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' _ Composite Materials
' “"We never reach our ideqls whether of mental or morali ‘
: 0 mprovement, but the thought
of them shows us or deficiencies and spurs us on fo kigher and better things”
\ -
1 INTRODUCTION
N ° Forbetter overall performance we require unusual combinations of properties

that cannot be provided by conventional materials like metals, ceramics or poly- - § .
' ‘mers. Forexample, structural materials required foraircraft must have high specific

strength, stiffness and excellent resistance to corrosion, abrasion, impact and heat.
This is rather unusual combination of properties since strong materials are gener-
ally dense and also increase in strength and stiffness usually results in decrease in
impact strength.

The great and diverse demands made on materials for better overall perfor- - 5
mance led to the concept of composite materials. o

A composite may be defined as any multiphase material which consists of two or
\ more physically and/or chemically distinct phases with an interface separating them.

(As per this definition most of the metallic alloys, ceramic materials etc., are
not considered as composite materials.)
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} Newer materials “composites” are obtained from conventional materials like Metals,

224 * Ceramics & Polymers by adding fibers, parficles etc. to them.

) ; The composite materials shows properties dbtimﬁvelydifférent fromthoseof
the individual materizls of the composite. In fact, composites show extraordinary - 4

foo .combination of properties like toughness and strength with low weights and high . §

erature resistance, For instance, compared tosteel and aluminium, composites

. are lighter, have low coefficient of thermal expansion and have superior strength, =
- ® stiffness and fatigue resistance. i PR3 S A
2 CLASSIFICATION OF COMPOSITE MATERIALS e

| Composite materials can be broadly classified into following types: . - -
St (AC424) e 4




COMPOSITE MATERIALS ACA2S
1.On _’""ﬂiﬂm of reinforcement used in the matrix
' ‘ Composites |
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Large particle Dispersion Long fibres Short fibres
y strengthened (continuous) (discontinuously or
2. On the basis of type of matrix
' Cosipies
ymer matrix composites Metal matrix composites Ceramic matrix composites
(PMO - MME) : (CMC)
3. On the basis of number of ply or lamina’s or layers
. &
Composites
|
Uni-layer or singe ply composites _ Laminates or multi ply composites

.8 cousmms OF COMPOSITES

Composites, in general, consist of body constituents and structural constitu-
ents. The body tonstituent enclose the composite and give it its bulk form. The
continuous malrix phase is the body constituent. The structural constituents
detenmm the internal structure of the composite: This is also known as dispersed
phase.

Themrfauhmﬂng the common boundary between the matrixand dispersed
phase:s known as interphase.
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A TEXT BOOK OF ENGINEERING CHEMISTRY
("‘I) “heir relative amounts (i.e., concentration of constitients) ;
(iif) “heir distribution and orientation ; and

(%) “he geometry of the dispersed phase namely the shape, size and size
distribution

These eenstituents are briefly discussed below :
(A) The Matrix phase

Matrix Frase may be metal, ceramics or. polymer. Depending on the type of
matrix we have three troad categories of com posites viz.

(1) Polymer matrix composites (PMC) ;
'{n“j .‘I-detal matrix composites (MMC) ; and
(1) Zeramic matrix composites (CMC)

Thie matnix prase has several important functions viz. :

(i) It binds the fibers together by virtue of its cohesive and adhesive.

characteristics ;

(i) It acts as z mediumby which an externally applied load i4 transmitted
ird distributed to the dispersed phase (generally a fiber) ;

(iti) It protects -he individual fibers from chemical reaction with the envi-
ronment and from surface damage due to mechanical abrasion. Oth-
zrwise surface flaws may result which lead to failure at low levels of

- engile stress,
(iv) 1t keeps tne reinforcing fibers in the proper position and orientation
" 30 that thay can carry the intended loads ;

x, (¢v) It prevents the propagation of brittle cracks by virtue of its relative

softness and plasticity. It provides interlaminar shear strength to the

* zomposite. Even if some of the individual fibers fail, total failure of the
composite will not occur until large number of adjacent fibers fail and
‘orm a cluster of critical size. '

The essextial requirements of a good matrix n-aterials are :
(a) Itshould bz ductile;

(b) Thebonding strengthbetween the matrix and fibre mustbe high. This
s essential to maximise the stress transmittance from the weak matrix
0 the strong fibers. Moreover, the ultimate strength of the composite
depends on the strength of this bond ;

(¢) “tshculd have good corrosion resistance.

