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Summary

The current status of composite material technology is reviewved in
detail and the main characteristics of the composite materials described
as well as the areas of their application. Among these areas the
following subjects are discussed: advanced composite materials in energy
production and energy storagej plastic~ in construction, different kinds
of pipes, tanks and reservoirs, natural fibre composites. DPiscussion of
each of these subjects includes aspects such as the state of development,

rav materials used, design, manpower and energy requirements.

As a general conclusion the study states that composite material
industry could be effectively introduced in developing countries, subject
to the fulfillment of certain conditions, which are discussed in detail.
Of all the composite materials the most suitable ones for introduction in
developing countries are glass-fibre-reinforced polyester and natural

fibre cumposites.
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Preface

It is wuseful to study composite materials and the associated
technology in the context of their potential application in developing

countries for the following reasons:

. The materials and structures are artificially constructed from
a wide variety of basic elements, 80 that suitable
combinaticns (from the points of view of fabrication and use)

for any given country and situation will surely be found;

. Energy savings may be achieved by choice of suitable materials

and fabrication techniques)

. Many composite structure fabrication processes are
labour-intensive, thus favouring their implantation in

developing countriesj

. Composite materials could be developed in the developing
countries based on native resources: natural fibres such as
coconut, bagasse, Jjute, cellulose and minerals such as

asbestos, mica and silica;

. New industries could be set up to produce some of the raw

materials: steel wire, cement, glass etc.)

. Composite materials already have a history of use in
developing countries: wood, straw-reinforced building bricks,

bamboo-structures, reinforced concrete, asbestos cement etc.p

. The technology and design procedures developed for glass
fibre-reinforced plastics and advenced aerospace composites
can be &adapted to the optimization of materials and sctructures
of prime interest 1in developing countries for Xkey sectors,
such as housing, water and sewage, transport and energy

productions




Wood is the wmost wide-spread natural composite material:

knowledge from synthetic composite design and utilization can
be transferred to woodp

Composites based on plastic wmetrices are generally
corrosion-resistant and thereby maintenance-free--a kig
advantage ir developing countries. Thus, even materials that
are expensive to purchase could becoxre advantageous on a

life-cycle cost basisp

In many cases, structures made of composite materials can be
fabricated on site, thereby removing reliance of imporcs and
eliminating transport costs. Examples are houees of

fibre-reinforced cement or concrete and pipeslines.

~9




CBAPTER 1. COCMPOSITE MATERIAL TECHNOLOGY

A, Composite Materials

1. Definition of a composite material

A composite material is defined as a composition of two or more
materials that provides an end-product with properties not available from
one of the constituents in isolation. Such a definition is sweeping and
covers many classes of materials such ass

1. Fibre-reinforced plastics

2. Fibre-reinforced inorganic materials

3. Fibre-reinforced metals

4. Pre-stressed concrete

5. Coated metals and plastics

6. Cermets

Within the context of defining materials for developing countries,
compositer of classes 1 and 2 will be treated in this paper since they
represent the greatest potential interest from the points of view of
their:

. Pabrication potential,

. Application potential;

. Production potential from indigenous raw materials;

. Potential to profit to the maximum from progress made in

high-technolngy sectors.

2, Basic theory of reinforcement

Fibre-reinforced plastics and inorganic materials are of many types
and corusitions, which will be dezlt with in section B of this chapter.
The mechanism of reinforcement by fibres 1is Jdifferent 1in the case of

rolymers anrd inorganic materials (i.e. cement irn the context of this

paper).




a. Polymeric matrix

The basic reinforcement equation for the polymeric wmatrix
reinforced unidirectionally by fibres ie the rule of mixturess Ec = Ep Vp
+ Ey Vy .

In this eguation, Ec is the resulting elastic modulus of the composite;
Ep is the modulus of the fibrey By is the modulus of the matrix at the
rupture of the fibre; and Vg and yu are the vclume fractions of the fibre

and matrix, respectively.

The reinforcement results from the sharing of the load placed on
the composite by the matrix and the fibre. The fibre is chosen in order
to have a higher elastic modulus than the matrix (typically 10 to 100
times) and is effectively bonded to it such that, upon 1loading, the
strains in both elements are equal, resulting in the fibre carrying the
major share of the load. If the interfacial (shear) stirength between the
matrix and fibre is 1low, then the load-transfer from the matrix to the
fibre is inefficient and the resulting strengths are very low. For each
fibre-matrix combination there is an optimum interface, and much work is
carried out on treavment of the fibres in order to obtain the best

fabrication and property performance.

The same basic rule-of-mixtures equation holds more or less for thLe
unidirectional proper~ies of strength, thermal expansion, long-term
strength etc. The propertiee in the direction transverse to the fibres
are low. Only in very few cases, however, are the unidirectional (i.e.
anisotropic) properties of the fibre-matrix combination useful. In wrder

to be applied in real stress situations, the composite materials must be




produced with properties that are either isctropic or engineered to
satisfy the imposed stress conditions. As given in figure 1, the
solutions available are:

. Multilayer laminates made of a stack of unidirectional laminae
or fabrics bonded together and correctly oriented to provide
isotropic properties.

. Randomly oriented fibres in the matrix.

In both cases, the characteristics of the wm2terial are 1lower than those
of a purely unidirectional 1lamina, but may nevertheless be tailored to
satisfy a multitude of stress situations. An example is given in

figure 2.




Tensile strength MPa

Figure 1.
Effect of glass content and orientation on
the tensile strength of glass fibre-reinforced
plastics (GRP) laminates
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Pigure 2.

Schematic representation of (a) unidirectional lamina,

(b) multilayer laminae and (c) randomly oriented short-tibre material

b. Inorganic matrix

The term inorganic covers cement, concrete, refractories and
ceramics. In the context of the present paper, only the first two will
be t-eated “ecause of their potential interest.

Reinforcement of such a matrix 1is effected by a dAnctilizing
mechanism, as illustrated in figurs 3. Cement and concrete are very weak

in tension and already the stresses induced d&uring drying and setting




Jead to cracking. The introduction of steel bars (pre-stiressed or as
reinforcement is a widely =used macroscopic composite approach to
reinforcement. The addition of a smell amount (a few per cent) of
short-length fibres (steel wires, asbestos, plastic, Jjute etc.) produces
a similar reinforcing effect by:s

. Preventing crack growth during dryings

. Limiting crack size at the setting stage and during
utilization;
. Raising the [ailure strain of the cement or concrete matrix.

There is a certain amount of load-sharing involved, and it is
necessary that the fibres be well bonded to the matrix (i.e. high
interfacial shear strength; in order for them to limit crack extension by
holding the crack faces together. In this paper, the general discussion
of design, fabrication and properties will be limited to polymer-matrix
composites since the variety and applications are wide. Inorganic matrix

composites will be specifically dealt with in the presertation of

examples in chapter II.




Figure 3.

Stress-strain curves of a typically brittle matrix
and one ductilized by fibres
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B. Current Technology

1. Classes of fibre-reinforced materials

The definition of reinforcement given in chapter I applies to a
wide variety of combinations of materials. Laminates provide the highest
strengths and stiffnesses and are fabricated from high-strength,
continuous filaments in polymeric matrices. Typical properties of fibres
are given in table 1. Matrices may be chosen from an almost infinite
variety of polymers, but the ones most commonly used for laminates are
epoxy, polyester, phenolic and vinyl, all of which are thermosetting
(i.e. materials that cure upon heating and the process is irreversible).

Typical properties of epoxy-matrix composites are given in table 2.

Short-fibre composites may have polymer (thermoset and
thermoplastic) or inorganic (cement) matrices with chopped fibres, these
being any of those given in table 1, or whiskers of natural fibres such
as asbestos, jute, bagasse znd sisal that have interesting reinforcing
properties (see chapter 11). The effect of different forms of
glass-fibre reinforcement on the properties of polyester composites is

illustrated in table 3.

A variation on the 1laminate structure, which also provides
high-strength isotropic properties without complex layer lamination, is
obtained by the use of woven fabrics consisting of either one fibre or a
mixture (hybrids). The technology associated with such raw materials is
very cost-effective. Although in theory any mixture of materials may be
made, useful combinations are determined by:s

. Properties obtainablej

. FPabrication possibilities;

. Cost.

In general terms, composite materials are divided int> conventional
and advanced. The advanced composites cover all metallic matrix

materials and polymeric matrices containing advanced fibres such as




carbon, aramid, boron, and even the advanced glasses such as S-glass.

The major utilization sector is aerospace, with increasing incursions
into sports goods and, due to large R and D efforts, into transportation
and general engineering. Table 4 presents a short comparison of the

major attributes and limitations of advanced fibres,

Conventional composites include inorganic and polymeric matrices
containing glass or natural fibres, the most common examples of which are:
. Glass-fibre-reinforced polyester for buildings and pipes;

. Asbestos cement materials.

The latter have been utilized for many years in everyday
applications, but the thrusts in aerospace have led to their improvement
through utilization of design and fabrication technology developed for
the advanced composites. The background knowledge is considerable, as
evidenced by the multitude of references and conferences, examples of

which are cited in references 1 to 6.




Physical properties of high-strength fibres

Carbon Fibre
(HS)*/

Carbon Fibre
(HM) **/

Aramid (Kevlar 49)

S (or R) Glass Fibre
Boron Fibre

Alumina

Silicon Carbide

B Glass FPibre

TENSILE TENSILE 1980
DIAMETER STRENGTH MODULUS DENST PRICE
(uo) (GPa) (Gpa) (G/em™) US$/kg
?7 3.7 240 1.8 40
7 2.2 360 -~ 500 2.1 60-100
12 3.6 131 1.4 29
9 3.6 - 4.5 86 2.5 5-22
149 ‘3,2 - 3.5 365 - 40O 2.2 - 2.6 2300
2.4 - 3.3 180 - 428 2.5 - 3.5 &00
5-140 2.5 73 2.5 1

*/ High strength
#*/ Bigh modulus
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(MPa)

Table 2.
Room Temperature Properties of Cosmercial
Unidirectional Pibrous Epoxy “omposites
ARAMID BORON/W THORNEL 300 HMS

FIBRE TYPE E-GLASS S-GLASS (Kevlar-49) 4 mil CAKBON CARBON
Fibre Volume (%) 50 50 60 50 60 62
Density {g/ca3) 2.00 2.08 1.38 1.8 1.61 1.63
Longitudinal
Properties:

Tensile Strength 1280 1620 1389 1280-1520 1610 830

(MPa)

Tensile Modulus 39 59 75 204-229 148 193

(GPa) ’

Flexural Strength 1350 1860 627 1639 2060 966

(MPa)

FPlexural Modulus 48 by 693 193 148 159

(GPa)

Compressive Strength 620 280 3050-3180 380

(MPa)

Compressive Modulus 72 242-545 107

(GPa)
Transverse Properties:

Tensile Strength 30 68-123

(MPa)

Tensile Modulus 6 21.8-27

(Gpa)

Interlaminar Shear 97 60 1.7 117 55
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Table 3.
Polymer-patrix Composites
Typical physical properties of glass fibre-reinforced
plastic (GRP) with ditferent types of
glass fibre-reinforcement
Chopped Woven Satin IConlinuous
Piopertlies Unit strand mat | rovings | weave cloth] rovings
Glass coment' % weight 30 45 55 70
% volume 8 29 38 54

Specific Gravity 1-4 1-6 1-7 1-9
Tensile strength MPa 100 250 300 800
Tensile Modulus GPa 8 15 156 40
Compressive strength MPa 150 150 250 350
Bend strength MPa 1560 250 400 1000
Modulus in bend GPa 7 15 15 40
Impactstrength, 1zod,

unnotched* kJ/m? 75 125 150 250
Coeflicient of linear

expansion x10-¢/°C 30 15 12 10
Thermal conductivity W/mK 0-20 0-24 0-28|] 0-29

*Tested edgewise.




2. Advantages and limitations of coaposites

Composite materials are in general employed whenever the following

advantages are soughts

. stiffness and/or strength, either in absolute terms or on a

specific basis (i.e. stiffness per unit of weight), as in aerospace;

. weight savings, as in surface transport and automobiles, in
particulars

. longer, maintenance-free utilization (corrosion, fatique, impact
etc.)s

. cor~-savings, either on an initial-investment basis or on an

overall life-cycle cost basis.

Conventional composites such as glass-fibre-reinforced polyester are finding

increasing applications due to these advantages.




Table 4.

Comparison of major advantages and limitations

of currently available high-performance fibres

FPibre

Aramid

Boron

Silicon Carbide

(continuous fibre)

Carbon (PAN)

Carbon (Pitch)

Aluminia PP

#dajor advantages

* Highest specific strength

* BHigh impact strength
. Low cost

. High compressive strength

* High compressive strength

* Inert towards molten metals

* Lowest coefficient of
thermal expansion

* Electrical conductor

* Potentially lowest cost
fibre

* Inert towards molten metals
* Electrical insulator

* Potential low cost

Madjor limjtations

* Poor compressive
strength

* Difficuit fibre to
cut

* Limited to resin

matrix components

* High cost fibre
° Low bending radius
* Not suitable for

complex shapes

* Low bending radius
* Relatively high cost

* Brittle fibre
* Relatively poor
impact strength

* Electrical conductor

* Low tensile strength
* High coefficient of

variation

°* Hi~h density
resulting in low

specific properties
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Advanced composites, mainly chosen in aerospace for reasons of
increased stiffness, can only be introduced in the industrial sector on
the basis of cost-effectiveness. The direct material cost comparison with
conventional materials is invariably unfavourable. This
cust-effectiveness can be obtained through performance advantages, reduced
manufacturing costs or by a combination of the two. In terms of
performance, advanced composites may lead to more efficient operation
(e.g. high stresses), lower maintenance and longer operating life. Also,
direct moulding of complex structures (e.g. helicopter or windmill blades)
reduces the number of (metallic) components and eliminates expensive

machining. Limitations on composite usage remain:

. Predictapility of properties. Although "simple® rules exist ‘for
small samples, the reproduction in 1larger production units is
problematic and leads to sometimes severe penalties in terms of

securing factors, which lead to b-avier, costlier structures.

. Control of the quality of the basic components and of the
structure that is produced, especially for critical, highly
stressed structures, such as in aerospace or general engineering

(pipes, tanks etc.).

. Engineering design specifically developed for composites. This
problem applies more to general engineering than aerospace where

complex solutions can be, and often are, employed.

. Rducation in composites at all levels of design, fabrication and
utilization.

Discussion of composites from the viewpoint of their application in

developing countries is presented in section C of this chapter.

]




3. Design

The important design aspects of composite materials are a function of
end-utilization. For advanced composites and conventional composites in
highly stressed structures such as pipes and tanks, continuous fibres in
laminate or fabric form are invariably utilized. Design procedures are
relatively well establisted for the stifrness (rigidity) of structuresl/,
whereas strength is not very well defined in large-scale structures and

thus leads to rather heavy penalties in terms of safety factors.g/

The effectiveness of the design depends to a large extent on the
fabrication technique and its control. Optimum utilization of the
reinforcing effect of the high-strength, high-modulus fibres is obtained

through:

. Control of the interface, and
. Orientation and proportion of the fibres in the principal stress

directions.
Por random (short) fibre composites the major design criteria are:

. the homogeneous distribution of the fibres in two or three
dimensions,
. the fibre content, and

. the fibre aspect ratio (length:diameter).

