
1 '  j 

odern fechhology places 
severe demarJds on materials. 
The reguirvments are so 
self-contradictory that a 

homogeneous material can 
llJrdl" meet them. Hence materials 
,,,,.c been combined to form com- 

The combined properties are 
;,,t only superior to the properties of 
,"? individual components but also to 
,ilcir sum. Frequently, composites are 
,,,dowed with new properties which 
the constituents do not have. The idea 

composites is not new but the 
l echn~l~gy  has grown rapidly only in 
the last 15 years, so much so that 
composites have revolutionised the 

to engineering design and 
have led to structures which are 
trchnically and aesthetically superior. 
(:omposite materials are being tailor- 
made today to obtaitl the required 
mechanical properties as well as the 
,-lectrical, optical, thermal, magnetic 
and superconducting properties. And 
they have special significance in a 
world with depleting natural and 
energy resources. 

Since the coniposites industry is 
science-based and labour-intensive, 
it is particularly suited to India. 
Through innovative uses, composites 
can play a significant role not only 
in aerospace but also in production 
machinery, boats, silos for grain stor- 
age, transportation, sports equipment 
and in a variety of general engineer- 
ing applications. 

Composites can be defined in many 
ways. However, for the present dis- 
cussion, we shall define them as a 
combination of two or more chemi- 
cally djstinct materials with a distinct 
interface separating them. Thus, they 
should be distinguished from alloys, 
in which the mixing of two or more 
components takes place at an atomic 
level, and there is no distinct interface 
between them. As an example of a 
composite material, we may consider 
a ductile matrix (resin or metal) 
reinforced by a stronger but brittle 
fibre. The reinforcement can also be 
in the form of particles, flakes or 
ribbons. The matrix is not only 
strengthened but made tougher 
or more fracture-resistant by the 
reinforcement. 

There are many examples of com- 
posites in nature. Bone, for instance, 
is a composite of the mineral hydroxy 
apatite and the polymer collagen. 
Nature has evolved this composite 
structure over millennia. The bond- 
ing between the two is so good that 
bone is stronger not only than 
collagen but pure apatite itself. How 
is this possible? Hydroxy apatite is a 
strong brittle material. Small cracks 
can develop in any material under 
stress but they are dangerous in a 
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This 16.5 metre fibreglass reinforced plastic radome made at the National 
Aeronautical Laboratory, Bangalore, symbolises the strides India has made 
in composites technology -combining two or more different materials to 
produce something superior to the components. Here's an account of . . . 
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brittle material. At the bottom of a 
crack the stress gets concentrated and 
causes the spreading of' the crack. In 
the case of ductile materials, the high 
stresses at  the tip of the crack are 
relieved because the material flows 
plastically under stress. Cracks in a 
brittle solid can be stopped if we 
provide weak interfaces. In bone a 
crack which occurs in the hydroxy 
apatite is ' stopped ' at the point 
where it meets the apatite-collagen 
interface. The small cracks are pre- 
vented from propagating. Thus, bone 
combines the ' stiffness ' of apatite 
with the crack-resistance of collagen, 
producing a composite material which 
is far superior to each of its compo- 
nents. Essentially similar considera- 
tions apply to many of the examples 
wr will be considering in this article. 

Consider another example: if a 
sharp notch is cut on the surface of a 
bamboo pole which is then bent, it 
does not snap. On the other hand, 
splinters are peeled off near the notch 

I 

but no crack propagates into the 
material. In  this case the weak inter- I 
faces along the fibre virtually dis- 
connect the crack from the material I 

on the other side of the fibre. In 
effect, the cellulose fibres act to 
' deflect ' the cracks that start to 
propagate within the lignin matrix. 

The above two examples indicate 
I 

that the matrix and the reinforcing 
material can mutually act to prevent 
crack propagation in each other and I 

to obtain high strengths. The pro- 
perties of the composite depend, of 
course, on the properties of the rein- 
forcement, of the matrix and of the 
interface between the two (see box 
on p. 14). (The bamboo is also pro- 
tected from buckling by the cylindri- 
cal struts on the outside.) 