The properties governed by matrix phase : _
- Generally matrix determines the overall service temperature limitations of the

RE : c&mpoﬁhe.halsomnhﬂs&nmvhmmtalresistamdthemmpmﬂa-h
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2 ACA2T
Pros and cong 3
i_ haiiﬂ?htmmﬁmnsummhlow
i Matriy |
!1- o I D R e e s
! i . density
| | * Foghmodus, . zmmm& terials costs.
| { * Resistthermal chock Sy

j' Thmmlstablh:y, * Brittle,

— . *  Stiffness
J-?—Q—\\ * Mmﬁwmﬂn}.ﬂlsm

i !"mt.'-rs ‘.

y N Lo*cusi | Lower strength & Stiffness,
E- h@tfﬂgw.. * Lowthermal stability,

‘ : Tcmm@ resistant, |+ Low load bezring capacity
1

- *  Load bears i .
| h!zmgcapauty, . leymanul‘-acturing&mateﬁalmsﬁ.

In pol matrj i
— g':ner :::m az?p:aiﬂ:es (PMC), Emﬂl-ﬂHBLoplasﬁc and thermosetting
- Tesing used. &€ of inermoplastic vesins over thermosets are listed below :

(.r') They are tougher and have high strains to failure :

i ilament, is fermed as ber. 1t s characerzed by high sspee rat lnth 1
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The principal

reinforcing fibers are briefly discussed below :
(1) Glass fib

; >> Hioers. They are produced by extruding a glass melt throu il |
ersces rapidly pulling and subsequently oy

cooling the emerging filaments. Individ-
o 5?91'5 arecailed monofilaments and have diameter around 10 pm.
Size" 15 applied in liquid form (it contains Chmﬁcalcoupling agent, a binder and

- monofilaments to help in the handling of strands, to =
them from deterimental abrac; P In the handling protect

Tasion and to promote subsequent adhesion of glass
fibers to matrix, F

' used in variety of corrosive environ-
ments since glass fibers when coupled with a plastic matrix exhibits
chemical inertness, and -

i plastics. Most commonly (1) in
confrinucus form in catalyst activated thermo-settin i [ i
thermoplastics.

(#f) Carbon fibers. They are Prepared by preoxidation in the temperature
range of 200~250° C under tension and controlled isati

The monofilaments of carbon fibers have diameter in the range of 5 to IOM
Carbon fibers are used as reinforcement in advanced polymer matrix composites due
bo: - :

elevated

9) Their hi specific stren d stiffness which is retained even at
: '(_) hﬂwghuis e o
e - (b) Goodres'ﬂzmtomoishue,adds,

lﬁse%-andwidevarietyofsolvcﬂ;;

B T Avaﬂabﬂﬂyofrelaﬁvelyinexpmsiveahdcosteﬁec&vem&dma_ .

- ing processes for both fibers and composites.
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* COMPOSITE MATERIALS
camides) like

: - ides (2

(i) Aramid fibers. are basically tic polyamt -
Nomex and Kevlar. For hggm, Kevlaris p-phenylene tempht}\a!uqidf-t;tc ]'::]2 o
from a nematic liquid crystalline solution using a dry jet wet spinnung

wsing sulphuric acd as the solvent and cold water as coagulant. :

* meric fiber materials. : i

() Excellent toughness, impact resistance and resistance 0 creep an
() Resistant to combustion and stability even at relatively high temper™ -
. atures. _
a temperature range of

Limitati .
(a) Weakin compression and
() Susceptible to degradation by Strong bases and acids
matrix materials

Mmﬂe&usnemudymd in PMC ’s. The common
are polyesters and epoxies.
Specific strength and specific stiffness of few selected fiber materials are given
in Table 1 below :
Table 1
. SpecificStrength Specific stifess
Fiber (Tensile strengthldensity) (Tensile stiffuessidensity)
(kN.w) (kN.m) :
Glass 136 29
Carbon IO 14 g
Aluminium - : A4 _«28 c

I Particles. Dispersed phase in particulate composites consist of particles.