In the former case, the effectiveness of the reinforcing effect is mainly
controlled by the fabrication process, while for the other two the design
choice is the determining factor. Design with short-fibre composites 1is
much more difficult than with continuous fibres, as will be seen later,
and as such produces less spectacular end-effects and requires much more
control in fabrication to obtain an optimum result. The advantage,

however, is one of cost.




4, Fabrication techniques

Inorganic matrix composites may be made by any one of the normal
techniques employed for the matrix itself : spraying, casting, press
moulding, injection moulding etc. The fibrous reinforceament is
invariably in the discontinuous, random form. Polymer matrix composite
fabrication on the form of the product, its dimensions number etc. The
major techniques are summavized in table 5 and illusirated in figqure 4.
Typical wmechanical properties of E-glass fibre-reinforced polyester resin
structures produced by the different techniques are given in table 6. A
wide variety of properties are obtainable, the highest coming from those
techniques where continuous filaments are employed under some form of
pressure moulding. In filament winding, pressure is applied on the resin

by the filaments themselves during the winding process.

The main advantages and disadvantages of the most wide-spread

techniques are as followss

a. Contact moulding

The fibres in the form of the pre-cut fabric or mat are placed in a
mould and impregnated with resin that cures at relatively low
temperatures. The advantages are simplicity of the moulds, 1;w
temperature and flexibility. Disadvantages include its 1limitation to
relatively low-quality products and the wide-spread use of hand lay-up,
which may be rather expensive and does not ensure reproducible quality.
Mechanized lay-up can increase productivity dramatically (150 kg/man-hour
compared with 2 kg/man-hour) for large series where the capital

investment expense can be justified.

b. Compression moulding

The fibres are normally introduced in the mould in the form of a
prepreg:/ or suc?/ and compressed up to 200 degrees C to cure the resin
and consolidate the part. Advantages are mainly that the properties are

*/ Prepregs Continuous, aligned fibres, chopped sheets or woven cloth
or fabrics, preimpregnated with epoxy or polyester resin.

e/ 8MCs Sheet moulding compounds consisting of a chopped strand mat
impregnated with polyester resin.




Susmary of moulding processes

Contoct moulding
Process Hond lay-up Spray loy-wp Vacwum bag/pressure bag
Resin sysiem Liquid — polyester, Liquid— polyester. Liquid — polyester, cpoxy
cpoxy. furane eporv Prepreg—epoxy
SMC —polyesser
Reinforcements Glass, carboa, other Glase Giass. carbon, other
25-35 25-35 25-60

Fibre content. glass (74 by w1)
Normal lamiaste thick-
ness (mm)

2-25. generally 2-10

2-25. genersily 2-10

2-6

Typecal cure .
yr(‘(?) rempers Ambient to aboust 40 Ambient 10 abowm 40 Ambient to 50 for liquid resime,
80160 for SMC and prepreg
Type of mowid nceded Single —GRP. wood. Single—GRP. wood. Single—GRP, epoxy or metal
oc. 3
Mouiding size imitation In principie —none In prisciple—none Capacity of vacuum equipasant or
compressor, capacity of sutocleve
Moulded in—ribs Yes Yes Yes
—imserts for fixing Yo Yes Gewnlyn
— foamn paneis Yes Yes
Equipment needed Rollers and brushes Spray and chopper gua. Hudlmyhmmup
laying mechine. sutocisve/vicumm
PUMDICOMPITIN0s
Number of mouldings .
to justifly mould cost From one upwards From oms wpwards From ons wpwerds
Production rate Low Low Low
Lahowr content High High High
Quality of mouidiag Dependent on opars- Move dependent on Two smooth surfaces
tor. one smooth opEratlor, OuS SMOOth
—— uf?-'llﬁu Aircraft
Typical prosucts Boets, building Bosts, : sestions, verious pandls, geasrel
penels, general paneis. gwmersl
Resin injection|
Foen reservoir resin cronsfev Vacsam Comprossion -mowidioy
Procuss mosdding mouiding mpragnavien Cold presy Hot press
Resin syriom Liquid —epoxy, Lm-d-m Liquid—epexy,  Liquid—pelysster. Liquid. prepreg,
polyssier polyesar oy SMC/DMC—
Reinforcements Glass mat/open Coau-u-u Gh..ab.. Glam, carben, other
_ cull foum
Ploe contant, glaws -
by wm) Variasle 15-% 3-50 15-30 25-0
Normel laminate
thickasss (sum) 2 upwunds 2-6 2-10 1-10 1-.0
Typiesl cure (empe- .
rature ("C) Ambiont 10 sbowt Ambient (0 sbeut  Ambient to about
0 5o 1% ©-% 108-170
Typs of mould
nesded Double GRPor Doubls GRPor Mexchd matal. Deudis GRP, Maiched metal
light motal light mocal GRP metel
Moulding size Nemite-
tion Mould dimensions Mouié dimensions Mould diwensions Press sise Prese sise
Mouided in
—ribs Yes Y= Yo
—imserts for fising Gmulyn G-ulyn Generally ne Yo Yo
~foam panels Yo Genarelly ne No
Squipmnant nesded Hu‘m l.chhjdon Vacuum pump Hydronlic pross  Fionted prem
pomp
Nuv.ow of meuiding
0 justify mould 'mlmmmm 100=  Generully 100 109~ 1000 1000 wpwards
L] I
Produstise rate Modersrw Moderastw Low High High
Labour sostent Modersie te high Moderats Medwute Low
Quality of moviding Good, iwe smeoth Good, twe smooth Geed, twe smesth Good Eacellent
sorfosss serfaces surfaces AN surfesss smeoth
Typioal producs Autometive, fur-  Beats. variows Redomes, sivereht Autometive. induniriel,

aiture, verigus

BOSP CONeN,
variown




Table 5. (continued)

Trangfer moviding Injection moviding Filament wirding  Comrifugel moulding

DMC —polyester. z!_na.n.k..?_«!n...ﬁl.ﬂn
epoxy

nvouo-rﬂg epoxy, other resins

v.axaae-

Glass, carbos, others Glasz. carbon, others  Glass, carbon, other Glass
continuous fibres

Fibre content, glass mo\.!_ wi) 10-65 10-65 60-90 25-40

215

) 1-6 -6 anu
Typical cure temperature ("C) 155-170 Polyester 135-185. Ambient 10 170 mbient to SC

epoxy 160-220
ype of mouid nesded Metsl Metal Steel. plaster, ete. Steel
Moulding size kmitation Machine capecy Machine capacity ernﬁu.‘s? Machine size, proe-

m diametes, rally 6 m diameter

ilt

I

n—r Y (] No
—ingents for ixing Yee e No No
—f No No (.3 No
Equipmest nesded Transfer mouldin, njection mouldin, Filament windin; Centrifugal moulding
press machine machine machine
Number of mouldiags to
justify mouid cost Ower 1000 Over 1000 From one upwards 100 upwerds
Production rate High ery high Moderate !8’8
Labour contant Low . Low Medivm
Quality of moulding Good, 31l smoot! Good, sll smooth Good, inside smooth OSF«Q-.I:.-I
faces aces smooth
Typs Small-io-medium Smail-to-medivm Tanks. pipes and Pipes and tubes
sized Components sized components tubes
ontimuns sheet
Procext mouiding Pultrusion
Resin system Liquid —polyester, Liquid—polyester,
epoxy epoxy
Prepreg —epony
Rsinforcaments lase Glas, carbow, sramid
Pihee consent, glam (7, by wt) 13-35 -3
Nermel lsminete thicknem
(mm) 2-6 600 x 250
Typisel cure tsmparsiure 50-120 100- 160
Typo of mouid needed Metal roliers or shest Herdenad stenl die
Mouiding sise lmitasion Widih of mechine 600 x 250 men, dis
dimenions
Moulded in—ribs No Variety of croms-
sxtions
~ineerts for Axing No . No
—fosm panels Neo No
Squipment nesded Shost moulding maching Pulitusion machine
Number of meuidiogs to , ,
junify mevid con Continsous outpu Continuops owipet
Pvodustion rate Up 10 12 m/min Up (o ] m/mia
osutent Low
of meulding Geod
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Figure 4.

Basic fabrication process for fibre-reinforced plastics

Buik moiding Continuous Preform Injection Molding Cold Molding

8
#%

Sheet molding Continuous

onnuns - O

Mat molding

ﬁ Hand lay up Pressure bag Centrifugal casting
@ ‘
é Nl ad v &
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Mechanical properties of glass-reinforced polyesters

made by different techniques

Moulding Reinforcement Tensile Flexural Elastic
process strength strength modulus
(MPa) (MPa) (GPa)
Contact Chopped 60- 150 80-120 5- 7
moulding strand mat
Glass woven 150- 250 120-180 3-11
roving
Vacuum-bag Chopped 80- 100 90-150 6- 8
moulding strani mat
Glass woven 150- 250 150-200 9-12
roving
Compression Woven 150- 250 200-400 15-25
moulding roving
at 10 bars
Centrifugation Chopped 80- 120 90-15G T 9
strand mat
Filament Roving 600-1,500 1,000 25-69

winding
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good and reproducible. However, the tooling is expensive, the
fabrication cycle is long and the process is limited to small-dimension
parts. Hydraulic compression moulding can decrease moulding time to

around five minutes for small parts at pressures up to 100 bars.

c. Autoclave moulding

Prepregs are draped on a former cr are placed in a mould in the
desired orientations, and then covered with a rag and placed in an
autoclave for consolidation (typically 15 bars at 200 degrees c).
Complex and large structures may be manufactured with rather cheap
tooling, but the process is labour-intensive and 1limited to small
series. This technique is widely used in the aerospace industry. The
process is slow, requiring between 2 and 20 man-hours/kg of composite
material (approximately US$30 to US$300/kg in industrialized countries).
An autoclave costs more than US$250,000 and operating energy costs are
high.

d. Continuous sheet moulding

The reinforcement, almost uniquely glass in the form of chopped
strand mat or cloth, is unwound continuously, impregnated with resin
{polyester or epoxy) and passed through rollers and a curing oven. The
process is interesting for building and decorative panels that do not

have to withstand high stress.

e. Filament winding

As the term implies the technique is used to produce pipes, tanks
and spheres. The fibres may ~ in the form of single tows, rovings of
glass, carbon or aramid, or prepregs. Various processes are available
and will be discussed in chapter II. Equipment may cost from anywhere
between US$30,000 to Us$120,000 per discontinuous machine. The

semi-continuous Drostholm machines may cost upwards of US4500,000.
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f. Pultrusion

The fibres are continuously impregnated with resin (or prepregs may
be used) and pulled through a heated die during which the excess resin is
removed, the cross-sectional shape of the part determined and the
composite cured. Continuous fibre and fibre-reinforced products may be
made mainly with polyester and vinyl-ester matrices. Pultrusion., for the
production of low-cost composite profiles, is well established and
provides high-quality, high-performance materials in a wide variety of
cross-sectional shapes, such as tubes, profiles, rods. Mechanical
performance is competitive with stock produced by other more expensive
moulding procedures and enables the user to incorporate composites
(advanced or conventional) into production components without the neéed
for substantial investment (financial or technological) in complex
processing procedures. The basic pultrusion process is illustrated below
in figure 5.9/

Figure 5,
The basic pultrusion process: Intermittent pull, closed

heated rigid die, complete cure.

Resin control v/t
— me e,
P - e L ‘@ o Prodyct
— h NN 7
St L N, —
g preformer ¢ U Pulter ——1
Let—off Amin Heet die ¢
impregnating Cut—off .
tank ’

Recent developments have shown that epoxy and (advanced) thermoplastics
(polysulphone, polyetheretherketone) can be used as matrices in
pultrusion, mainly for advanced composites. Equipment costs can run as
high as US$400,000 for full automation and profiles up to 36 inches in

size.
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qg. Reinforced reaction injection moulding (RRIH)lQ/

This technique is increasingly used for the rapid production of
glass-filled elastomeric polyurethane thin-wall automobile ~omponents,
such as bumpers and bonnets, and is caining in interest for polyester
matrices. The process consists of pumping separate streams of the
polymer components (incorporating chopped fibres) into a heated,
matched-metal mould and then polymerizing insitu. Rapid polymerization
(less than 30 seconds) is ossential in order to obtain an economic
product, Costs for polyester parts are estimated at  approximately
US$1.60 per kg, competitive with other fakbrication techniques for similar
polyester products and cheaper than polyurethane parts. Property

quaiities are, however, lower.

S. Properties

Since such a wide variety of properties may be obtained with
composite materials, it is impossible to discuss these properties without
reference to specific systems and applications, as will Le done later in
chapter 1II. Neverthelses, in general terms, conventional composites
(polymer and inorganic macrices) exhibit very interesting strength
characteristics at reasonable cost due to the relatively low cost of the
E-glass or natural fibres and the possibility to employ rather simple
fabrication techniques without strict control measures. Stiffness (i.e.
elastic modulua) 1is, however, not high, but may be improved by optimized
design and strict control or by the addition of a limited amount of a
stiffer, advanced fibre, such as carbon or aramid. The resulting
improvement is illustrated in table 7, while figure 6 1illustrates the
various types of hybrids that can be produced.

Advanced composites possess exceptional stiffness characteristics,
as illustrated in figure 7 and even more so on a specific basis as seen
in figqure 8. The further interesting feature of these figures is the
high-strength characteristic of glass fibre composites.
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6. Sectors of application

a. Advanced composites

The major fibres used in advanced composites are carbon and aramid,
which in the last 15 years have moved from the research 2n4 prototype
stage to wide-spread application. The current carbon fibre world market
is around 1,000 tons, representing about US$70 million. Growth to a USsl
billion business by 1990 is forecast. Fifty per cent is used in
aerospace, another 25 per cent in sports and leisure goods and 25 per
cent in miscellaneous applications. Aramid fibres, of which the
Kevlar(R) family is the best known, are of various types and a total of
7,000 tons are used annually in the United States of America, by far the
major market : 2,200 tons of Kevlar 49 are employed in polymer
composites, while 3,000 tons of Kevlar 29 are used in tyres.

Advanced composite materials find very wide utilization in a varity

of industries:

Table 7.
Mechanical properties glass/carbon hybrids
(Matrix resin-vinyl ester)
verp V, carbom at  Tlexursl Tlexural Iaterlasiner Tensile :::::1.
Cons k streagth us
tiucticn 60% total strength sodulus shear strengt

fibre content MPa GPa MPe 2a GPa

All-glass 0.0 Bk 3.6 b0 780 39.9
b ' 0.13 ™ 6.9 b3 660 56.0
331 0.16 843 50.6 52 686 - 60.2
2:1 0.21 943 9.0 _ b3 75 65.2
All~carbon 0.6 1260 101.2 38 1532 115.1
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Pigure 6.
Classification of hybrids
Unigrrectionel corbon fidre tows Woven carden cloth
Cless chopped strand mat “
Cless set or cioth
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Figure 7.
Tensile properties of materials of interest
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Fiqure 8.
Specific tensile properties of materials of interest
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7.

Military aircraftl.l1l/

Horizontal
stabilizer

Empennage

Empennage fin
covers

Upper and lower wing

skins, horizontal

surfaces, landing gear

door etc.