Ancient civilisations had designed 
a number of composites purely from 
empirical considerations. The use of 
straws in bricks was known long ago 
in India. The presence of chopped 
straw prevents the propagation of 



together to form a composite, the ice 
could be converted into a new mater- 
ial which would not crack even if 
hammered. They also knew that the 
sea-ice, on account of the salt crystals I dispersed in it, would not crack as I 
easily as fresh water-ice would. The. 
Mongolians used a laminated com- 
posite of horn, bone and wood to make 
bows. The Egyptians seem to have 
understood that the properties of wood 
can be improved by cutting it into 
thin veneers and gluing them together 
to form cross-plies. This results in , 
plywood which minimises shrinkage 
and swelling when moisture is ab- 
sorbed and also has good strength 
properties and resistance to splitting. 1 
The Samurai swords of Japan were 
laminated composites which combined 
different steels to achieve the desirable 

. properties of (a) an exceptionall hard 
(martensitic) edge, ( b )  a tougi, soft 
core, and (c) sides or Cover8 of inter- 
mediate hardness. The swords were 
made by a laborious process in which 
all the constituents were hammered 
out, folded over and hammered out 
and welded again until a highly 
laminar structw was achieved. In 
the finished blade, there were thou-. 
sands of layers of highly oriented , 

cracks developed when the wet cla brittle that cracks can run through fine-grained steel. 
dries rapidly in the Sun.   he ~ o u d  the ice for kilornetrrs. But it was 
American potters of Maya and Inca common knowjedge among these Fibres (I 
civilisations used plant fibres instead primitive people that if only they 
of straw. The Eskimos had to build could put in.some moss (two to four T h e  modern tech- 
their houses with ice, which is M, per cent) in water and freeze them nology of composites has been made 

! , . ,  I ' 

' it gives way or stretches. Acc 
Hooke's law, the bar of 

I 



possible by the development of high 
~erformance reinforcements, usually 
in the form of fibres. These fibres 
are put in a ductile matrix such as a 
resin or a metal. 

Interestingly, the fibres available 
today are of materials that were con- 
sidered brittle and unusable until 
recently. The properties of some of 
the fibres are shown in Figs. 2 and 3 

Usually the fibra have modulii 10 
times or more compared to the matrix. 
Hence, in a composite with 50 per cent 
volume fraction, the fibre cames a loaf 
10 times or more than the matrix. 

These iduu can be modified in 'a 
rather straightforward manner in a 
practical situation where the fibra are 
available only in short lengths or are 
broken and, therefore, discontinuous. 
Calculations show that if the length-to- 
diameter ratio or the aspect ratio of 
the fib* exceeds 10, the efficiency of 
load transfer from the weakermatris 
to the stronger fibre is still around 98 
per cent compared to the ideal case. 
The surface area of the fibre is so large 
that the-load transfer at the interface 
is still very efficient even if the bonding 
"no~petfect~ = ; , .  - .' . 

The maximum strength and modu- 
lus arc reabed in a eompoate a h g  
the dimtion of the fibre. Hence the 
properties of the composites can be 
varied by orienting the fibres appro- 
priately. The properties of such a cam- 
posite can be calculated bing the rules 
of mixture and by rrking into account 
corrections due to kentation depend- 
ence of fibre propertia, s t r a  concen- 
trations at fibre en& slippage at the 
fibrematrix in- *. a R, N. B, 
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and contain thousands of 
orifices. Although glass fibre has high 
strength (500,000 pounds per square 
inch or 500,000 pi; 1 psi = 0 -07 kg 
per cms), its 'use will always be re- 
stricted by its low stiffness (10 
million psi). 

The carbon (C) fibre is about six 
times as stiff (60 million psi). When 
C fibres were first available, they were 
so expensive that only aerospace 
applications could justify their use. 
Recent developments have changed 
the picture. Most frequently, C fibres 
are made by the controlled heating 
of organic fibres, similar to ' synthetic ' 
fibres used in fabrics. High-quality 
fibres are produced beginning tiom 
polyacrylonitrile (PAN), though even 
rayon can be used. The cost of PAN- 
based C fibres is 32 dollars (Rs. 300) 
for a pound. (These are not yet 
available commercially in India.) 
Sometimes, C fibre is made wing the 
acrylic fibre but the resulting fibre 
lacks the su~erior  ~rolxrties of PAN- 
'based C. R'eccntl;, t b r e  have been 