These particles can be metallic or non-metallic. Distribution of particles in a given

k- matrhisgamﬂymdmnﬂ\erﬂnnmntroﬂed. Resulting composites are there-
5 fore usually isotropic. Because of their inherent hardness relative to the matrix
& ‘material, the particles in a iculate compositeplaceconstraintsonﬁxeplasﬁc
ddomﬁmdﬂuphsﬁcmtuﬂln_m&\emahixmsfmmmdme
i i 1 the load. There should be 2

£ Ww.tmmdmaﬁimdparﬁdefordesuedmhﬁommtin

. Partide-matri interactions that lead to strengthening may or may not occur
_m&e__ﬂnmmornmhmhrlevﬂ ing on size of the particles. Particulate
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A TEXT BOOK OF ENGINEERING CHEMISTRY |

" Q) Flakes, T it oo
5 . es i
ompart equal stengsh in o) d?ﬁ;“?i?n? have a two-dimensional geometry. They

1 1 in their plane compared to fibers that are
‘Dnal ra _f 2
siliticd o ].;: Orcements, Flakes can be packed niore efficiently than fibers or

high g Primarily very thin single crystals with.high
s ) -4 egree of crystalli ion. They are associ-
ated 4 ; rystalline perfection. They are associ
{ﬂawz;“gezl;ep tm'naﬂ?l hl strengths because they are free from surface defects
ir extensive o " 8N Ost and difficulty in incorporating them in matrix, -

extensive yse g limited. .

In'l 1yrhi i o : A doE : i 5
and‘sihclzntlrtr?:]t:id\;‘ﬁke? Materials are graphite, aluminjum oxide, silicon carbide

‘ - . = y 3 :
b ;‘:‘-E OF INTERFACE IN composTE PERFORMANCE AND DURABILITY
A0€ transm:ssion of stress from matrix hase to reinf t depends on the
strength of interfacia] bond. A str : s falare, |

E ong interfacial bond resists failure.
Or composi:es that haye 4 ood interfacial bond, the fracture mode is ; ally a
‘sharp well-definag i & erfa , the mode is generally

For compositzs that have a poor interfacial bond, the fractare will be a progressive
one-bon ure, followed by matrix failure and finally fibre failure.

. Th int.erface can ac: as a locus of chemical reaction, it can also serve as a
nucleafion site arg 2 preferential adsorption site. It is because of (1) The difference
betw fen thermal ®xpansion coefficients of the reinforcement and the matrix phases

ancAn) ‘_Zure shrinkage in thermosets and crystallization in thermoplastics.
>/ FIBER-REINFORCED COMPOSITES
When fibers are used as dispersed phase for the reinforcement of ma trices, the
resultant composites are known as fiber reinforced composites. -
~  Fiber-gginforced composites are characterized by: -
| (1) high specific strength (i.e. tensile strength/specific gravity)
() high specific modulus (i.e. modulus of elasticity/specific gravity)
The properties of fiber-reinforced composites depend on :
(#) Nature and properties of fibre and matrix materials ;
(b). Their relative volume fractions ; :
() - Orientation and distribution of fibers in matrix phase (superior prop-
erties are observed in the direction where fibers are oriented) ; E
(d) Strergth of the interfacial bond between the fiber and the matrix
: phases (high strength is generally desired) ; :
(e) Length of the fibers or more appropriately aspect ratio (length .
diameter ratic) of fibers.

num i i in betwean
25 of fiber-reinforced composites, aspect ratic has valus in betw
20 anﬁ?Sﬂ In?::t, for e?.fective strengthening and stiffening of the composite, some

mﬁmﬁbmmgﬂl_ismust.
- Critical fibre length \l,) is defined as:
o e el e : Igzﬁ}-dch
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.Oyis ultimate fibpe strength of the fibers.
dis diameter of fibers, and ‘

il ir lengths which are about 15 times greater
: . i short (or discontinuous) fibers, the lengths of the
are : ’ .
considerably lower than their critical length. That's why the reinforce-
st us fibers is higher than that for discontinuous fibers.
e, Wportant Types of Fiber-Reinforced Composites : , ;
ass-fiber reinforced composites: Glass fibers (both long and short) are

nylon emused for improving the Properties of polymeric matrices like polyesters,

These comosites have the following characteristics ;
(1) Lower derisities,
(i) Higher tensile strengths,
(iif) High impact resistance,
() Excellent chemical and corrosion resistance.
But, these composites also have the following limitations :

() Limited service temperatures, because most polymeric matrices begin
to deteriorate or flow at high temperatures.
(i) These materials do not possess the desired stiffness and rigidity,
particularly in their applications as structural components.
Some typical applications of these materials are in '
. Automotive parts, storage tanks, industrial ﬂéorings, plastic pipes and in
transportation industries to reduce vehicle weight and boost fuel efficiency.

(B) Carbon Fiber-Reinforced Polymer Composites : High performance car-
bon fibers are nW-a-days used as reinforcement in advanced polymer matrix
composites, which requires retention of desired properties even at higher temper-
atures and excellent resistance to corrosion along with lighter weights.
~ Some typical applications of these materials are : .