Belicogtersll 12
Rotor blades

Rocketsll/

Space shuttlesll/

Payload doors,
maneuvering pods

Thrust structure

Pressure vessel
overwrap, piping

Frame tubes
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Composite Weight/ Weight of
material aircraft aircraft
(kqg) structural
weight (%)
boron/epoxy 85 0.8
boron/epoxy 98 1.6
graphite/epoxy 82 2.5
graphite/epoxy 500 9.5

glass/epoxy or aramid/epoxy

Composite Weiqht savings
matevial compared with Al-alloys
(kg)
graphite/epoxy 620
boron/epoxy 410
aramid/epoxy 290
boron/aluminium 80

Flywheels, wind millsl3,14

Carbon/epoxy, aramid/epoxy and hybrids

Sports equipmentl3/

Golf clubs, tennis rackets, fishing

etc.

Commercial and military boatsl6.17/

Many bybrids, incorporating glass for
carbon or aramid for stiffness.

rods,

skis, canoes and Xkayaks

strength and toughness, and




8. Commercial Aircraftz/

After much testing and verification, advanced composites, including
hybrids, are finding increasing utilization in commercial aircraft. The
Lear Fan will be all plastic including much carbon or carbon/aranid,lg/
which leads to 30 to 40 per cent weight saving over conventional

constructicn.

The Boeing 767 uses around 3 tons of composites (approximately 3 per
cent of the total structural weight) including one ton of carbon fibre
composite on parts which reach over 10 metres in length.ll/ The AIRBUS
A-310 will similarly use large quantities of composites ir rudders,

vertical fins, ailerons, horizontal tail and elevators.
9. Auto-obileslel/

The driving force for the utilization of advanced composites in
automobile construction is weight-savings, to be translated into energy-
and cost-savings. Table 8 summarizes the situation with respect to the
Ford test car.l? when completed in 1979, the car contained some 200 kg
of carbon composites in approximately 160 different parts. The total
weight savings of approximately 550 kg over the conventional steel LTD*/
was due partly to direct material substitntion and partly to substitution
of signle composite parts for multipart assemblies. The cost of the
development car amounted to US$5 million.

Specific articles apparently on the point of being introduced are
epoxy-glass/carbon hybrid springs (Rubuery-Owen, GB), epoxy-carbon leaf
springs (GKM, GB), epoxy-carbon lorry transmission drive shafts
{Ciba-Geigy). Weights are around 25 per cent of the equivalent steel
parts.

%/ Conventional PORD car LTD model
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10. Mechanical enqineeringgg/

Given their high specific stiffness and strength, carbon-epoxy
composites are ideally suited for dynamic applications in textile
machinery, printing presses and robotics. Advantages include increased

speed, i.e. production, and reduced noise.

11. Sport activities

Kevlar fibre-reinforced epoxy structures have led to two
record-making achievements in flyings
. the man-powered English Channel crossing on 12 June 1979
by Gossamer Albatros: the plane weighed 34 kg (and the
pilot 64 ké!) and had a wing span greater than a DC 921/1

. the first solar-powered flight of over 100 miles by the
Solar Challenger on 7 July 19381.

Furthermore, gliders, yachts and airship gondola structures are using
Kevlar and carbon fibres to achieve important weight savings, allowing

rapid progress in performance.

Table 8. Comparison of the weights of conventional parts and carbon
composite parts in the Ford test carly/

Automobile part Weight in steel Weight in graphite
(1b) (1b)
Body in-white (unfinished) 461 208
Frame 283 207
FPront end 96 29
Hood 49 17
Deck lid 43 14
Bumpers 123 44
Wheels 92 49
Doors 155 61
Miscellaneous, e.g. brackets 69 36

and seat frames.

11
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b. Conventional ccaposites: glass fibre reinforced®:22,23

The glass fibre-reinforced plastics industry is already over 30
years old and has grown continuously to reach around 950,000 tons in 1981
(excluding CMEA countries and the People's Republic of China, for which
little information is available). The major warkets remain in the
industrialized nations of North America, Europe and Japan, while 9.3 per
cent or 88,000 tons are consumed in Latin America (26,000 tons), Africa
(10,000 tons), Western Asia (17,000 tons), other Asian countries and
Indonesia (19,000 tons) and the Pacific (16,000 tons).

In the industrialized nations, there has been a dramatic change in
the pattern of end-usage, with decorative fabrics practically
disappearing and uses such as electrical and, not strictly, structural
roofing and panels have grown dramatically, more than doubling in five
years. The structural reinforced plastics represent between 40 and 60
per cent of the total market, with major applications in the United
States being:

Use of reinforced plastic
{s)

Alrcraft/aerospace 1l
Marine 17
Construction 14
Electrical tubes 9
Corrosion resistance applications 18

(tanks, pipes etc.)

Transportation 21
Appliances 5
Consumer goods 6
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In Japan there are major use-pattern differences, with more usage in
housing and marine, with low usage in transportation and consumer goods.

Europe follows the pattern of the United States more closely.

The striking feature of recent years has been the dramatic growth of
usages in Western Asia (from 2,000 to 17,000 tons in the five years to
1981) wmainly for water and sewage (i.e. corrosion resistance). The

utilization in the other developing markets has also grown (doubling in

Africa), but at a much lower rate, more reminiscent of Japan than Western
Asia. This lower growth and absolute utilization has been attributed to
the fact that these countries do not have the same materials supply

problems a3 the jndustrialized countries, so that substitution has not

yet been necessary.

Glass fibre-reinfofced plastics are also employed in advanced
structures, such as heliccpter bladele/ because of their 1light weight
and excellent resistance to impact. Commercial aircraft, automobiles and
boats represent important markets where the materials are used under
high-stress conditions and where structural resistance optimization is
possible by the composite technology approach. The petroleum industry
also represents a drowing market for glass fibre-reinforced plastics
(GRP), mainly due to the increased corrosion resistance {reduced
maintenance) and weight savingszﬁ/. The growth rates of reinforced
plastics, both glass fibre-reinforced and advanced, are far in excess of
those for conventional structural materialss steel, aluminium, zinc.
However, composites still represent only less than one per cent of the
total plastics conazumption which themselves utilize only about ten per
cent of the total petroleum consumed. Furthermore, advanced polymer

matrix composites represent only 0.1 per cent of the conventional glass

fibre-reinforced composites.
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C. History of composites and reasons for expanded utilization in

developing countries

Fibre-reinforced composite materials, in the broadest sense of the
defintion, have been manufactured and utilized in the presently
designated industrialized and developing countries for thousands of
years. In ancient Eqypt, chopped straw was added to bricks to prevent
them from cracking upon drying. This principle was also used until quite
recent times in Western Burope. Similarly, the Incas and Mayas put plant
fibres into their clay for pottery manufacture. In these two examples,
the fibres act less as a reinforcement of the final product than as a
reinforcement of the drying clay. Nevertheless, the composite materials®

principles discussed earlier apply to modern, hicli-technology composites.

In the case of inorganic matrices, the objective of adding fibres is
rather one of increasing their resistance to cracking than a strictly
strengthening mechanism (this is a secondary effect). Ordinary cement,
concrete, or even pre-stressed concrete will invariably crack upon
drying, the cracks opening up as a function of time, exposure, stress
etc. If a small proportion of steel, asbestos or other natural fibres is
added, crack initiation frequency is reduced and their propagation
suppressed or modified to such an extent that no large, catastrophic

cracks result, and the structure may support reasonable tensile stresses.

Some of the most impressive uses of the above reinforcing principle
were in ancient Greece where the marble gateway to the Acropolis, the
Propylaea, was reinforced by six-foot-long iron rods concealed within the
spans, thus enabling spans of up to 20 feet to be made, whereas around

_eight feet was a limit with unveinforced marble.

The road to present-day reinforced concrete passed through many
phases until in the mid 1800s it was discovered that Portland cement d4id
not corrode iron bars. Previously all attempts to copy the Greeks had
been doomed to failure due to rusting of the reinforced bars in the
climates of the industrialized countries.




The principle of using fibres of high stiffnrss and high strength,
either alone or in bundles in order to reinfurce weaker matrices by the
stress transfer mechanism rather than that of crack-stopping, has also
been practiced since ancient times. In many cases the fibres served the
purpose of providing a base or foundation for the matrix, which would
have been otherwise useless for the required purpose. In contrast to the
previous category which involved ductilizing of brittle matrices with
small amounts of fibres, here large proportions of fibres are required
which necessitate adéding the matrix to the fibres or providing {he fibres
in a form such that fracture of one does not lead to immediate fracture
of the structure. Common examples are paper, paper mache, hemp ropes,

coir-coconut fibre rope, laminated wood structures.

In past ages, coir was used in the Arabian Gulf and along the ccast
of the Indian Ocean to bind wood together in ships that sailed to Afrira
and Asia. A recent project of the Sultan of oman25/ reproduced such a
ship, which demonstrated the already advanced usage of common, natural

fibres to construct structures that resist high stresses.

Thus, experience in the use of fibres and confidence in the
resulting structures is part of the heritage of many developing
countries, and the introduction of more advanced materials and advanced
technology to produce composite materials would not seem out of Llace.
There is a need for solutions to critical problems in the sectors of
energy, housing, transport, environment, water etc. The advanced
technology developed for composites can be used to optimize structures in
the developing countries and help build up an industry that can satisfy
both local needs and even offer export possibilities.




CHAPTER 1I, POTENTIAL MANUFACTURE AND APPLICATIONS IN

DEVBLOPING COUNTRIES

The basic needs of all economies remain food, housing, energy,
health and sanitation to be attained and maintained by efforts (labour,
investment, operation cost etc.) that are realistic within the context of
each nation. Materials-development, in general, and composites, in
particular, can, and already do, play a role in improving conditions with
respect to the above. In some cases, the impact will be more direct and
important than in others, and these will be the theme of the examples
presented herein. For developing countries, the need will be to choose
labour-intensive technologies and fabrication techniques of composite
manufacture. The examples chosen to illustrate the potential of
composite material manufacture in developing countries are presented in

the following pages.

A, Advanced composite materials in energy production or enerqy

storageﬁ/

Advanced polymeric matrix composites containing S-glass, carbon,
aramid fibres or mixtures of these (hybrids) represent the highest
specific strengths (per unit weight) and stiffnesses of all materials.
They have been under development for 15 years or more and are now quite
widely utilized “+ aerospace, military and commercial aircraft, and
sporta goods. A wide variety of materials and structures are produced in
the industrialized countries. The sector has Leen the subject of
innumerable research and development projects, both of military and
commercial applications, and the level of efforts is illustrated by the
large number of technical publications and specialist conferences (see

the references at the end of this paper).
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1. Materials and the technology

A composite (epoxy plus €0 per cent volume of carbor fibres) is, at
equal weight, five times stiffer and more resistant than a low alloy
steel. Taken at face value, this statement 1is exciting and opens up
views of wunlimiced applications. However, the fact that this has not

transpired is due to:

. The increased properties are only along the axis of the fibres,
so that laminates or woven structures have to be used in real
applications, thus reducing the gains, at equivalent weight, to

around two.

. The epoxy matrix is 1limited in operating temperature and both

epoxy and other thermosetting resins are sensitive to U.V..

. The design of composite structures for stiffness is well
established but not yet for strength since there can be rather
wide variations and defects in the structure whose effect is not
yet understood. Thus, heavy security factors are often placed

on composites in high-stress, critical applications.

. The long-term reliability and life-time is not fully understood
or predictable.

. The cost of materials, manufacture and contiol is very high so
that only applications where the added value is high--large
weight-savings are to be gained or complex machining can be

avoided--can be satisfied by advanced composites.

2. Stage of development : windmill blades2?/

An example of an advanced composite structure used in energy
generation will Jerve the purpose of evaluating the potential of advanced

composite production and utilization in developing countries. A windmill

Jl
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blade contsins wmany of the features where composites are at an advantage
without actually entering into areas of advanced technology, such as in
acrospace whose immediate introduction in developing countries is
doubtful.

Advanced composite blades and even glass fibre or hybrid reinforced

ones are interesting for the following reasonss

. Light weight blades can be made which allow the blade to rotate
under low wind velocity (2-3m/s), thus increasing its efficiency.

- Large blades can be made which result in large energy gains.

. The blades have high fatigue-resistance, thereby withstanding

vibration and strong winds.

. The corrosion-resistance of the blades makes them applicable in
coastal, high-humidity regions, resulting in 1low maintenance

requirements.
Several projects are underway in Denmark, the Netherlands and the United

States of America where the largest blade is 25 m in iength. As yet,

however, no industrial application is known.

3. Potential application in developing countries

a. Raw material supply

The highly stressed nature of the application implies the use of
high quality components:s epoxy resin matrix and glass or glass/carbon
hybrid laminates or woven cloth. Prepregs are a perfect rawv material.
Until a 1local glass fibre production can be installed, all the raw
materials must be imported.

oA
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b. Design

The design procedures are under study in industrialized countries
and can be readily transferred. The outer skin of the blade is made from
a compo3ite with an inner core of foamed plastic or honeycomb.

C. Manufacture

Manufacture is by hand lay-up or oriented laminate or woven cloth
prepregs in a mould. The honeycomb or machined foam is added, the top
skin is lajid-up ir the same manner and the whole structure is cured and
consolidated either in an autoclave or by pressure or vacuum-bag
moulding. In the former case, investment 1is required in a very large
autoclave. The latter technique does not require large investment but
the product quality may be lower (but nevertheless sufficient for some
smaller blade applications). Smaller windmill biades, for small
individual dwelling units, for example, have been made by pultrusion and
prove to be highly performing and cost-effective.

d. Manpower requirements

The requirements are of the rather skilled to semi-skilled variety
for the lay-up. Developments are underway to filament wind structures
such as windmill (and helicopter) blades, thus decreasing the need for
skililed labour while increasing productivity and structural reliablity.

e. Energy and infrastructure requirements

Most composite (and plastic) manufacturing technologies are
low-energy consuming and do not require large factories to be
profitable. The structures are 1light, so that no heavy handling
equipment is required.

f. Quality control

In highly stressed components, such as windmill blades, the quality
is all important. In industrialized countries it poses a problem both

from the point of view of cost and assurance. In developing countries,
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advanced composite manufacture will have to depend on imported equipment,
know—-how and personnel, which will make production costs extremely high.

g. Plexibility of technology

BEquipment investment and manpower training for windmill blade
manufacture could be equally applied to aircraft wing structures,
helicopter blades and airship co-ponentsgg/, all of which (with the
possible exception of the latter) are not, however, of immediate interest
for developing countries and which require even stricter quality control
than windmill blades.

h. Utilization

A cost-effective source of energy would be of great interest for
housing needs, irrigation etc. in developing countries with no indigenous
fuel sources except a steady wind. In the United States, application in
Hawaii is far along the evaluation stage while Nigeria is also benefiting

from some relearch.Zl

Use of carbon fibre composites in corrosion-resistant applications
will not be great until the fibre price drops well below the US$20/kg
mark. Introduction as hybrids with glass 1is, however, an interesting

approach to producing large, stiff structures such as tanks.