along with the properties of high- improvements in methods of produc- I 
strength alloys (combination of me- ing PAN itself which have led to a 
tals). We see that a quartz fibre reduction in cost of about 30 per 
which has one-fourth the weight of cent. I 
steel, is some 16 times stronger than 
the latter. But quartz fibres are diffi- An alternate but cheaper route to 
cult to grow and are very expensive. C fibre starts with pitch as a raw 
The glass fibre is probably the most material. The pitch is heat-treated to 
widely used and is the only fibre form a liquid crystal phase called 
available in India commercially. Glass mesopitch which is subsequently I 

fibres can be drawn tiom molten drawn into filaments at  high tempera- 
I 

glasses of the appropriate composition. tures. The idea is to freeze in the i 
In the marble process, the refined glass directional alignment of molecules 
is first made into marbles which are found in the liquid crystal phase. The 
annealed and subsequently melted pitch-based C fibres were introduced 
into an electrically heated fiberising by Union Carbide of USA last Decem- 
element, referred to as a bushing. In  ber under the trade name Type P and 
the direct melt process, refined glass sell for $20 (Rs. 180) per lb (454g). 
is fed directly into the bush~ng. Com- Today they lack the tensile strength of 
mercial bushings are made of the PAN-based C but the strength of 
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a high belting *oint and low con- There are a variety of such techniques 
ductivity (thermal insulation). An (Fig. 6). Resins have been developed 
example is the high silica fibre with the desirable properties such as 
(Nalsil) developed at NAL. The pro- (a) control of curing, hot or wld, 
cess takes advantage of the fact that (b) flexibility and viscosity which 
E-glass fibres are available in the can be varied by adjustments 
country. These contain 55 per cent in composition, and (c) storage for 
silica and 45 per cent of other oxides long periods until catalysts and accele- 
which are removed by leaching with rators are added. Some of them can 
acids, which is quite an economical be stored in a state of partial cure 
process. The high-silica fibre, when which makes it possible to pre- 
introduced into a phenolic matrix, impregnate the fibre by resin and use 
gives a composite which is being used the prepregs when required to make 
as ablative (heat-shielding) material the products. These properties make 
in re-entry vehicles, although this may a wide variety of fabrication methods 
be replaced by carbon-carbon corn- possible. 

the fibre 30pm) posites in some ablative applications. The simplest process for making 
Fig. 5 indicates the thermal resistance reinforced plastics is that of placing, 

the fibre is bound to improve in the of a Nalsil fabric. An oxyacetylene manually, reinforcements (say, fib=- 
near future. It is the pitch process flame (1 700°C) held at a distance of 
which may help us realise the dream 2.5 cm can burn a hole in an E-glass ~ i ~ .  6 
of a five dollar per pound carbon fabric in less than two seconds; under 
fibre. Until we get to this stage, the similar conditions it takes 150 seconds 
search for a cheaper fibre with pro- to burn through the Nalsil fabric. This 
perties intermediate between those of duration is adequate for re-entry 
carbon and glass is justified. applications. 

The answer here may be the organic A widespread application for Nalsil 
fibres. The best of them, Kevlar-49 will be in the insulation of large 
developed by Du Pont, has the furnaces resulting in energy savings. 
strength of glass fibres, twice the stiff- The fibre is light and, therefore, 
ness but half the density, and it sells costs less to transport. It is possible 
for about five dollars a pound. An to use graded insulation, that is, use 
experimental organic fibre developed a thin layer of alumina in the hot 
at the National Aeronautical Labora- portion (temperature above 1000°C) 
tory (NAL), Rangalore, is shown in near the furnace and use Nalsil for 
Fig. 4. These fibres being organic have the major part of insulation. 
a better interface with plastics than 
do the inorganic fibres. Unlike glass Fabrication i f  composites 
fibres, they do not lose part of their 
strength while abrading against each I n  making the 
other. Scanning electron microscopy final composite, of coune, the fibres 
shows that composites with organlc have to be situated in the in 
fibres have an intrinsically low com- the definite desired configuration. 
pressive strength. The difficulty .is Some composites require the fibres to 

i 
I overcome by using them lq hybrid be placed parallel to each other, glass) and resins on a shaped mould' , 

composites with fibres which are others require a random distribution. (made of wood or plastics) and using 
strong in compression, such as glass Some depend 0s a strong fibx matrix squeezers or rollers to p u ~ h  in the 
or cazbon. interface for their specific function, resin and remove the air bubbles. 

