epoxy composite.  The fibers, 9 μm to 11μm in diameter, are in bundles and are all aligned in the same direction.  
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The tensile strength of glass-reinforced polyester as a function of fiber content and fiber direction in the matrix.

[image: image32]
Cross-section of a composite sailboard, an example of advanced materials construction. Source: K. Easterline, Tomorrow’s Materials (2nd ed.), p. 133.  Institute of Metals, 1990.


[image: image33]
Examples of metal-matrix composite parts.  Source:  Courtesy of Metal Matrix Cast Composites, LLC.
Tapes used in Making Reinforced Plastic Parts

[image: image34]

[image: image35]
Manufacturing process for polymer-matrix composite tape.  (b)  Boron-epoxy prepreg tape.  These tapes are then used in making reinforced plastic parts and components with high strength-to-weight ratios, particularly important for aircraft and aerospace applications and sports equipment.  Source:  (a)  Courtesy of T. W. Chou, R. L. McCullough, and R. B. Pipes. (b)  Courtesy of Avco Specialty Materials/Textron. 
Tape and Tape-Laying System

[image: image36]   
[image: image37]
 (a)  Single-ply layup of boron-epoxy tape for the horizontal stabilizer for an F-14 fighter aircraft.  (b)  A 10-axis computer-numerical-controlled tape-laying system.  This machine is capable of laying up 75- and 150-mm (3- and 6-in.) wide tapes on contours of up to +/- 30 degrees and at speeds of up to 0.5m/s (1.7 ft/s). Source:  (a)  Courtesy of Grumman Aircraft Corporation.  (b)  Courtesy of The Ingersoll Milling Machine Company. 
Production of Fiber-Reinforced Plastic Sheets

[image: image38]
Schematic illustration of the manufacturing process for producing fiber-reinforced plastic sheets.  The sheet still is viscous at this stage and later can be shped into various products.  Source:  After T. W. Chou, R. L. McCullough, and R. B. Pipes.

Vacuum-Bag Forming and Pressure-Bag Forming

[image: image39]
Schematic illustration of (a) vacuum-bag forming, and (b) pressure-bag forming.  These processes are used in making discrete reinforced plastic parts.  Source:  After T. H. Meister.

Open-Mold Processing

[image: image40]

[image: image41]
Manual methods of processing reinforced plastics:  (a) hand lay-up, and (b) spray lay-up.  Note that, even though the process is slow, only one mold is required.  The figures show a female mold, but male molds also are used.  These methods also are called open-mold processing.  (c)  A boat hull made by these processes
Filament-Winding

[image: image42]   
[image: image43]
(a)  Schematic illustration of the filament-winding process; (b) fiberglass being wound over aluminum liners for slide-raft  inflation vessels for the Boeing 767 aircraft.  The products made by this process have high strength-to-weight ratio and also serve as lightweight pressure vessels.  Source:  Courtesy of Brunswick Corporation. 

Pultrusion

[image: image44]   
[image: image45]
(a)  Schematic illustration of the pultrusion process.  (b)  Examples of parts made by pultrusion.  The major components of fiberglass ladders (used especially by electricians) are made by this process.  Unlike aluminum ladders, they are available in different colors but are heavier because of the presence of glass fibers. Source: Courtesy of Strongwell Corporation.

4.3 Postupci izrade proizvoda s keramičkom matricom 
Postupci su izrade proizvoda s keramičkom matricom: 
4.3.1 Toplo prešanje 
4.3.2 Toplo izostatičko prešanje HIP (en. Hot Isostatic Pressing) 

4.3.3 Sinteriranje iz tekuće faze 

· Toplo prešanje 

In Hot Pressing technique, pressure and temperature are applied simultaneously. Application of pressure at sintering temperature accelerates the kinetics of densification by increasing the contact stress between particles of matrix and particulates/ fibers of dispersed ceramic phase. 

· Toplo izostatičko prešanje HIP (en. Hot Isostatic Pressing) 

· In Hot Isostatic Pressing technique, the ceramic particles of matrix containing particulates/ fibers of dispersed ceramic phase are contained in a rubber envelop and the pressure is applied by a fluid, isostatically (i.e. has the same magnitude in all directions) along with temperature simultaneously.

· Sinteriranje iz tekuće faze 

Liquid phase sintering involves the presence of a viscous liquid at sintering temperatures. The liquid in the narrow channels between the particles (reinforcements) results in substantial capillary action, which aids in densification. 

4.4 Postupci izrade proizvoda s metalnom matricom 
· Better temperature resistance than polymer-matrix composites

· Lower temperature resistance than ceramic-matrix composites

· High fabrication cost compared to polymer-matrix composites

· Low fabrication cost compared to ceramic-matrix composites 

4.4.1 Lijevanje s miješanjem 
4.4.2 Infiltracija 
4.4.3 Depozicija 
4.4.4 Difuzijsko spajanje 

4.4.5 Formiranje s deformacijom 
Postupci su izrade proizvoda s metalnom matricom: 
· Lijevanje s miješanjem 
· Squeeze Infiltration 
· Reactive Processing 
· Powder Blending & Consolidation 
· Fizičko deponiranje pare 
· Particle-Liquid Sheet Impingement Technique 
· Dvostupanjski process: Two stage process: Quick-Set and Quick-Cast 
· Liquid metal infiltration 
· Hot pressing above the solidus of the matrix metal 
· Powder metallurgy (diffusion bonding) 
· Plasma spraying 
· Lijevanje s miješanjem 
Talina s dodanim krutim česticama keramike se miješa i po homogenizaciji se smjesa ohladi. 
· Squeeze Infiltration 
Liquid metal is injected into the interstices of an assembly of short fibers, usually called a preform. 