4. Conditions for implantation

It 1is felt that, if the investment in equipment can be made, labour
can be trained to a sufficient level of skill to allow windmill blades to
be manufactured. The problem, however, lies in the fact that the blade
is only part of a wind-power generating plant and blade manufacture
on-site will probably only have a very small influence on the cost of the
whole plant or on the cost of electricity production. Estimates for
construction cost are UB§2-4/kxW, and for power generation US$0.2-1/kW.
These must be compared with current electricity charges of around
0880.07/kWh. Wind-power generation plants must, howeve:, at least be of
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interest for countries with little indigenous energy sources, especially

for isolated villages in mountains or islands.

The first condition for implantation of widespread composite blade
wind-power in a developing country must be that the whole plant, not only
the composite blade, be manufactured locally from imported parts and
materials eventually. The second condition is that the plant be as
maintenance-free as possible, and this can be ensured by high-quality
mechanical and electrical equipment (igether with composite housings
which could certainly be manufactured by techniques akin to those used in
the blade manufacture. Purthermore, the technology could be used to
produce composites for other sectors of industry and public consumption
(buildings).

In order to install a profitable and worthwhile wind-generation
plant, at least 20 plants pex Yyear should be envisaged, which means
around 40 composite blades. With a blade production cycle (including
mould preparation, lay-up, curing, final inspection) of around ten days,
this represents work for a team of about 20 semi-skilled and four skilled
staff on two wmoulding and one cuaring station (to limit investment).
Further manual labour would be required for handling. Management and
quality control would require high (imported) expertise and cost.

5. Limitations on implantation

The limitations on the implantation of the fabrication of windmill
blades (or other advanced composite structures for that matter) ares

. in most instances, the advanced composite is part of a larger
structure or equipment that is chosen in order to make the vwhole
system more efficient (economically or technically). Examples
are aerospace and automobiles. Thus, in order for composites to
be effectively introduced, there must be a need for the whole
structure or system and justification for its adoption and local
sanufacture. Thus, the composite does not entirely stand or

fall on its own merits but is part of a larger decision.
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advanced composite uses in individual, consumer-type articles
are limited to luxury, leisure activities such as skiing,
tennis, golf and fishing that are not needed in grea: numbers in

developing countries.

reinforcement by advanced fibres must really be extremely
worthwile in order to overcome the price differential with
ordinary E-glass (US$40/kg for carbon compared with around
US$1/kg for glass).

product control is a very important part of the manufact :.ring
cycle and, since the composites are used in increasingly severe
conditions, the controls increase in number, severity and

complexity. Highly skilled personnel then become necessary.
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B. Glass—fibre-reinforced plastics (GRP) in construction

Background

0f those established markets in industrialized countries, the most
promising and exciting for developing countries is in construction where
profit could be taken from the experience gained in the optimization of
composites for load-bearing applications in order to design and construct
cost-effective structures. The 1list of potential applications in the
building industry that is reproduced in ¢table 9 is taken from a
background paper published by on1p0.3%Y The present analysis arrives at
very much the same conclusions so it is worthwhile to present the results

of that previous evaluation.

1. Material and technoloqy

The basic material in question is glass fibre-reinforced polyester
made by contact msoulding--either hand or spray lay-up--into panels.
Depending on the utilization and operating conditions of stress and
environment, the structure will be anywhere from 2 to 10 mm thick and
consists of several laminate layers, as illustrated in figure 9.
Sandwich panels may also be produced to provide higher stiffness (see
figure 10). The structures produced by this technique may be botl large
and small for boat hulls, vehicle bodies, building panels and cladding,

ducts and tanks or small dimension mouldings.

A single mould (made of GRP, wood, plaster of Paris or metal) is
used so that a moulding with only one smooth surface is produced. The
mould surface is coated with a silicon-free wax and a mould-release
agent, such as polyvinyl alcohol 4is applied before each wmoulding
operation. Between 500 and 1,000 releases can be obtained with careful
treatment of the mould. Details on the technology are presented widely
in the literature, reference 31 providing an excellent introduction.
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Fiqure 9.

Typical laminate construction
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Typical sandwich construction
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As seen in chapter I, table 6, the properties of GRP made by the
contact moulding technique are not the highest but, for large structures,
they compare very favourably with other techniques and thicknesses can be
very readily increased to give the required stiffness and strength.

Once the technology has been mastered for one type of structure,
e.g. building panels, there is no problem to applying it to others by
only changing the mould. The structure is cured either in an oven for
small parts or with infrared for larger structures. The use of GRP in
construction may be completed by the fabrication of the framework by
pultrusion of GRP rods, tubes or profiles. Even advanced composites
could be used in the framework or as structural panels in order to

provide increased stiffness.

2. Stage of develop-entQZ/

The uses of reinforced plastics in the construction industry are
fairly general to all industries. Cladding panels, ceilings, roofing,
domes and sanitary ware are common applications. There is hesitancy,
however, to use these materials in load-bearing situations, indicating a
degree of ignorance on the part of the builders and designers. The
construction industry is still heavily restrained by official legislation
and standards for materials in building. In the countrie; that have
shaken free from these restrictions, the industry has shown healthy
advances. The problem does not appear to be insoluble but the main
stumbling block is still the fire hazard. Test conditions are crifical
in assessing materials for building construction and as yet no test seems
to be satisfactory, short of building the project and burning it down.

Flame-spread and smoke-emission tests are useful but not adequate.

Although many developing countries have a great demand for low-cost
housing, very little was done to alleviate this pressing need. It may be
noted here that work in the United States on low-cost plastic housing
using jute-reinforced polyesters has gone past the experimental stage and
100 prefabricated houses can be turned out a day. Roofing 1is an
extremely Iinceresting application for GRP, as in the Argenteuil (Paris)

market, the Agadir market and many covered sports stadiums.
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Concrete form work still accounts for a large proportion of
consumption in this field. No legislation on fire risk is operable here
and reinforced plastic forms for precast or on-site casting of concrete
have many advantages over wood or steel. With reinforced plastics it is
possibie to obtain coamplex shapes which are unattainable economically
with other materials. A reinforced-plastics former may average 150
castings, whereas complex wood forms average between 30 and 40 and steel
is about 25 per cent more costly. Other benefits of reinforced plastic
forms are that they are easy to detach from the concrete and maintain

their shapes, give a2 smooth finish, are strong and light and do not dent

or rust.

3. Potential application in developing countries

Raw  material supply. The raw materials are polyester and mainly

chopped strand mat. The latter ig a material that could very well be
produced in some developing countries. Since the fibres are short,
however, there is high potential for using natural fibhres, such as jute
(this will be treated in a later section), while s8till using composite
material technology.

Design. Design is well-established for building panels, but there
is certainly room for specific designers to satifsy specific 1local
conditions. For example, building panels that incorporate (foamed)
insulation against heat and cold, panels incorporating some form of heat

storage for cold countries etc.

Manufacture. The contact moulding process is quite straightforward
and should be readily introduced in developing countries. Attention
should be paid to provide adequate ventilation since herslth may be
affected by over-exposure to resin vapour. The pultrusion technique
requires rather sophisticated equipment (manufactured in industrialized
countries) together with the associated technology. However, since one
considers this as an addition to the basic moulding manufacture, the

experience gained should be invaluable in any extension ¢to more complex

technologies.
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Energy/manpower. The energy cost involved in the contact moulding

process is negligible compared to the materials cost and the cost of
mADpOWer. Thus, the process and the resulting products are well-suited
for implantation in developing countries. Manpower requirements will be
in the semi-skil)led category-.- The pultrusion technique requires more
sophisticated knowledge of the equipment itself and the product. Skilled
labour is required, but attypical production rates of one metre per
minute, the labour costs will be minimal in such an operation. The
burden will be capital cost of the equipment and its maintenance.

Installation. Assembly of the panels will be by mechanical means,
8o no special skills are required. The eventual pultruded GRP frame may
require special fixtures, which have been developed for 1loaded
structures.33/ 1In other cases bolting may be applied.

Utilization. The panels should be maintainance free, but must be
protected against heavy impacts or high stresses over a long period.
Exposure to some 1industrial, acid-containing environments may lead to
degradation, which can be a problem in load-bearing applications. PFire
remains a hazard for any structural application of GRP (for obvious
reasons) and for cladding and ceilings because of flame-spreading and
smoke-emission. Chemicals may, however, be added to the polymer matrix

to act as fire retardants.

Tooling costs and factory space. The costs of a hand lay-up
facility are in the order of US$50,000 to US$80,000 for a produption
capacity in the order of Us$300,000 to US$500,000 square meters of

product. Corresponding factory space 1is in the order of 2,000 square
metres. To the above must be added the rnould costs, which need not be
excessive for initially non-load-bearing building panels.

4. Conditions for implantation

The conditions that must be fulfilled in order to consider
implantation of an industry to produce building panels are as follows:
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. There must be a large and well-established need for buildings--
housing, commercial, school and industrial--to be supplied by a
component or modular approach. This approach allows rapid
construction and its success depends on the availability of
factory-made components in a limited range of dimensions. GRP

corresponds to this demand.

- The predominance of manuval labour demands light-weight building

components, again an advantage for GRP.

i Satisfaction of a large housing demand by prefabricated
components can only really be met by local production.

. The country’s climatic conditions must lend themselves to the
component, panel approach. In the residential sector in the
United States, for example, about 50 per cent of houses are
built by the component approach on a 1light wooden frame. The
panels are also predominantly wooden. In developing countries,
the panels could be of GRP and the framework of wood or even
pultruded GRP sectionu.

. National legislation is necessary on product quality and its
utilization from structural, load-bearing and fire-retardant

points of view.

5. Limitations to introduction of GRP building products

The number of limitations is that the matrix is polyester, and based
on the petrochemical industry. If the market is sufficient, however,
polyester can be imported in bulk form at perhaps competitive prices to

alternative building materials, e.g. wood, brick, concrete etc.

The replacement of petrochemical-based by biomass-based resins is
not for the immediate future (for economic, z=ot technical reasons), but
the (probably) imported glass £’° ¢ could be replaced by natural fibres
if this proves to be a problem.
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Quality of the product must be ensured and this might require the
presence of more (imported) skilled labour at the outset than might be
deemed desirable. The further disadvantages 1listed in table 9 are not
unique to developing countries and can be overcome with the necessary

product quality and design/construction practices.

6. Conclusion

The production of building components, principally panels, could be
a very interesting industry in developing countries, and its introduction
could be followed by the flourishing of a GRP industry in the following
manners

. GRP building panels made by the contact moulding process;

. Production of other housing-related products by the contact

moulding process, e.g. ducts and tanks)
. Production of pultruded GRP rods or bars that could be used as

the building framework, where wood is scarce or too expensive.

The contact 1 1ilding process can be further employed to
cost-effectively produces
. Forms for concrete casting of larger, industrial buildings;

* A variety of consumer products, e.g. furniture.

c. Asbestns-cement (AC) pipes

1. Pipeline demand and suppiy

Closely 1linked to the growth of product transport in general,
transportation by pipeline will in the future increase in importance on a
world-wide scale. Specifically, in certain Western Asian and developing
countries which are currently accelerating industrialization programmes,
as well as expanding housing water supply and irrigation systems, there
will be a growing need for transportation of larger and larger quantities
of water, natural gas, sewage, and eventually solids in the form of

slurries (e.g. mineral ores).
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This growing demand for pipe materials will have to be satisfied in
the immediate future by the materials shown in figure 11. However, the
conventional materials exhibit problems and drawbacks in developing
countries from the technical, supply, transport and economic points of
view, such that new solutions are required, especially in the
large~diameter, medium-pressure sector which includes long-distance water
transport and irrigation. Composite design and fabricaticn technologies
already provide an answer to some of the problems in the form of
asbestos-cement and glass fibre-reinforced plastics (GRP), and have
further allowed a new solution to be developed in the form of a

steel-plastic composite pipe.

Figure 12 illustrates schematically the approximate ranges of
application of various pipe materials as a function of diameter aund
operating pressure. In the range from 10 to around 30 bars pressure and
in diameter above about 12 inches, there is a definite gap which requires
filling either by upgraded GRP pipes (possible by improved composite
technology as discussed in the relevant chapter) or by the pipe material
(issue of a new composite technology: steel-plastic).

Figure 13 presents a comparison of pipe prices in Saudi Arzpia for
1978 but shows that for six bars operating pressure, ductile iron 1is the
cheapest but is almost invariably imported into developing countries.
Asbestos-cement and glass-reinforced plastic are seen to be highly
competitive because they are fabricated in the country itself. Imported
pipes would be anywhere from 20 to 50 per cent more expensive due to

transport and import duty.

Of =211 the fabricating processes for pipes of wide potential
utilization, the composite approach for asbestos-cement (AC), glass
fibre-reinferced plastics (GRP}! and steel-plastic are the most
interesting ones for developing countries because ofs

. Relatively low capital investment;

* A small-scale operation is possiblej

. Local labour, supervised in some cases by 8skilled foremen, can

be used)

. The technologies are well-developed;

. Design bases exist that can be adapted to developing country

needs both for fabrication and installation.
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2. Material description

a. Basic materials

Asbestos—cement (AC) pipes——an already traditional pipe material in
many countries—-represent a real cowmposite material, where the asbestos
fibres are the reinforcing material and the cement 1is the matrix (about
85 per cent weight). The asbestos fibres are by virtue of the
fabrication process mainly aligned in the circumferential pipe direction
but also partially along the pipe axis. Despite this anisotropy in the
orientation of the asbestos fibres, the mechanical properties are
relatively homogeneous in the circumferential and axial directions (not
in the radial direction, however), so that in view of pipe applications

asbestos cement can be regarded as a quasi-isotropic material.

Asbestos-cement pipes are composed of:

. Asbestos fibres, mainly of two types: chrysotile and crocidolite
asbestos. Chemically speaking they are  hydrated metal
silicates. These fibres are very thin, with diameters 1less than
0.03 um, their 1lengths are in the order of 3-70 mm. They have
exceptional high strengths up to S GPa and a modulus of about
180 GPa.

. Cement, mainly of the Portland variety.

. Water, vwhich is consumed ‘n the cement hardening process.

b. Properties

Some typical relevant properties of AC pipes are presented in table
10, whiéh shows that their strength is not very high despite the fact
that the reinforcing asbestos fibres are very strong. This is due to the
multiple orientation of the fibres, their short length and low volume

percentage. However, as far as short (fibre composites are concerned,

they represent the most wide-spread example.
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Table 10.

Some typical properties of asbestos-cement pipes

Mechanical properties

z-modulus (circumferential) 33 GPa
crushing strength 50-73 ¥Pa
coxpressive strength (axial) 40-59 ¥ca
tensile strength (circumferential) 25-30 MEa
Poisson's ratio 0.17 - 0.2

impact strength

0.136 mkp/cm>

Other properties

density ~ 1.9 q/cu3

porosity up to 23%

water absorption up to 12 - 18 weight %
thermal expansion cosfficient (radial) 1.67 - 10:: :x:i

(axial) 1.25 - 10 K
heat conductivity 0.58 - 0.35 kcal/m.h.oc
long time temperature resistance < 300°%

As with other materials which harden by chemical reactions, and in
particular with cements, there is an increase of up to 15 per cent in
some of the mechanical properties over an initial period of one to two
years due to post-hardening processes. AC pipes are rather resistant
against the abrasion by sand/weter mixtures, such as found in sevage
lines. It has been shown that the abrasion-resistance is mostly due to
the asbestos fibres.