While the main interest in the while weak bonding is important for Thickness is controlled by the number 
fibres mentioned above is in their other properties. Therefore, in of layers of material placed against 

fibres which are very useful because of introducing the proper fibres into include using heat to the 
mechanical properties, there are other each case, an appropriate method the rnoulds. Variations this Process i 
of their thermal properties like that of the proper matrix must be found. cure or using a vacuum bag* Press- 

bag or autoclave to permit the appli- 
cation of pressure against the laminate 

Fig. 6 Heat resistance of NaIsll determlnd in a burn-through test to force out air (to reduce .voids) and 
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metallic composites are shown in 
Fig. 6. In the vacuum infiltration 
process, fibres aligned in a mould are 
infiltrated by the molten metal in a 
vacuum environment. This technique 
has -been developed at NAL and 
applied to the preparation of com- 
posites of aluminium reinforced by 
stainless steel wires. This method will 
be used for the preparation of com- 
posites of tungsten fibres in a nickel 
matrix for use in aircraft gas turbine 
engines. 

The method of plasma spraying used 
for boron-aluminium composites, for 
instance, employs a plasma torch 
which sprays matrix materials in the 
farm of liquid droplets onto a rotating 
mandrel covered with aligned fibres. 
Composite tapes formed this way can 
be consolidated into structural pare 
by d t w o n  bonding. The diffusion 
bonding process of combining fila- . , 

Fig. 7 FRP blades for cooling tower fen mtnts -d~ matrices such as alu- 
minium and titanium involves the use 1 

reinforcements are fed through a resin 
bath and pulled through a die which 
determines the geometry and the 
resin content. A section of the die is 
heated to cure the composite. 

Some of these methods have been 
e~nployed at NAL to produce fibre- 
glass reinforced plastic (FRP) com- 
ponents for various applications. A 
16.5 metre radome (or a dome-shaped 
weather-resistant FRP covering for 
radar equipment) designed and built 
by NAL is shown on p. 13. FRP was 
chosen for this application since it is 
both transparent to radar waves and 
can meet the structural requirements. 
The structure has to withstand winds 
with speeds of 240 kph, erosion due to 
dust, rorrosion due-to salt in coastal 
areas, loads due to snow accumulating 
on the top, and solar radiation. The 
material has to undergo sufficient 
environmental testing before being 
selected for this application. The 
energy of chemical bonds in plastics 
is about the same as the energy of 
ultraviolet radiation from the Sun. 
Hence solar radiation can reduce the 
strength of plastics by breaking up the 
chemical bonds. Moisture can seep 
along the fibre, just as oil is sucked up 
by the wick of a lamp, and this would 
degrade the bond between the fibre 
and the plastic. Protective coatings 
can solve these materials problems. 
NAL now has the capability of design- 
ing and building radomes up to 30 
metres in diameter with a radar 
transmission efficiency of 90 per cent. 

We have developed more recently 
FRP tubes with controlled porosity. 
These can be used as a structural 
back-up support for the membranes 
used in desalination plants. Since 
these replace metallic tubes (stainless 
steel, for instance), which are more 

SCIEXCE TODAY, SEP+EMBER 1977 

expensive and difficuIt to drill accu- 
rately, this development will lower 
the cost of desalination plants. We 
have also developed FRP containers 
for transportation of- chemicals. In 
these applications, a good design is 
essential, since the structure must not 
only carry the weight, withstand 
splashing of acids, etc, but glso must 
be able to resist failure for long 
periods. Expensive failures have occ- 
urred as a result of bad design and 
lack of non-destructive evaluation 
before the tank was loaded. The 
intrinsic advantages, however, are 
obvious, since the container is light- 
weight which means less energy $ 
expended in transportation. ' 

We have developed cooling tower 
fan blades - which are part of every 
major thermal power station - up to 
7.5 metres in sweep. Fig. 7 shows a 
set of six FRP blades developed at 
NAL. and installed at the cooling 
tower of the NAL wind tunnel centre. 
These blades consist of FRP skins and 
polyurethane foamed in s i k  Their 
low weight compared to wood results 
in reduced power consumption. FRP 
can replace the .traditionally used 
wood, which has the problem of 
warping, and aluminium, which cor- 
rodes easily when stressed. Other 
applications that have been developed 
at NAL include FRP insulating tubes 
and arc chambers for the electrical 
industry, and cyclone separators used 
in the chemical industry as dust 
collectors for separating corrosive 
mists from an air stream. 