· Reactive Processing 
Several processes have been developed in which constituents are brought together under conditions such that a chemical reaction occurs while the mixture consolidates.

· Powder Blending & Consolidation 
Blending of metallic powder with ceramic fibers or particulate is a versatile technique for MMC production. This is usually followed by cold compaction and a high temperature consolidation stage such as Hot Isostatic Pressing (HIP) or extrusion.

· Fizičko deponiranje pare PVD (en. Physical Vapor Deposition)
This process involves passing the fiber through a region having a high vapor pressure of the metal to be deposited, where condensation takes place so as to produce a thick surface coating. Composite fabrication is completed by assembling the coated fibers into a bundle and consolidating by hot pressing or HIP.

· Particle-Liquid Sheet Impingement Technique 
In this technique, ceramic particles are impacted on a thin and flowing sheet of liquid metal. The matrix metal is melted and ejected at a high velocity from a small diameter circular orifice. The liquid jet then impinge on a stationary or spinning circular solid disk made of high temperature ceramic. The ceramic particles are injected onto the liquid metal flow. The liquid metal sheet containing ceramic particles break up into small drops. The composite drops are collected and solidified rapidly. The composite is further compacted by hot press sintering or by hot rolling. 

· Dvostupanjski process: Two stage process: Quick-Set and Quick-Cast 
The first process Quick-Set produces a porous net shaped ceramic item using a low pressure, low viscosity injection moulding process. This is followed by pressure assisted infiltrations of the ceramic form by molten metal by a process called Quick- Cast.
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Aluminum-matrix composite brake caliper using nanocrystallyne alumina fiber reinforcement.  Source:  Courtesy of 3M Corp.
4.5 Procesi izrade i proizvodi od kompozita 

4.5.1 Granične površine faza 
4.5.2 Mehanička svojstva kompozita 

4.5.3 Usporedba postupaka 
4.5.4 Greške i njihovo otklanjanje 
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[image: image51.jpg]TABLE 9.1

Types and General Characteristics of Composite Materials

Material

Characteristics

Fibers
Glass
Graphite
Boron
Aramids (Kevlar)

Other fibers

Matrix materials
Thermosets
Thermoplastics
Metals

Ceramics

High strength, low stiffness, high density; lowest cost; E (calcium
luminot ili and S ( ia-aluminosili types

commonly used

Available as high modulus or high strength; low cost; less dense
than glass

High strength and stiffness; highest density; highest cost; has
tungsten filament at its center

Highest strength-to-weight ratio of all fibers; high cost

Nylon, silicon carbide, silicon nitride, aluminum oxide.
boron carbide, boron nitride, tantalum carbide, steel, tungsten,
molybdenum

Epoxy and polyester, with the former most commonly used; others
are phenolics, fluorocarbons, polyethersulfone, silicon, and
polyimides

Polyetheretherketone; tougher than thermosets but lower
resistance to temperature

Aluminum, aluminum-lithium, magnesium and titanium; fibers
are graphite, aluminum oxide, silicon carbide, and boron

Silicon carbide, silicon nitride, aluminum oxide, and mullite;
fibers are various ceramics
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[image: image53.jpg]TABLE 9.2

Type Tensile strength Elastic modulus Density, Relative cost
(MPa) (GPa) kg/m3

Boron 3500 380 2600 Highest
Carbon

High strength 3000 Low

High modulus 2000 Low
Glass

E-type 3500 Lowest

S-type 4600 9 Lowest
Kevlar

29 2800 High

49 2800 High

129 3200 High
Nextel

312 1630 High

610 2770 328 3 High
Spectra

900 2270 64 High

1000 2670 90 High

2000 3240 115 High
Alumina (Al,03) 1900 380 High
Silicon carbide 3500 400 3200 High

Note: These properties vary significantly depending on the material and method of preparation.
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Fiber

Matrix

Applications

Graphite

Alumina

Silicon carbide

Molybdenum,
tungsten

Aluminum
Magnesium
Lead
Copper
Aluminum
Magnesium
Titanium
Aluminum

Lead
Magnesium

Alummum titanium
(cobalt-base)

Satellite, missile, and helicoter structures

Space and satellite structures

Storage-battery plates

Electrical contacts and bearings

Compressor blades and structural supports

Antenna structures

Jet-engine fan blades

Superconductor restraints in fission
power reactors

Storage-battery plates

Helicopter transmission structures

H|gh temperature structures

Superalloy

High engine
High engine
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Property Alumina fiber Aluminum-reinforced

composite material

Tensile strength 3100 MPa (450 ksi) 1.5 GPa (220 ksi)
Elastic modulus 380 GPa (55 Mpsi) 270 GPa (39 Mpsi)
Density 3.9 g/lem3 3.48 g/cm3
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