The corrosion resistance of AC pipes is very high in neutral or
slightly alkaline conditions, which is generally the case for drinking
water ard domestic sewage. In acid conditions (pH below 6), the pipes
may be affected, especially in industrial sewvage or in sewage systems
with low flos rates. In stagnant sewage, sulphate producing bacteria

lead to degradation of the cement and either special cements have to be

employed, the pipes coated or other materials used, such as GRP,
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c. Health hazards in connection with the fabrication and use of AC pipes

It is recognized that asbestos fibres present a health hazard when
inhaled in significant amounts into the lungs over prolonged periods of
time. This imposes the corresponding restrictions on the fabrication of
the AC pipes, especially concerning the preparation of the materials
mixture.

Concerning the possibilities of introducing asbestos fibres into
drinking water by the use of AC pipes, it has been stated variously that
the probability of risk to health is small, approaching zero. However,
additional evidence on this subject is still desirable in order to arrive
at a studied, reasonable conclusion. On the other hand results exist
showing that the asbestos content of water in AC pipes is no higher than
background asbestos content of water extracted from the rocky terrain.
On the other hand certain countries, Scandinavia especially, are banning

all use of AC pipes for water transport.

d. Pabrication!ﬁ/

AC pressure pipes are generally produced by two different methods:
the Mazza and the Magnam procedures. The most widely employed technique
is the Mazza procedure that uses a continuous winding process. The
mixture of asbestos fibres, cement and water is applied as a thin film to
an endless belt which carries the film to a rotating steel mandrel. The
mandrel picks up the film and each lamination 1is consolidated under

pressure up to the final wall thickness.

Some hours after the winding of the pipe the mandrel is removed and
the pipes are either hardened in water (about a week) or with steam
(about 24 hours). The final hardening of the AC pipes takes up to six
weeks. Only then is final testing of the pipes carried out--30 seconds

at twice the international service pressure—-and delivery can follow.
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3. Stage of development

AC pipes are already made in many developing countries, representing
a very cost-effective answer to pipeline transport of mainly water
(drinking and irrigation), drainage and sewage. The technology is
well-established and readily transferable.

AC pipes are normally made in lengths of up to 5 m, with diameters
between 50 and 1,800 mm. Maximum diameters are up to 2,500 mm. The
smaller pipes are produced in shorter lengths because of thin wall
flexural problems. It is a rather light pipe. For example, an AC pipe,
one meter long with 400 mm internal diameter and for a service pressure
range of 10 bars weighs about 90 kg, whereas a corresponding cast iron

pipe weighs about 158 kgq.

AC pipes are standardized for pressures of 2.5 to 16 bars. The
upper pressure limit is in general about 10 bars. The pressure limits of
AC pipes are given by their properties and are not, it seems, dictated by
the efficiency of the joints. The matching of different pressure ranges
is made in the case of the AC pipes, as with most other pipe materials,
by increasing the wall thickness.

4. Potential application in developing countries

a. Raw material supply

The use of asbestos-cement products (building, pipes etc) represents
around 30 million tons world-wide. Its qualities of durability and
non-combustibility linked to low cost make it a very attractive
structural material. The health hazard is mainly associated with
asbestos handlingy proper care in fabrication and utilization of
asbestos-cement products is effective in removing risks. Several western
countries have already banned the use of asbestos cement, but it will
certainly continue to be used in many other industrialized and developing
countries until a material that is reliable and equivalent in price is

found.
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b. Design

AC pipe design 1is well-established by national and international
codes that are readily applicable in deve':-ping countries. Typical pipe
classes established by Saudi Arabian Standards SAS 5/1396 H (1976) are
given below in table 11.

Table 11. -

Pipe classification according to the internal pressure
tightness test, providing that the working pressures do not exceed
the values indicated

Internal hydraulic tightness Maximum working
test pressure pressure

Class 2 2

YDa kgf/mm _ MPa kgf/mm
Class 6 0.6 0.06 0.3 0.03
Class 12 1.2 0.12 0.6 0-.06
Class 18 1.8 0.18 0.9 0.09
Class 24 2.4 0.24 1.2 ©0.12
Class 30 3 0.30 1.5 0.15
Class 40 4 0.40 2 0.20
Class 50 ) 0.50 2.5 0.25

c. Manpower equipment

The fabrication technique is so well-developed that equipment is
normally fully automated, thus requiring few skilled workers for actual .
produection. Skilled workers would be required for management, equipment
maintenance and product quality control representing a total of around

five.

The advantage of entering the AC-pipe-production sector is that
other products, such as for building can also be made with different

equipment, but with essentially the same basic technology and manpower.
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d. Utilization

Pipe utilization and installation are straightforward and represent
no major problems. For long-distance-pipeline transmission, the pipes
are normally buried and joined by mechanical couplings, typical ones
being Reka which are also made of AC and produced by the same process,
and incorporate rubber sealing rings to ensure easy alignment and
leak-proof performance. Their installation is predominantly
labour-intensive with skilled manpower required for supervision and
testing.

5. Conditions for implantation

The conditions that must be fulfilled in order to consider
implantation of an industry to produce AC pipes are as follows:

. There must be a well-established need for water, irrigation and
sewage piping so as to justify investment.

. There should, if possible, be local construction companies
capable to install the pipes with little investment.

. National legislation on product quality and utilization is not a
prérequisite for introduction since initially standards of other

countries may be followed.

. Strict care will have to be guaranteed during fabrication,

handling and installation to remove any health hazards.
. Locally available raw materials, i.e. cement production and
asbestos, would lead to a more rapid introduction, but are not

indispensable if they can be cost-effectively imported.

. Transport capabilities (trucks, road infrastructure) for pipes

which are rather heavy and sensitive to damage.




- 62-

6. Advantages and limitations

The well-documented

advantages of AC

pipes

disadvantages are listed below in table 12.

Table 12.

and

their main

Advantages and main ¢isadvantages of AC pipes

Advantages

Main disadvantages and their consequences

1. Reasonably cheap

2. Simple joining

3. Good corrosion
resistance under
normal circumstances
with euiphate-resisting
cement

4. Large experience in
Western Asia and
elsewhere

5. Smooth bore

1. Relatively low a.
strength

b.

c.

2. Quite brittle a.

b.

3. Mechanical joining a.

4. Short pipe lengths a.
- production
technique for
large dlameter

* bending design for
small diameter

5. Eventual health a.
hazards
* pipe itself
- manufacture
- on-site cutting

Pressure
limitation

Thick wall pipe ‘

Heavy pipes for
pressure
applications

Careful handling
Exfoliation at
cut ends

Limits pressure

Rather slow
laying on
cross-country
lines

Difficult to
assess
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The fabrication techniques of asbestos cement products can, with
limited and inexpensive equipment modification, be applied to glass
fibre-reinforced cement (GRC) products (pipes, sheets etc). Such a drive
to replace asbestos 1s taking place because of the health question, but
no commercial breakthrough has yet taken place mainly because of cost
and, as far as glass fibres are concerned, long-term stability problems

in the akaline cement.

A great deal of money and R and D effort has gone into finding
replacements for asbestos using AC fabrication techniques. However,
properties of alternatives such as cellulose-reinforced cement,
polypropylene-reinforced cement and glass-reinforced cement are generally
inferior to those of asbestos cement, except when made by a different
technique such as spray lay-up for GRC.§§L§§/ A recent development
utilizing an acrylic fibre appears to have promise,gZ/ but is not yet an
industrial proposition. Such alternative composite materials for
structural purposes have penetrated the developing countries, as
exemplified by Jjoint ventures by a leading European glass fibre producer

in Western Asia.

7. Conclusion

Asbestos cement pipe and building material production can be
introduced in developing countries without excessive tech: ical or skilled
manpower problems. Raw materials supply may be 1local or bulk-imported.
Pabrication 1in the country reduces expensive transport costs and import
duties.

The health hazards may be removed by appropriate care in fabrication
and utilization. Replacement of asbestos 1is not foreseen on a large
scale, although composite material design principles may be applied,
because of cost and reliability questions. Replacement is taking place,
and will continue, by other completely new products such as

glass-fibre-reinforced plastic, already established in many pipe sectors.
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D. Large diameter fibre-reinforced plastic pipes (GRP pipes)

Background

Glass-fibre-reinforced plastic pipes (GRP) are composed of resin and
fibreglass reinforcements. The resins used are nearly all of the
thermosetting type, the most important for GRP pipes being the polyesters
and epoxies. Among these, many resin systems are avajilable that provide

a wide range of chemical resistance and mechanical properties.gg/

The most critical factor in the design of CRP pipes is the resin
since, although any loads on the pipe will be supported by the glass
fibres, the resin must distribute the 1loads to the fibres and various
laminae. For this reason it is very important that the resin be flexible
enough to avoid prenatuie micro-cracking under load. At the same time it

must also provide corrosion protection for the fibres.

The strength properties of GRP pipes are, of course, related to the
choice and arrangement of the glass fibres. The glass fibre
reinforcement (normally E-glass) for GRP pipes can be used, dJepending on
the pipe design and the manufacturing technique, in different formss

. Continuous rovings. These consist of a multiplicity of parallel

(without twist) glass fibre strands. In filament winding they
are impregnated with the resin system and wound on a mandrelj

. Fabrics or tapes)

. Matss

. Chopped fibres.

Without continuous rovings and fabrics the strength properties obtained
are directed by the choice of winding geometry. With mats and chopped

fibres, isotropic properties are obtained.
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1. Materjals and technology

The Dbasic properties of glass fibre-reinforced plastics depend
strongly on the type of reinforcement (rovings, fabric, chopped mat etc.)
and its volume content in the structure. Typical properties for
different reinforcement geometries have been presented earlier in this
paper. The general properties offered by GRP pipes can be summarized as
followss

. High strength-to-weight ratio

. High resistance against internal and external attack

. Good durability

. Low thermal conductivity

* Medium range of temperature resistance

. Light weight coupled with easy handling and installation.

The properties (both strength and corrosion) of GRP pipes vary from
producer to producer and depend strongly upon the foreseen application.
This is understandable since GRP pipes are truly composite pipes, which
can be tailor-made to meet the specific requirements. Also,
standardization work on GRP has not yet piogressed sufficiently, though
in many countries appropriate standards have already appeared or are in

the drafting stage.

GRP pipes are made in diameters as small as S50 mm up to very large
{3,000 mm or more). They are made in various lengths, e.g. 6 meters, 12
meters or even in semi-continuous lengths. Working pressures of GRP
pipes vary with pipe diameter. The smaller the pipe diameter the higher
the design pressure, up to about 140 bars. The typical pressure range is
between 20 and 40 bars.

GRP pipes are designed witr ~r a1 security factors ranging
from 6 to 10.3Y These security ted either against the
short-time weeping s“rength or strength, depending on the
wall structure of the GRP pipe. GRP pipes with a high
glass-fibre content the design re. 18 the "weeping” strength. With

lov glass-fibre contents ( 40 fer cent) the design ~r~-. rence is the
burst strength. The pressure for proof testing is 1.5 tises that of the

design pressure.
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2. State of development

There exist different types of GRP pipes and, correspondingly, the
fabrication techniques alsc vary. The most important among them are

filament wirding and cencrifugal casting.ﬁg/

a. Fabrication

Filament winding. Filament-wound pipes are normally produced by

winding specifically oriented resin-impregnated glass fibre rovings on to
a mandrel. Figure 14 shows a schematic representation of basic
filament-winding machines. The most common fabrication techniques

involve:

. Biaxial winding. The rovings are applied in the hoop - 4
longitudinal directions. The longitudinal reinforcement can
also be provided by hoop-winding large fabric tapes with the
main reinforceument direction parallel to the pipe axis. The
longitudiral reinforcement can also be achieved by a pultrusion
equipment section, combined with the hoop-winding technique.
This concept has been proposed for continuously manufacturing
pressure pipes. The biaxial winding can also be adapted to

semi-continuous and fully continuous machines.

. Helical winding. This method is applied only on discontinuous
machines, which could be modified, conventional 1lathe-type
machines. Mandrels can be either solid or callapsible. The
hoop and longitudinal pipe strength are determined by the helix
angle. With this type of manufacture the joint prof. les may be
moulded integrally with the pipe.

The applicatic. of the resin can be carried out either by using
preimpregnated rovings or immediately prior to the winding of the rovings
on the mandrel (wet impregnation). For the manufacture of GRP pipes,
virtually only the latter technique is applied because it involves lower

cost, although the preimpregnated technique has some advantages, such as

closer control of the filament percentage and higher winding speeds.
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Figure 14.
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Continuous fabrication techniques. The biaxial filament winding

technique is well suited for continuous GRP pipe manufacture and has been
applied in semi-continuous machines, characterized by the fact that they
can produce much longer pipe sections than the discontinuous ones. To
this category belongs the Drostholm machine which cannot be regarded as a
truly continuous machine because the mandrel rotates, as 1illustrated in
figure 15.4 The mandrel is in this case a continuous steel band
supported in a cylindrical shape by discs which are interchangeable to
produce pipes of various diameters. As the discs rotate, friction pulls
the band around allowing it to move longitudinally. Production rates can
vary from 6 meters per hour for large diameters (approximately 3 m) up to

20 m per hour for the smaller diameters.

The basic machine principle is shown in fiqure 16, the manner of
material application producing a pipe structure illustrated in figure 17
for low pressure applications. For high-pressure pipe ( 10 bars), the

sand filler is no: present.

b. Joining

There exist different commercial 3joining techniques for GRP pipes
depending on the pressure range of application and the manufacturing
technique employed.iz/

C. Application

GRP pipes constitute one of the most versatile pipe material classes
since they cover both pressure and non-pressure pipe work over a wide
range of dJdiameters beginning at about 25 mm and going up to 4,800 mm with
current production equipnent.ﬁlLii/ Although of relatively recent
introduction on the market, GRP pipes already have proved themselves, in
competition with existing pipe materials, in several traditional markets,
such as water distribution, sewage and effluent disposal and chemical

process work. The required properties in these and other applications

which favour the use of GRP ares
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Figqure 16.
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The mandrel of a Drostholm machine
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. Corrosion resistance to external attack of aggressive soil
conditions.
. No contamination of the transported products: no tendency to
support the growth of yeasts, fungi or bacteria.
. Corrosion resistance to internal attack by aggressive products
being transported.
. Resistance to internal pressure. -
. Resistance to external loads such as backfill, wheeled traffic

etc. .

Concrete examples of application of GRP pipes are in the chemical
industry for brine 1lines, waste effluent lines, process piping,
condensate lines and pickling lines; in the petroleum inéustry for salt
water lines, condensate lines and waste treatment linesj in the pulp and
paper industry for wood-fibre slurries, waste liquor, paper stock,

chlorine solutions, dyes etc.

Figure 17.

Sketch of sewerage pipe and 0-6 bars pressure pipes

Corrusion-rasistant outer liner

C-glass tissue

Structural lamiriate

Chopped glassfibre roving

Sand filler Corrosion-resistant inner liner

Glassfibre filament winding

Cormrosion-resistant polyester resin matrix

Chopped glassfibre roving

Chopued glassfibre roving °

C-glass tissue
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3. Potential application in developing countries

a. Raw material supply

The glass fibres could eventually be fabricated in some developing
countries. The basic raw material, namely, silica is the main component
of sand, but sand composition varies widely throughout the world, thus
necessitating special developments to produce glass-quality sand. The
glass fibres made from sub-quality sand are not suitable for
reinforc:ment, producing only glass-wool (insulation product). Thus,

initially at least, glass fibres would have to be imported.