But resin matrix composites are not 
suitable for continuous use at tempera- 
tures above 250°C. For use at tem- 
peratures above this limit, metal 
matrix composites have been deve- 
loped. Some methods of producing 

of pressure and temperature. The 
matrix is in the form of foils, and fibres 
are laid on them in predetermined 
orientation and spacing. Alternate 
layers of metal foils and reinforcing 
fibres can be arranged to get the 
desired volume fractions. The whole 
assembly is then heated to develop 
bonding by diffusion. 

Metallic composites can also be 
prepared by electroforming, that' is, by 
electroplating the matrix on fibres 
wound on a mandrel or by co- 
depositing the metal matrix and dis- 
persed particles on to a substrate. The 
latter have applications as cutting 
tools. Electro-deposited composite 
coatings consisting of a metal matrix 

Fig. 8 Apparatus for depositing pirticie 
dlsporswl motel composite coating. 
A - Top of the electrolyte; B - Connect- 
ing tub.: C - Peristaltic pump: D - Inlet 
port: E - Cone shape vessel; F - Air 
sucking point 



and co-deposited dispersed &'& 
impart wear resistance, dry lubrica- 
tion and creep h c e .  Fig. 9 
shows the cross-section of a componite 
of nickel reinforced by silicon carbide 
particles. The particles are seen to be 
distributed uniformly. Electroforming 
has the advantage of combining the 
fibre or particles with the matrix at  
low temperatures so that thermal 
degradation of the fibre or particles 
is avoided. 

Composites have been produced by 
powder metallurgy techniques. The metal 
matrices in the form of powders are 
mixed with whiskers or c h o ~ ~ e d  
fibres. The combination is co&li- 
dated by pressing, sintering or hot 
isostatic pressing. In-situ fibering of 
second phase particles can also occur 
in a compact during hot pressing. 
These techniques are applicable to 
ceramics also. High-energy forming 
methods such as explosive forming 
and pneumatic impaction have also 
been used for making metallic 
composites. 

A radically different method is the 
simultaneous growth of the reinforc- 
ing and matrix materials from a single 
melt. In  eutectic solidification, two 
phases crystallise from the liquid. If 
the growth rates of the phases are 
compatible, one of the phases will 
crystallise out in the form of aligned 
fibres, the other forming the matrix. 
Nickel and cobalt alloys reinforced by 

tantalum carbide fibres have been 
obtained by unidirectional solidifica- 
tion and have properties superior to 
nickel base superalloys. 

Inexpensive composites for less 
sophisticated uses 

h e  spctacular 
development of high-performance 
fibres and composites should not 
obscure the fact that the principle of 
composites can be applied to several 
more common engineering materials, 
some of which are inexpensive and are 
readily available in India. Natural 
fibres such as sisal, ramie and jute 
have strengths exceeding 1,00,000 psi, 
and modulus of 10 million psi (similar 
to a high-strength aluminium alloy). 
However, they absorb moisture which 

% 

Composites with operator properties 
The composites mainly diicu~ed in pati- or can give a known conversion 

this article have additive properties in but with a higher yield. 
the sense that the constituent phaxr Composites for non-structural appli- 
contribute proportionally. There is a cations include superconducting cables. 
dass of composites where the phyaical It  is possible to combine strength with 
output of one phase operates a8 the superconductivity when carbon fibres 
input into the other phase. One am mated with a superconducting 
example is a composite conaiating of a compound. The coated fibres can bt 
piezomagnetic phase A and a pi- wound to form containers for plasma. 
electric phase B. (Piezoelectricity is For optical applications, sodium 
the property by which a wtd f l u o r i d d u m  chloride (NaF-NaCl) 
develop electricity when we #tress it, cutectics can be solidified unidirec- 
say, by bending it. Conversely, afi tionally m that NaF rods are parallel 
electric pulse applied to the crystal to the axis of the specimen grown. The 
will change its dimensions. A crystal is composite then has image transmission 
piezomagnetic, or magnetostrictive, properti- similar tozhose of fibre optic 
if it develops a magnetic pulse when materials. The spacing between the 
stressed or alternately changes dimen- rods can be controlled by the condi- 
sions when a magnetic field is applied tions of solidification. In fact, the 
to it.)In such a composite, the appli- solidification in this system was studied 
cation of a magnetic pulse inducts under zero-gravity conditions 1 in a 
a change in'the shape of A. Since A and space processing experiment ahd the 
B are bonded together, B is also inter-rod spacing was found to be more 
strained and being piezoelectric come- uniform compared to the eutectic corn- 
quently develop an electric pulse. mites solidified on Earth. The con- 
Thus, a magnetic pube i s  converted trolled eutectic can then act as a far- 
into an electric pulse by the composite. infrared transmitting medium for wave- 
m e  composite is the unidirectionally lengths longer than the inter-rod dist- 
solidified eutectic of barium titanate ance (typically 6 pn). Other examplee 
(BaTiO,) which is the piezoelectric of non-structural composites include 
phase and the mixed nickel-iron oxide aligned indium antimonide-nickel anti- 
(NiO-Fe,O,) which is the piezomagn* monide cutectics which are currently 
tic phase. Composites with operator in use as magneto-resistive and infrared 
properties can have entirely new pro- materia k.._ , S. R. b N. 0. 