(i) Military and commercial aircraft structural components such as wing,
(#) Wing, body and stabilizer components of helicopters,

© (i) Sports and recreational equipments like fishing rods, golf clubs.

The uses of these materials are limited because of their higher costs.

(C) Aramid Hba—Reinforcegl Polymer Composites : These materials can
broadly classified into following categories : ' '

(i) Short fibre reinforced tomposites. The short fibers of p-aramid have high aspect
ratio and high surface area and hence they give effective reinforcement. Moreover,

Ao ﬁ-_yhﬂvﬂl terik boughnees, strength and heat stability, They also have high wear

resistance and are used in automotive brakes and clutches. Ifi fact these composites

E perform better than asbestos at less than one-tenth the amount in brakes and’

. clutches. Because asbestos causes serious health problems so its use is now-a-days

-
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- - (i) Long fibre PR
©GnErgy absorption and respond to

iS p-aramid or hyby; ; g
The helicop-er industry also uﬁ]jsesor hybnc.is of p-aramid and cacbon. - .
parts, motor housing ang rotor blades. E -

e A TEXT BOOK OF ENGINEERING CHEMISTRY _
- These composites are metal-like in ductile
Compressive stresses non-'catastrdphically. This
collapse. They are excellent P energy in its accordian like compressive

i advanced EHgineering and structural materials. The '3
767 and Airbus 320. contain about 3-5% of

1
4
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Reinforcement | Characteristic propérties Applications

Carbonfibres - | wear and thermal | of Automobiles.
distortion :

ractory metals | ture, creep and rupture re-
| suchras tungsten | sistance, Excellent impact |

Aluminaor Light in weight, Resists | Engine component | °

% . ! a
Tt PRy i TR B L P e A T
i A ST e ik e s LA

Alumina or ref- | Excellent high-tempera- | Turbinéengines |
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. matrices (€8 polyethylene) are re

n. When the composites are used inapplications where the state of

| stress can be accurately determined then unidirectional composites either as such

uh*‘ form of laminates are used having strength matche design needs.

+ This is due to the fact that unidirectional composites have hig

'~ modulus in the direction of the fiber axis and are generally very we

. transverse direction. o

‘ It is improper to use unidirectional composites in those applications where

; c stresses (i.c., stresses equal inall directions) are imposed or where stresses

. may not be predictable. Multilayered composites constructed from layers of unidi-

: rectional laminae having different fiber orientations are essentially isotropic ina
plane but the surface layers are still very weak in the transverse direction. Since

 failure is often initiated from surface layers, hence in applications where protection

. from a corrosive environment is an important factor {€£: storage tanks in the
chemical industry), multilayered composites cannot be used.

This problem can be solved by using those laminates in which each layer Of

lamina is isotropic. When randomly oriented short fibers are used as the reinforce-

ment, an isotropic layer is obtained. There is
reinforced composites. These can be easily and economically molded into desired

shapes by injection or compression molding.

ak in the

Properties of short fiber reinforced composites _
The strengthening in short fiber reinforced composites is achieved partly by
restraining the deformation of the atrix between the fibers and partly by sharing
of load between the fibers and the matrix. Strength and orientation of short fibers,
their Vi, interfacial bond strength and kind of matrix govern the properties of these

i composites.
: (i) Fatigue. As the weaker matrix is required to sustain a much greater propor
posites are much less resistance to

tion of the cyclic load, short-fiber reinforced com
itiated by debonding of those fibers

fatigue damage. This damage is generally in
that lie perpendicular to the loading direction, in randomly oriented short fiber
composites. But in aligned short-fiber composites the fiber ends and weak inter-

faces can become sites for fatigue crack initiation.

Thus, an important aspect of fatigue of short-fiber composites is that local

failures in the matrix and at the weak interface can destroy the integrity of the

composite even though the fibers remain undamaged. - -

(i) Impact strength. When brittle matrices (e-g- polystyrene) and ductile
inforced incorporating short glass fibers, the

tensile impact energy of former increases but for later materials, it decreases.
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A TEXT BOOK OF ENGINEERING CHEMISTRY
This can be expla:red as follows :

In ductiie matrices, the triaxial restraint of the matrix between fibers limits the
elongation of the matr.x, and thus addition of rigid fibers greatly reduces the
toughness. -

But in brittle matrices addition of fibers increa
blunting, branching and arrest effects,

®  PARTICLE-REINFORC ED COMPOSITES

In the particle-reinforced composites,
generally has nearly same dimensions in

toughness because of erack

the dispersed phase is a particle which

ns in all the directions (.., it is equi-axed).
The behaviour of these composites is governed by ; - ‘
(1) Distribution of particies throughout the matrix,

(For effective reinforcement, distribution should be uniform). -

(1) Relative volume fraction of the constituents (Greater the volume
fraction of particulate reinforcement, more will be the improvement
in the mechanical properties), ks %

(i) Strength of the bond at the interface of particles and matrix (stronger «
the bond, better will be the properties of composites).