The resin used exclusively for the large diameter water and sewage
pipes is polyester, which again would have to be imported except in
countries possessing a petrochemical industry. If the xzarket exists,
importation of the above-mentioned materials in bulk should be much more
cost-effective than importing the ready-made pipes. The sand for low
pressure pipes can be 1local quality, suitably cleaned and treated to
provide a good finished product.

b. Design

Pipe material design according to composite material principles is
very well established so that pipes can be readily manufactured to meet
specific operating conditions. The American Society for Testing and
Materials (ASTM) has developed many standards and codes which can be used
for specifying, testing and installing GRP pipe, as seen from the list in
table 13. '

Buried GRP pipes are classed as flexible conduits and as such differ
fundamentally from rigid conduits, such as asbestos-cement or concrete.
They rely on a soil-pipe interaction to carry 1loads imposed by the
backfill.45/ Thus, installation technique is of almost as much
impo~tance to performance as the pipe properties, so control must be

strictly exercised.
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Table 13.

Glass fibre-reinforced plastic pipes
(United States Standards and Codes)

har Waterials
DI CSElL Tast for Cwmicnl Resistance of Theoso- and Tharmosst Fotable Water Supply
sstting Paxins used in Glass Piber Systams. -
Rainforosd Stxuctares. ASE Case Pibarglase Puinforced Theomosstting
AT DEX3  Tast for Tensile Properties of Plastics. 1792 Paain Pipe (Section III,
A DB Tast for Deflection Tepsratiwre of Division IMaclasr Powerx
Plastics Undex Load. lant Coaporamnts/Cases of ASE -
Boller and Preamme Vessal Code).
MBI D671 Tast for Plemwal Patigoe of Plastics by s Fs16-69 CQmtcon Contact - Molded Reinfarosd
Consta-Aapl i v:xis-of -Roaxros. - Folyester Chaxicm] - Baxistant
A D70 Test for Flaxwal Proparties of Plastics. Prooess Mpipment .
AT D234 st for Banails Propertias of Glass Piber APT Spme. SLK Ja'aforosd Tharsosstting Resin Line
Strands, Yarns, and Rovings Osed in P (ROP).
Reinforasd Flastice. AFL Spec. ure wi Use of Padnfarced Therwo-
»aA astting Resin Line Pipe.
Finighed Profects W1-P-2205 Mlitary Specificetion - Pips and Pipe
AT DESS Tast for Cagressiwe Propwties of Rigid A (Docks) Pittings, Glass Piber Reinforoed Plastic,
Plastics. B UBAF Painfioroed Plastic Nortar Pips W),
ASA D198 Tast for Tise-to-Pailre of Flastic Pipe CE4AG Irrigetion Pipsline - Reinforoad Plastic
wder Jnstant Intermal Presmwre. Mortax.
AFBI D159 Test for Shart Tise Rapture Strength R Glass Pider Meinfaroad Plastic Pips. '
of Plastic Pipe, Tubing, ad Pittings. USER C380 Reinfiorosd Plastic Nortar Presme Pipe.
ASTH D2105 Tast fix Longitudinal Tersile Properties
of Reinforosd Thermnestting Plastic Sumiasds ia the Frepmaticn ar Approwl Process
Pipe and Tobe. ) Standard for Glass Fidber Rednfaroed
AT IN4G Tast for Oyclic Pressxre Strwngth of Tharsosetting Rasin Pipe (JORP snd
Reinfarosd Thermosetting Plastic Pipe. me).
A D2290 Test for Apparwt Tensile Strength o™
of Ring or Nimlar Flastics by fplit Disc *»23.10-8-14 Standerd Recommendad Practics for
Method. Undergroad Installstion of Fladble
A8 D2310 Classification for Machine Made Nudnfoarced Thermoestting Rmmin Pips s
Rxinforosd Thermoastting Pesin Pipe. Jainforced Flastic Rxtar Pipe.
AFDI D412 Past for Bommal loading Properties of ~om
Plastic Pips by Ferullel Plate Losding. »D.10-1%-2 fSpecification for large Dissstsr
AN D517 Spacification for Mednfaroed Bpoxy Rezin rilsent Woord Reinforced Thermosstting
Gag Zremsure Pips and Pittings. Rasin Pipe.
A DX Test for Isdentation Exrdws of Plastice ™
by Meare of a Barcol Impresecr. »0.11-4-3 Specification far Mainforoed Plastic
MDA D2992 Tast fox Brzostatic Dexign asis for Mortiy Seex and Intustrial Pipe.
Neinfzond Thermopetting Rasin Pipe .
and Pitrings. »23.13-9-7 Test for Detmmining the Chamical
AFDI D2996  Bpecifioetion for Pilasent W Resistance Propartiss of Redinforosd
Painfcrosd Thasmosetting fasin Pips. Thecscestting Rasin Pipe in a Deflected
M D299] Specification for Cetxifuglly Cast Condition.
Suinforoad Thervosetting Rexin Pips. oD
AP D3262 Specificetion for Meinfcroad Plastic »D.14-144 Specifiostion for Reinforoed Plastic
Mortaxr Smax Pipe. ortar Pipe Pittings for Non-Pressme
ASDA D3517 Specificstion for Rednforosd Plastic spplicetions.
Mortar Preamme Pips. D
A D3567 Method for Detsxwining Dissnsicns of »23.14-15-5 Speciticstion for Ball and Soigot °
Reinforosd Bucwosstting Rexin Pipe Rainforced Tharsoestting Rasin Pipe
and Pittimgs. Joists Using Maxible Klastaseric Seals.
MY 5t4.15 Thecwoset Plastic Pipe, Pittings, Valwes, [
Tanks, Appertanances, Joining iatacials »2.16-2-8 Specifioation for Glass Pilze Reinforced -

Jolyester Msanholes.

Source: The American Seciety for Testing and Materials
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C. Manufacture

In the area of water and sewage and eventually slurry pipes
discussed here, the resin matrix will be polyester and fabrication either
by filament winding or centrifugal casting for both pressure and
non-pressure pipe. The centrifugal casting technique has the advantage
of being relatively simple, using fully automated equipment for resin,
fibre (and sand) feeding, but the equipment itself is rather expensive.
Filament winding can be done manually on suitable diameter mandrels or
automatically on discontinuous or semi-continuous equipment, the cost of

which is in the order of US$500,000 to 1 million.

For many of the initial applications in developing countries, the
working conditions will not be too severe so that hand lay-up pipes could
be employed. Subsequently, however, quality will have to be ensured by
automatic equipment such as the Drostholm machine. In fact, developing
countries which have had an activity in glass fibre-reinforced plastics
for some 10 or more years (India and Mexico, for example) rely heavily on
hand lay-up technology and utilizations 1lie 1in corrosion-related
activities (pipes, tanks etc.), transport (trucks) and construction.
However, countries such as the United Arab Emirates and Saudi Arabia,
which more recently have come on the composite scene, already utilize

filament winding (i.e. low manpower utilization) for pipe production.

4. Man er

Manpower requirements are quite high for hand lay-up pipes. For one
winding machine, approximately three skilled foremen and nine
semi-skilled workers are required for raw materials control, manufacture
and quality-control tasks, and around 10 labourers for handling etc. For
automatic equipment the skilled labour will have to be increased to
around five (to include the machine maintenance), while the total of

semi-skilled workers and labourers can be reduced to around 10.




- 74-

e. Enerqy infrastructure

As with most plastics-related fabrication, the energy requirements
are lcw and should represent no problem for most developing countries.
Equally, the plant lay-out is relatively simple and requires no special

facilities or precautions apart from careful work.

f. Applications

The actual use pattern of pipe materials depends on the 1local
environmental conditions and the pipe materials being offered (and their
price). All things being equal, glass fibre-reinforced plastics find
Their largest markets in applications where pipes are exposed to
corrosive environments: either externally such as in aggressive soil, or
internally from sewage and industrial effluent, chemical process piping.
They are also utilized in water transport and distribution where they
maintain the purity and allow no bacterial growth. Land reclamation
projects in Pakistan have also used GRP pipe.

In Western Asia, for example, in the smaller diameter range
(approximately 400 mm), they are not economically competitive with
thermoplastics except at higher pressures (16-25 bars) or high
temperature operation (industrial effluents, for example). Above this
diameter, they find competition with vitrified clay in sewage transport
until about 600-800 mm but stand virtually slone above this diameter at

the moment.

Apart from a chemical plant that is a large and a growing market for
high-quality filament wound pipes mainly with epoxy resin matrices (see
section F), the water and sewage area has seen many applications of
polyester resin pipe, and their use in gravity or low pressure water and
sever pipelines would seem to be so well proven in Europe and the United
States that their acceptance in new areas of the world should be no
problem, as already shown in Western Asiaﬁé/, as long ass

. The specific local environment is taken into consideration 1in

material choice and design.

Nl
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. Testing 1is carried out with pipes in conditions stimulating
those to be found in practice.

. Certain modifications in installation technigque may be possible
due to the local situation.

. The manufacturer is in more-or-less complete control of the

commissioning.

As far as pressure pipes are concerned, there is again a
considerable practical experience in Europe and the United States and
this can certainly be transferred to other countries with the above
provisions even further reinforced, especially as far as material testing

and evaluation is concerned.

An important step in the right direction was taken in 1975 with the
construction of a dual 1600-1700 mm, 29 km water pipeline in Iran using
GRP (Owens Corning). The choice was based mainly on the ability of the
GRP pipe tco withstand the corrosive soil conditions in the Persian Gulf
area. The line transports water as part of a pipeline-canal system from
the Karun River near Ahwaz in southwestern Iran to Bandar Shahpour, a
coastal city on the Persian Gulf. The water, which will be carried at 3
bars, is used for commercial, industrial and residential purposes. The
pipe runs directly through the Persian Gulf flood plain, which has an
extremely high salt content, but which has no effect on the GRP while

others would be corroded.

The biggest problem in extrapolating GRP to wide usage, for example,
in Western Asia, is that there are so many material variables involved
that standard products can only be offered after a certain amount of
local experience has been obtained. Increasingly, however, GRP pipes are
proving themselves indispensable in developing countries in certain 1land
reclamation projects, sewage schemes (200 km in 1977 in Western Asia

alone) and irrigation schemes in the Savanna Belt.

Special points to be looked at for GRP application in warm countries
concern the high temperatures: both ambient and of the products

transported. These are in part overcome by the use of appropriate resins

a. ' suitable design factors.,
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4. Conditions for implantation

The conditions for implantation of glass fibre reinforced plastic
pipe production capacity in a developing country are as follows:

. A well-established market must exist for water and sewage pipe;

. The raw material can be obtained 1locally or imported at
competitive pricesj

. Skilled or semi-skilled labour mus: be available;

. Initial know-hcw will have to be imported for hand lay-up on a
relatively simple filament winding equipments

. Investment will have to be available for more complex and

automated filament winding or centrifugal casting equipment;

. The pipe quality offered must be guaranteed to be high and
reproducibles

. Technical assistance must be offered on how best to install and

utilize the pipej

. A technical collaboration must be set up with a well-established
pipe producer, at least in the initial stages. A joint-venture
is also a valid manner in which to introduce this new technolojy

to developing countriess

* The ©pipe material must be cost-competitive from the final

installed cost point of view.

5. Limitations

Table 14 lists some of the major advantages and limitations of using

GRP pipes. With respect to developing countries, the most severe

disadvantages will be the cost and the fact that the material s
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relatively new compared to steel, vitreous clay or asbestos cement. They

should not, however, prove to be insurmountable except in very remote
countries where any local investment would be hampered by lack of

infrastructure or basic semi-skilled labour.

Table 14.
Glass fibre-reinforced plastic
Advantages Main disadvantages and their consequences
1. Excellent corrosion 1. Long-term behaviour a. High safety factors
resistance difficult to b. Pressures limited
predict c. "Higher than
necessary” costs
2, High strength-to- 2. Relatively Limitation on areas
weight ratio expensive of application
3. Light weight 3. Production steps Structure defects
not completely
controlled
4, Low thermal 4, Delicate laying a. Stricter
conductivity specification on
backfill and
handl!ing than on AC
b. Introduction
damage
5. Low flow 5. Wide variety of Choice of pipe
resistance producers difficult
6. Standards not Choice of pipe

yet harmonized

difficult
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6. Conclusions

Glass fibre-reinforced plastic pipe production for 1local consumption
is suitable for introduction into developing countries provided that the
economics are correct: including resin and glass fibre, fabrication,
transport and installation. The techniques of fabrication are
well-established and a variety of pipe diameters and pressure ratings can

be produced by simply changing the mandrel.

No excessive investment or requirement of many skilled workers is
involved. Profit may be drawn from many years of experience world-wide,
and improving designs and manufacturing technigues are becoming available

as fall-out from the high-technology, advanced composite material sector.

E. Steel-plastic composite pipes

Because of some of the problems, listed previously in table 10, and
the fact that a pipeline market sector between about 10 and 30 bars
pressure at diameters above 12 inches is relatively poorly satisfied, a
pipe material and a manufacturing process have been recently developed,

which furthermore satisfy the product requirements listed below:

. Maximum cost effectiveness;

. Ease of fabrication, transport and installation;
. Possibility of on-site fabricationg

. High reliability during operationj

. High corrosion-resistancey

. Good, predictable strength characteristics;

. Possibility of wide variation in characteristics and dimensions

to satisfy wide market.
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1. Material and technoloqgy

The composite material, currently produced by Dunlop, is
manufactured by the helical winding of several layers of high-strength
steel sheet (thickness around 0.5 mm) in an epoxy of polyester resin
matrix. The main advantage of using steel sheet from the fabrication
point of view is that a high-strength pipe can be obtained by a simple,
continuous process neither requiring high investment, such as for steel
pipes nor the sometimes complex winding machines for certain glass

fibre-reinforced plastic (GRP) pipes.

The structure of the pipe walls ensures a high, reoroducible and
predictable strength while the resin provides the necessary corrosion
resistance. Different combinations of steel and resin lead to a whole
variety of pipes to satisfy various service conditions. Normally 25 to
50 per cent volume of steel is employed and typical characteristics a'e

presented in table 15 for production pipes.

Table 15.
Steel-plastic composite pipe production datadl/
Standard pressure classes 6, 10, 16 and 25 bar
Maximum operating temperature 80 degrees C

(standard pipes)

Ultimate tensile strength (hoop) 200 MPa/min

Ultimate tensile strength 1C8 MPa/min

(longitudinal)

Specific stiffness 60 GPa/min

Coefficient of linear expansion 12 x 676 per degree C
Hazen-Williams "C" value 150

Chemical resistance typical of conventional epoxy

systems
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2. Stage of develcpment

The status of the development of the steel-resin composite pipe has
reached the stage where pipes from 20 to 200 cm diameter are pro?uced
industrially in 1lengths up to 12 meters for uses in waver and sewage
transmission, slurry transport (phosphates, China clay, clinker etc.),

chemical plant, tankers and boats etc.

Cucrrently, opportunities of 1local, on-site manufacture are being
researcred in order to reduce trunsport and labour costs. Further
development work is oriented towards continuous fabrication which would
l:ad to decreased manufacturing costs and/or increased productivity,
together with the potential for truly on-site,
over-the-ditch manufacture--a tremendous advantage for difficult, remote

terrains.