Fig. S Crow- 
uction of l 

silicon carbide 
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causes swelling, increases weight and 
decreases mechanical properties such 
as tensile and creep strength. More- 
over, they are vulnerable to attack by 
insects and fungi. These problems are 
overcome by incorporating them in a 
protective plastic matrix, impervious 
to moisture. However, an accidental 
crack in the matrix can expose the 
fibre. Therefore, development work 
to improve the moisture resistance of 
natural fibres is necessary. In  the 
chemical structure ofjute, oxygen and 
hydrogen atoms combine to form a 
group called the (OH) group. The 
presence of (OH) groups in jute is 
responsible for its moisture absorp- 
tion. However, the complete removal 
of (OH) oups would make the 
structure o&te collapse. Hence, we 
have developed a chemical treatment 
which partially removes the (OH) 
groups, thus reducing the moisture 
absorption ofjute by a factor of three. 
The strength, however, is reduced by 
only 15 per cent. The chemical treat- 
ment also prevents jute from absorb- 
ing resin into its tubular structure. 

Ferrocement is a thin shell of con- 
crete reinforced with wire mesh, with 
varying configurations and d i e t e r s  
of wire. I t  is different &om reinforced 
concrete in that the wires tin be bent 
more easily than the rods used in 
reinforced concrete. The fineness and 
dispersion of the steel mesh helps to 
prevent cracks from propagating. I t  
is more impermeable to water than 
concrete. Thus, the difference between 
reinforced concrete and ferrocement 
(or ferroconcrete) illustrates the dis- 
tinction between a mixture and a 
composite. In  reinforced concrete, the 
reinforcing rods take up the tensile 
load but do not contribute to com- 
pressive strength and the concrete 
takes up the compressive load but does 
not contribute to tensile strength. I n  
ferrocement, however, the fine wires 
are unifordy distributed and have 
large surface area so that the concrete 
which is weak in tension can transfer 
the load along the interface to the 
wire, and because of this load tram--r, 
the composite behaves as though it 
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materials. This is because much less 
material is required since the strength 
and stiffness are high. Another hctor 
is the low wastage in forming opera- 
'tions, since hand and laser trimming 
are used. The ratio between the 

conventional materials, whereas it is 
only 1.05 : 1 for composites. Today, 
in a high performance jet plane, about 
one per cent of the airframe is made 
of composites, but the percentage will 
increase markedly. A US Govern- 

composite aircraft, showed that the 

be possible in India to construct a 
light all-composite aircraft as an inter- 
institutional study project. Even 
greater impact will be felt in this 
country when radical changes in our 
thinking materials occur as a 
result of the appreciation of the 

Dr. S. Ramasahan 
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strong both in tension and compression. coconut shells and the waste from 
Ferrocement technology is easily Taper This b i n  was 

acquired and has a number of appli- allowed to react with formaldehyde agar Award in 1968 
cations in developing countries : grain in alkaline medium to give a resin and theJawaharla1 Nehru Fellowship in 1977. 
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boat size exceeds 10.5 metres, ferro- with commercially available and more obtained hip P ~ D  in 
cement boats are cheaper than those phenolic resins. materials science from 

Columbia University and 
made of FRP, and lighter, too. These -. . worked with Allied 
are obviously superior to wood which India '- entered the Chemical and Martin 

Aerospace in the USA. has the problem of warping. In  age of composites a few years back He ,, invited by I),.. 
these applications, a layer of FRP can with the development, of the FRP Ramasahan to join the 
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