Generally particulate
particle and Dispersion-
described below :

ﬁhase can be divided into two categories niz. large
strengthened. The corresponding composites are briefly

(i) Large-Particle Composites. In these composites the interactions between
particle and matrix phases are not on the atomic or molecular level

Elastic modulus cf particle reinforced composite fall between
Ew=E,(1-V)+EV,
EnE,
1-¥) E 4V By
where E, (u) and E, (}) represent upper and lower elastic modulus of composite.
E, and E; represents elastic modulus of matrix and particle phases and v,
represents velume fract.on of particle phase. 1
Examples of large particle reinforced composites : 2
1. A composite in which vulcanized rubber (miatrix) is reinforced by adding |
15-30% by valume of carbon-black particles with 20-50 ym diam&ter.. 4
Theresulting composite has excellent tensile strength, toughness and abrasion

resistance and is used fcr making autoniobile tyres. _
2. Cermets {or ceramic-metal composite) in which ceramics like titanium car-

bide (TiC) and tungster: carbide (WC) are embedded in metals such as nickel “é

and E() =

X -
e A e e, TR e, S
SRR L A R e F S L

s

- Cermets are used ex?enéively as cutting tools. The cutting surfa:elllms
provided by hard ceramic carbide particles. They are not capable of withstanding




~ Prevents particle to par '
; o Pparticle erack propagation by isolating them. As the cutting

Benerate |
_ A temperatures hence both the components (of composite used

 for cutting tools
L ) should be mfﬂdory materials. In this case they are ceramics and

Examples of Dj i YR )
: P —'spersion ed composites : (1) Thoria-dispersed (or

j"b s 450 gl o s g . X
I nickel. In this Sompostie about 3 volume % of thoria (ThO,) in the form of fine

rticles a i i in ni
- pa re uniformly dispersed in nickel matrix for improving the high-temper-

ature strength of nickel alloys.

2 2 s o
by in£ ) Smtehr:d dumuuum powder : here aluminium metal matrix is reinforced
The m"’upml rating extremely fine (0.1 t0 0.2 u m thick) particles of aluminium oxide.
_ ulting composites have excellent high temperature strength.

The four bmadlmttgories of particle reinforced composites are summarized below :

| 10 PARTICULATE COMPOSITES

Particulate composites are broadly classified as :

Non-Metallicin
metalic
composites

(=
composites
N\

'

Metallic in
metaliccomposites

Types of Particulate composites

{# Nan-n;etaﬂic in metallic composites. Examples of Non-metallic in metallic
\posites are : '
-+ Céramics particles suspended in a metal-matrix.

. Sucli'g:omposita are known as cerments and are of two types :

' (a) Oxide based cerments. For example, Al203 with 72 vol. % dispersed in
" chromium matrix has strength 30 GPa and also has very good thermal
wﬂ - -_.j | - . :
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aCan
; {b) r“arbuifbaacdam: o e
(arm: Matris | = yﬂku!wm s sieasisnndi i
W Co Wm' duwﬁ‘ﬁ valves and other machine
Pl"“ m"ry hmh h.lfrdnrit N
sams Inboant h.;g.

Co Valves, pump-parts & spray nozzie as it
very high resistance to corrosion and |
!

|
* O
|
%

F shrasion. i)
(i) 'Mrtall:’c i non-metallic composites. Examples of metallic in non-metallic
are
~ Aluminium paint in which aluminium flakes suspended in paint. !

fiil’} Metallic in metallic-composites, Examples of metallic in metallic-com-
posites are :
(a) lead particles in copper alloys & steel, improves the machineability
of the latter.
(b) Bearings made from Cu alloys utilize lead as a natural lubricant.

- (iv) Non-metallic in non-metallic composites. Examples of non-metallic in :
~ hen-metallic composites are :
_ (a) Flakes of mica or glass in glass or plastic matrix respectively.

._(b) Concrete is another example of this class in which particles of sand

and tockmdupﬂuedmcemuuw}nchﬂmcheuucaﬂyreactmdt