Raw materials remain steel sheet (carbon steel, hot rolled) and
epoxy resin. Further developments will tend to a replacement of the
epoxy resin by cheaper resins, such as polyester or acrylics. The cost
structure is strongly dominated by the labour cost so that there 1is a

large potential for developing countries in this respect.

3. Potential interest of this techlnical development for developing

countries

In certain developing countries the lar-e distance involved in
transporting products such as crude oil, gas and water (and mineral ores
in the future) means that the ideal mode of transport, given the required
tonnage level, is by pipeline, which, once installed, iss

. Economical to run, requiring only automatic controly

. Tnvisible since normally burriedj

. The mode of transport which has least accidents and leads to the

lovest pollution with respect to the service giveny

. Not subject to disruption by weather ecc.
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In addition, the large urbanization and industrialization efforts in
developing countries mean that many pipes are required for water svpply

and sewage disposal.

In phosphate and ore extraction, corrosion/erosion resistant piping
systems are also at a premivm; the steel-resin pipe is particularly
advantageous since it provides a 1long, maintenance-free 1lifetime under

these demanding condicions.

It has been shown previously that many pipe materials exist, but all
of them entail problems. The composite pipe, with its numerous
advantages is considered extremely interesting from the points of view of
er.vironment, geography and industry for the following reasons, which are

shown schematically in figure 18:

. Development of new pipe materials to replace some other imported
ones (steel, fibre-reinforced plastics, asbestos cement) or

ripes, on which royrlties are paid for production.

. Solution of current problerms of corrosion etc. in pipelines,

such as oil gathering, sewage, water and ore transport.

. On-site, or at least within the country, pipe fabrication, which
reduces import and transport costs and 1leads to lower priced

pipes for water transport etc.

. Possibility to develop a locally-based industry and to diversify
uses of the pipes and of pipeline transport in order to
stimulate national development (e.g. mineral ore transport from
remote locations, seline water over long distances, underwater

desalination, off-shore pipelines).

. Use of petrcleum derivativess epoxy, polyester in pipe
mannfacture together with eventually locally available filler

m als, such as mica, sand and other minerals.
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. Eventual installation of a line for the production and treatment
of steel strips which could be employed in other sectors such as

building and construction.

. Export of pipes to other neighbouring countries whick are also
dependent on pipeline transport.

. Finally, those fields of application which have been evaluated

as most promising for the composite pipe are:

(1) short-term irrigation and drinking water, as well as
sewage, and

{2) high-pressure pipelines for crude oil and natural gas,
together with chemical and desalination plent piping
and well casings for corrosive wells in the longer
term. These are the areas where developing countries

have a considerable need.

A major factor which enters into the choice of a pipe material is,
of course, the cost of installation, even in the event that the
mechanical and chemical performance can be improved. Comparison of
calculated installed costs of the steel-resin pipe with those of steel
and glass filament-reinforced plastic pipe are presented in figure 19 for
water transpcrt under pressure. The immediate conclusion is that the
steel-resin pipe is a serious competitor for GRP and steel |©pipe.
Manpower, energy and infrastructure requiremencs are about the same as
for glass fibre-reinforced plastic pipes. Design techniques are also
similar to those of GRP and the pipe can be installed and joined in a
similar manner. Given the presence of the steel strips, the pipe 1is less

subject to impact damage.

The cost of transport is a big factor in the final installation cost
of a pipeline, and a calculation is presented in table 16 for steel and
the steel-resin pipes to be employed in water transport. This table
brings out the big advantage of the steel--esin pipes reduction in
transport costs duc to the possibility of on-site or within-the-country
fabrication for equivalent, or even improved mechanical and chemical

performance.
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Figurc 18.
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Table 16.
Transport costs per meter completed pipe
(1.0 m» diameter)

Pipe Place of Shipping cost Inland transport

manufacture (uss) cost (US8)
Steel Europe 120 S
Composite Near East

- port 13 5

- on-site 13 2

4, Conditicrs for implantation in daveloping countries

In order that developing countries gain maximum sociologicai,
economic, environmental and technical benefits from the technology, the
composite 'pipe fabrication, properties and industrial infrastructure
should be developed to meet the specific local needs and conditions so as
to evoid any technological transfer problems in the future. In this
manner the steel-resin pipe could help develop an industry appropriate to
local conditions. The various steps in the pipe production and
installation would be as shown in figure 20, along with the main features
and market possibilities.




Fiqure 20.
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Envisaged industrial realization in developing countries

linked to the composite pipe

Product/Operation Main features Market possibilities
Steel Import . Use in buildings/
strip Local production transport

Steel mill product . Export
Resin: Petroleum Derivative - Use in glass fibre
epoxy, "Biomass” derivative structures
polyester . Adhesives

- Export

Machine Industrialized . Licencing Technology
manufacture country . Export

local

Pipe production

Low investment
In factory
Oon-site of
installation

Wicde range of
pipelines
Export

Pipe Installation

Small Crews

No heavy
equipment

Remote regions

Urban development

Pipe maintenance

High corrosion
resistance

As at present

Desalination piping

Sour gas and oil
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S. Conclusions: advantages and limitations

The main conclusions of the analysis are presented in table 17. The
pipe would secem to meet many of the requirements for implantation in
developing countries and, in addition, the development of a manufacturing
capability and a pipeline infrastructure will assist in other important

sectors of future local industy, including:

. Water saving: transport over long distances of saline water in

corrosion-resistant pipes.

. Integrated water transport and distribution by means of

large-scale interconnecting networks.

. New technologies such as desalination.

. Mineral industry, including 1long distance or transport from

remote locations, ore handling etc.

Table 17.
Main conclusions concerning the composite pipe
Advantages - Meets growing need for pipe materials in

redium-pressure range

- High corrosion resistance

- Relatively simple fabrication

- On-site or within-the-country fabrication

- Low transport costs

-~ Low installed cost compared to competitive
materials

- Raw materials could be produced within the
countrys:s resin, filler and steel

- High export potential

- Would seem to meet demands of the local

market
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Application - Short-term in water treatment and transport,
and slurries
= Longer-term in energy product transport,

well casings, chemical plant piping etc.

Outstanding problems Development of suitable continuous

fabrication techniques

=~ Product of suitable continuous fabrication
techniques

- Product optimizaticn for various chosen
applications

=~ Relatively new pipe material, so confidence

of users has to be gained

P. Small diameter glass fibre-reinforced plastic (GRP) pipes

Background

The manufacture of small diameter GRP pipes ( 6 inches) is effected
in the same general manner as for the larger diameter pipes already
discussed above. However, centrifugal casting 1is not favoured and two
varieties of filament winding are employed:

. Discontinuous or fixed length mandrels (figure 21)

. Semi-continuous either in a modified version of the Drostholm

machine or by pultrusion.

The pipes are mainly produced either with a polyester or epory
matrix (vinyl esters are also employed) and may have an inner lining of a
thermoplastic to provide increased corrosion resistance and sometimes to
facilitate manufacture. The pipes are employed in conditi‘ons where

corrosion resistance is important, such as in:
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. Chemical and petrochemical industry

. Waste water treatment

. Long-distance district hot-water heating

. Mining

. Energy extraction (e.g. tubing in oil and geothermal wells)
. 0il and gas gathering lines.

1. Description of material and technology

The basic method for the manufacture of small diamter GRP pipe is
the filament winding process. The pipe 1is formed by first applying a
resin-rich surface veil to the rotating steel mandrel to provide a smopth
interior surface and corrosion protection. Depending on the design
requirements, one or two layers of chopped fibre reinforcing material may
be applied prior to winding the structural wall. The next step 1is to
fabricate the structural wall. This is accomplished by winding filaments
onto the mandrel under controlled tension. This is typically done with a
helix angle of between 55 degrees and 65 degrees to the longitudinal axis
of the pipe. The composition of this layer consists of roughly 45 per
cent glass fibre, by weight. The glass fibres used for this layer have
an ultimate strength of 1,400 MPa. The final step is to wind a
resin-rich postcoat onto the structural wall that contains an ultraviolet
screen. This provides protection of the exterior surface from corrosion

and ultraviolet degradation of the structural wall.

For fittings and special pipe configurations, the open-mould method
is used. This method utilizes fibreglass mat placed onto the mould,
and/or spray application of chopped strand fibreglass and resin. The
type of resin chosen depends mainly on the corrosive environament that the
pipe will face, and in general the cheapest resin is chosen that
satisfies the imposed working conditions. One advantage of the composite
structure, which 1is built up on a mandrel by the additior of layers of
the various components, is that the inner surface (normally termed “gel
coat”) and external surface layers may be (and often are) different from
the matrix that holds the fibres together. These resins are thus chosen

for cptimum corrosion resistance.
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The amount and type of fibreglass (E-glass, S-glass, continuous mat,
chopped etc.) depends on the strength requirements and again many
possibilities exist. Por high-strength, high-quality piping
applications, ..ontinuous E-glass filaments are mainly required, although
chopped strand mat pipes could present some interest. For continucus
glass filaments, filament winding is employed to manufacture the pipes.
On discontinuous machines helical winding gives high quality pipes of
usually smaller diameter than those produced by biaxial (circumferential
and axial reinforcement) or purely circumferential winding on
semi-continuous machines of the Drostholm type. The chosen quality
control possible on the discontinuous machines means that such pipes are
more suitable for corrosive piping as replacement for stainless steel,
for example. In such areas epoxy resins are also employed to give higher

strength capability and, of course, result in higher cost.

High quality GRP pipes in diameters of approximately 16 inches with
epoxy resins for service up to 150 degrees C and 20 bars or higher are
available from companies such as Ameron (Bondstrand series), Ciba-Geigy,
and are used, for example, in corrosive piping and in the petrochemical

industry in fire-fighting systems.ig/

Figure 21.

Discontinuous helical winding of GRP pipe
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2. Stage of development

The stage of development of the materials and associated
manufacturing technology may be dealt with in terms of the utilization of
the GRP pipes.

a. High pressure, corrosive applications

The pipes have invariably an epoxy matrix and are manufactured by
automatic helical filament winding on fixed-length mandrels to provide
high strength. The pipe ends may be plain (i.e. same diameter as the
body) or one end may be bell-shaped so as to provide a bell-and-spigot
joint. In tubing applications (for oil, water or geothermal wells) the
pipe ends are threaded (machined on thickended ends) for easy
installation and dismantling.ﬁg/ Other “rapid®" installation mechanical
joining systems are available which allow cost effective systems to be
built of GRP.48/

The technology is well developed and the pipes find increasing
utilization in sectors where the lifetime of steel pipes is too low to be
cost-effective, e.g. chemical and petrochemical plant piping,
fire-fighting pipe systems, oil and gas gathering 1lines, oil wells and
mining slurry pipelines. The structures are optimized composites with
typical specified minimum properties specified by API Spec. SLR, as
follows for use in oil and gas systems. The properties vary, depending
on temperature (23 degrees C and 65 degrees C) and grade (R-40 to R-60),
as followss

- cyclic (150 x 10) pressure strength, long term: 29 -~ 43 MPa

- cyclic (750) pressure strength, short terms 108 - 145 MPa
- static (105h) pressure strength, long term: 79 - 145 MPa
- short-term rupture strengths 216 - 360 MPa
~ ultimate axial tensile strength: 54 - 81 MPa

This API specification holds for pipe diameters in the range of 2 to 12

inches. Pipe lengths are up to 12 meters and more.
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GRP pipes are designed with rather high security factors ranging
from 6 to 10. These security factors are applied either against the
short-term weeping strength or against burs!?. strength, depending on the
wall structure of the GRP pipes. In "piure" GRP pipes with a high glass
fibre content, the design reference is the "wecping®" strength. With low
glass fibre contents ( 40 per cent), the design reference is the burst
strength. The pressure for proof testing is 1.5 times that of the design
pressure. Working pressures of GRP pipes vary with pipe diamter: the
smaller the pipe diameter the higher the design pressure, up to about 140
bars. The typical pressure range is 20 to 40 bars.

b. Low pressure, corrosive applications in the chemical industry etc.

The pipes in this case are either epoxy or polyester matrix made by
a hand lay-up winding process. The fibre orientation and content are not
as controlled as in filament winding so that the pipes are not suited to
high pressures. However, they are widely used in gravity piping for
rrosive effluents or low pressure piping for process water, chlorine,
caustic etc. Another technique used for the lower pressure range pipes
is pultrusion of GRP on an extruded thermoplastic pipe. This requires
little labour and is readily automated.

(1) Costs.
The high-pressure pipes based on epoxy are high-cost pipe
materials to be used only in the most extreme conditions.
The low pressure types are in the same cost category as

discussed previously under section D.

(11) Fittings.
In piping systems, the fittinygs such as flangers, reducers,

T-pieces and elbows are manufactured by various techniques,
either on PVC or polyetiiylene forms: compression moulding,

hand lamination or filament winding.
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(iii) Joints.
The pipes may either be joined by flanges, bell and spigot
(formed on the pipes), adhesive bonding or rubber seal’ng
with a sleeve, or by conventional couplings such as Viking

Johnson or Straub.

(iv) Installation.
Ingtallation is readily carried out since the pipes are light.

3. Potential fields of application in developing countries

a. Raw materials: glass and petrochemical-based resins.

In developing countries the cheaper, lower pressure polyester matrix
pipes are initially introduced because the higher ptessﬁre applications
require high guaranteed quality with (expensive) epoxy resins. They
represent, due to their cost, a rather selec: product, manufactured by
relatively few companies at very high standards: e.g. Ciba-Geigy, Ameron

and Keramchemie.

b. Design

Design is done according to composite technology but for low
pressure applications there are no hard and fast rules or codes. Each
company follows similar design and fabrication practices so that
qualities are similar but rarely standardized. In developing countries,
some conventional, proven design should be chosen, based on established

practice.

c. Manufacture/manpower

Hand lay-up helical winding on a mandrel is a perfect technique for
developing countries, requiring low ¢ pital investment and Dbeing
labour-intensive. On the 4dverage, two skilled workers per machine are
required plus around 10 semi- or non-skilled workers for the lay-up,

handling, cutting etc. One winding machine can make several diameters by
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simply changing the mandrel. The latter, often made of wool or steel in
segments or tapered to allow pipe removal, will represent the largest

investment at around US$:,000 for a 12 inch diameter by 6 m 1long
mandrel. A typical production plant lay-out is illustrated in figure 22.

d. Enerqgy

As with most plastic manufacturing techniques, energy requirements
are low and readily satisfied by electrical power in almost all countries.

e. Infrastructure

If piping systems are to be produced, capacity for the manufacture
of fittings must equally be installed. The methods involved for fittings
are normally labour-intensive and the costs are around five times that of
the straight pipes on a weight basis. In developing countries, fittings
production could be very interesting, even for export if their quality is

guaranteed.

f. Installation

Installation of GRP piping systems does not require heavy equipment,

but does require high quality workmanship in alignment, joining and final

commissioning.

Fiqgure 22.

Lay-out of typical GRP filament winding plant

-

4 3
Tl gl
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4, Conditions for implantation

The conditions for implantation of small diamter GRP pipe production

facilities in a developing country are as follows:

. There must exist an estabished or growing market in one of the
sectors: (corrosive) oil and gas field development (gatnering
lines and down-hole tubing), chemicals or petrochemicals (piping
systems, waste water pipelines e*c.), mineral extraction (piping
and pipelines for slurries and corrosive fluids), food industry

(vvaste water transport etc.)j

. The raw materials can be locally obteined or imported
cost-effectively;

. GRP pipes have already been used (or have been considered for
use) in these sectors or experience has been gained in other

sectors such as large diameter pipes;
. Skilled or semi-skilled labour must be available;

. Initial know-how will have to be imported for hand lay-up on a
relatively simple filament winding equipment;

. Investment will have to be available for more complex and

automated filament winding or centrifugal casting equipment;

. The pipe quality offered must be guaranteed to be high and
reproducible)

. Technical assistance must be offered on how best to install and
utilize the pipe;

* A ﬁechnical collaboration must be set up with a well-established
pipe producer, at least in the initial stages. A joint-venture
is also a valid manner in which to introduce this new technology

to developing countriesj
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. The pipes must be cost-competitive with similar imperted
products or alternative materials (e.g. stainleas, coated steel
or plastic);

. Local engineering and construction companies must be capable of

accepting and installing the pipes.

5. Advantages/limitations

The advantages of GRP piping systems over conventional materials are
the results of the properties of the material and the design flexibility
~f the material and manufacturing process. Some of these advantages are

the following:

. Relatively low investment costs
. Labour-intensive manufacture

. Versatile technique

. Built-in corrosion resistance

. Light weight

. Lower transportation costs

. Fast joining

. Low maintenance costs

. Reduced support requirements.

These advantages can lead to significant cost savings. Por
instance, since the GRP pipe is lightweicht, lighter "iandling equipment
and less manpower are required to position and 3join the pipe sections.
Again, due to the light weight, several segments of pipe may be joined
prior to burial or submersion, providing further cost reduction. Also
excarvation costs are reduced dJdue to .arrower trench and less stringant
bedding requirements. Another advantage of the light weight of the GRP
pipe is a aajor reduction in shipping costs. This becomes even more

important as the Zuel costs for transportation rise.
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Major limitations to their production and utilization in developing

countries are:

. Material is relatively unkownj

. Quality control must be high. Therefore skilled labour is
required)

= Costy

. Legislatior and codes vary from country to country. Therefore
confidence of designers, users and authorities must be gainedp

. Joining may require skill and careful workmanshipj

- The small diameter, higher quality pipes may be imported more
effectively than the larger diameter pipes (or tanks) because of
quality requirements and lower transport costsj

. The market may not (yet) be so large.

6. Conclusions

Small diameter, high quality glass fibre-reinforced plastic pipes
may be manufactured in developing countries from the investuent, energy
and manpower points of view. Market opportunities and therefore demand
might not be there immediately, except in industrializing countries, so
that an initial introduction of large diameter pipes is seen as offering

more opportunities.

G. Glass fibre-reinforced tanks and reservoirs

In many developing countries, there are very important mineral and
chemical resources which, when developed, require considerable
investments in equipment if the industry is not to remain simply an
extraction one, without refining or production of upgraded products.
Many of the processes involve highly corrosive chemicals that have to be
stored and transported and which are ideally suited to GRP egpplications
as tanks and piping. (The piping will be similar to that discussed in

the previous chapter). Examples are salt extraction froem Sabkha or
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highly saline water, phosphate extraction and chlorine production.
Furthermcre, water treatment and water storage facilities for industry
and housing as well as petrol storage in especially warm developing
countries expose waterials to severe corrosion, which can be alleviatz:d
by GRP storage tanks and reservoirs. Grain or other food stuffs or crops
storage has also to be effected in very large siins (quite frequently of
GRP).

Currently, steel 1is the widest used material for storage tanks, and
in some cases (salts) it is of the very expensive stainless variety. All
are imported and many already in the fabricated form, especially
stainless tanks, often several meters in diameter and height. The high
material and transport costs involved can be readily imagined. In many
instances, although the exact choice depends on working conditions, GRP
tanks can be and are employed. However, transport is more delicate (and
hence expensive) so that there is a very strong case for local

fabrication of GRP tanks.

Small-diameter tanks are also currently manufactured from composite
materials for use in high pressure gas bottles. For questions of
security, the bottles consist of an aluminium core overwrapped by either
glass or Kevlar(R) in an epoxy matrix. The bottles, which can hold four
times the volume of gas of a steel buitle at equivalent weight are now
used in ambulances., fire fighting equipaent and are foreseen for
automobiles (liquid petroleum gas as fuel). Application in developing
countries could be interesting in the latter context, but is not felt to
be fc~ the immediate future. The subsequent sections of this chapter
deal with large diameter tanks.

1. Materla) and technoloqy description

Four principal techniques are available for tank manufacture, the

material inviriably consisting of polyester reinforced with glass fibress:

. Hand or apray lay-up with chopped glass fibres for
non-pressurized water or fuel storage tanks for housing or small

industrial plants.
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. Filament winding as described in section D for pipes, but of
course on large diameter mandrels. The ends are fabricated by
moulding and are joined by adhesive bonding. Capacities from 45
liters onwards up to 3,800 1litres are readily fabricated, and
dimensions up to around 200,000 1litres are made by specialist

companies.

. On-site filament winding either on rotating horizontal mandrels
up to 6 m diameter and 20 m longﬁgf or on vertical mandrels up
to 25 m diameter around which the winding heads turn.§9/
Capacities up to 5,000 m3 have been constructed, economics being
said to compare favourably with coated steel above 600 m3.

. On-site assembly of preformed GRP sheets, assembled together
with polyester putty and the joints reinforced with pultruded
rods and spray lay-up. Tanks up tc 900 m3 have been
constructed, 3./

2. Stage of developmert

Glass fibre-reinforced tanks and reservoirs are widely used in
industrial countries in the food industry, agriculture, pulp and paper
industry, caustic and chlorine plants, water treatment and storage etc.
Design codes exist, as illustrated beclow in table 18 and experience is
very positive. Typical design data Jor 1large diameter filament wound

tanks containing 70 per cent glass in the structure are as follows:

MPa
Hoop tensile strength 400
Hoop tensile modulus 36 x 103
Flexural modulus 22 x 103

As well as stationary tanks, qialo fibre-rainforced plastics have
been zpplied, for transport purposes, a-icorronive materials on railways,
the bdiggest being 3 m diameter by 15.5 m length by filament winding. The
development of high quality tanks and the aquipment to manufacture them




Table  18. - Main design elements in vavious standards for GRP pipes, vessels and tanks
BS 499"‘: 1973 8S 5480 Part 1 : 1977 ANSI/ASME BPV AD - Merkblatt
(vessels and tanks) (pipes) Sect. x, July 1, 1977 NI
Maximun internal
| pressure (bar) S > 64 > 210 none
Strain limitation
under external none none none in preparation
load
Temperature
range (°C) 0-100 > 30 ~54 -65 -30 -50
: [}
Design faclors: K=3x k, x k, x k =SxG, xG,xG g
x k, d ke 23 x G ¢ 3 8
4 S 4 .
. Strength factor 3 not given, but stated not given § =21
. as in preparation to
be similar to BS 4994
. Method of
manufacture K1 = 1.4 . G3 = 1.2
rovings, machine
. Long-term K, =1.2-2.0 G, ¢2.0
_ performance dgpending an '
experience
. Temperature Ky (see Fig. 2.12) G, = 1.4
fo%- corrosion
. Cyclic loading K, (see Fig. 2.13) : -
. curing Ks . ) -
. Material
inhuvinoganeily - . G4 = 1.2

') 526G should never be less than 6 and 1G < 3.7

BS = British Standard
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has benefitted enormously from advanced composite applications in missile
tanks. The Minuteman rocket is partly filament wound. Design practices
and the filament windinqg programmes developed are applicable to more

everyday structures, such as water storage tanks.

3. Potential fields of application in developing countries

a. Raw material supply

As in the case of the large diameter glass fibre-reinforced pipes,
the raw materials are E-glass fibre and polyester, and the analysis

presented previously applies equally for tanks and reservoirs.

b. Design

Again, design can follow the procedures and codes discussed for

pipes.

c. Manufacture

Pactory manufacture is by harnd lay-up or filament winding and
requires the szame equipment as discussed above. Mandrels are, of course,
larger in diameter and require heavier equipment. For on-site
manufacture, special imported equipment is required, together with

transportation.

d. Man er

As with the large diameter pipes, skilled labour will have to be
employed for the factory manufacture, while the on-site operations will

require a larger percentage of manual labour.
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e. Energy/infrastructure

Energy requirements are low, but for on-site fabrication require
mobile generators that are not too difficult to obtain and operate.
Plant lay-out will have to be larger than for pipes, but again presents

no particular problems.

f. Applications

Application sectors in developing countries will be in the storage
of grain, cereals, milk, wine; caustic; salts extractions sewage
treatment; water storage; mineral extraction and treatment (i.e. not just

a mining activity), fertilizer storage etc.

4, Conditions for implantation

The conditions for implantation of glass fibre-reinforced tank

production in a developing country are as follows:
. A well-established market must exist, either within the country
or in neighbouring countries where +he products can be

cost-effectively exported;

. The raw materials can he obtained locally or imported at

competitive prices;

. Skilled or semi-skilled labour must be available;

. Initial know-how will have to be imported for hand lay-up on a
relatively simple filament winding equipment)

. Investment will have to be avai’able for more complex and

automated filament winding or centrifugal casting equipment;
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. The t&nk guality offered must be guaranteed to be high and
reproducibles

. Technical assistance must be offered on how best to install and

utilize the tanks

- A technical collaboration must be set up with a well-established
tank producer, at least in the initial stages. A Jjoint venture
is also a valid manner in which to introduce this new technoloyy

to developing courntriess

* The tanks must be cost-competitive with similar imported
products and with alternative materials such as lined steel and

stainless steels

. Local engineering and construction companies are capable of
accepting and instzlling the tanks, i.e. have confidence in the

new material.

The drive to introduce tank manufacture will depend on local
conditions and requirements. Specifically, in countries with important
resources of salts, for example, serious thought should be given to
setting up a very small, labocur-intensive factory for the fabrication of
hand lay-up glass fibre-reinforced plastic tanks and pipes, which could
be a most cost-effective manner to solve corrosion and maintenance

problems.

5. Advantages/limitations

The advantages of the glass fibre-reinforced plastic tanks are:

. High corrosion-resistance;

. Low maintenance compared with 1lined steel both inside and
outside (weathering)j
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. Light weight for factory built tanks which facilitate transport
and handlings

. Rapid on-site installation of the larger tanks. For example, an
11 m Adjiameter by 5 m high demineralized water tank in six weeks

on a concrete foundationg

. Fabrication in the country will keep costs down and make the

structures more cost-competitive with imported steel tanks:/1

. The fabhrication process is versatile and the large diameter
tanks (without the ends) can also be used as pipes (see section
D) or chimnrys ir factories (the largest here is 160 m high by
2.8 m in diameter, situated in Japan).

Major limitations to their utilization are:

. Costs

. Lack of rigidity in large dimensions, so a reinforcing structure

is requireds;
. Legislation: not so severe on non-pressure applications;
. Lack of qualified personnelj
. Quality assurancej;
. Joining.

These limitations are more severe for mobile tanks than for stationary

ones.

*/ A typical project involving 26 on-site GRP silos for wheat flour
storage, each 6 m in diameter and 20 m high, cost approximately
US$500,000 and took six weeks to complete.
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6. Conclusions

Glass fibre-reinforced plastic tank production for local consumption
is suitable for introduction into developing countries if the products
can be fabricated and installed cost-effectively. Factory fabrication is
sinilar to that used for large diameter pipe and versatile enough in a
firsu step to satisfy the most demanding markets. On-site manufacture
may be applied, but probably by a specialized company on a one-off basis
for special projects.

Profit may be gained from experience in the industrialized countries
in advanced tank manufacture, as well as the technologies applied for
advanced composites. Any investment in tank manufacture should probably
be preceded by a pipe production capability, given that demand will
probably be higher in the pipe sector, thus justifying the initial
investment. Labour requirements are similar for the two products and may
be satisfied at least initially by some assistance from the originators

of the technology.

H. Natural fibre composites

As menticned in chapter I, section B, composites based on natural
fibres have reen employed in construction since early history. It was
recognized that fibres obtained either as the by-product of food
cultivation, such as coir (from coconut fibres), or specifically from
fibrous plants, such as cotton and jute, could provide strong structural
materials either as cloth, rope or, when added to mud, for bricks. Apart
from matting and textiles, however, natural fibres are not widely
employed in structures as reinforcements. Their utilization is often as
a filler, without thought being given to optimizing their effect on the

mechanical properties of the structure.

Serious thought is being given to developing composites based on
natural fibres32,53 in polymers, cement and clay matrices, mainly
because they are relatively low in cost, compared with synthetic fibres,

as illustrated belows
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US$/kq

carbon fibres 40

stainless steel 0.6
E-glass 1

pineapple leaf 0.7
hemp 0.6
palmyra 1

sisal 0.8
coir 0.5
asbestos 0.2
polypropylene 1.2

Also, local tibrous materials are produced in large quantities

world-wide. For example the 1379 fiqures were as follows:

India World

(tons) (tons)
coir 160,000 280,000
bagasse 14,000,000 -
banana 160 100,000
sisal 3,000 600,000
palmyra 100 not available
jute 1,500 not avajilable

The advantage of developing an industry based on 1local natural
regsources would be inestimable and worth examining in more detail from

the point of view of more specific materials and utilizations.

1. Description of material and technoloqy

Because 1its excellent inherent structural characteristics are
sometimes poorly utilized due ¢to deficiencies 1linked toc its strength
variability and its sensitivity to moisture and organic decay, wood hag

long been the* target for improvement by artificial means suclhi as polymer
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impregnation.ég/ The properties are improved significantly, but the
approach is not strictly a composite one since the strengch is still

determined by the original wood (artificial composite) structure.

Natural fibres, such as wood, cotton, sisal, 3jute and hemp are,
however, used to reinforce cement on an industrial scale. Their major
properties are compared in table 19 with other fibres wused <for
reinforcing cement. (The properties of typical matrices, Portland cement
and polyester resin are included for comparison purposes). On a specific
stiffness basis, the natural fibres and polypropylene fall far below
asbestos or glass but compare well on a specific strength
bagsis—-important for cement reinforcement where crack stopping is the
predominant strengthening mechanism. Reinforcement of polymers by the
natural fibres given in table 19 is also practised in countries, such as

India.

2. Stage of development

The use of natural fibres to reinforce cement and thereby provide
useful structural materials to fulfill the same  purposes as
asbestos-cement, e.g. in stressed applications, such as panels, roofing,
piping etc., faces severe handicaps due to degradation by moisture and
organic attack. Lower stressed applications, such as building bricks

remain valid.

The more novel and interesting composi.e approach to wutilizing
natural fibres is as reinforcement for polymeric matrices, and therefore
is that which will be treated from the point of view of its introduction

into developing ccuntries.

Although no large industrial application is as yet known of natural
fibres in polymer-based structural composite materials, the fibres are
widely employed in ropes, textiles, clothes, particle %“oards and panels,
paper etc. Their incorporation into polymeric matrices has also been

studied with a view to prcducing laminates and useful materials for




Table 19.

Properties of fibres used for reinforcing cement
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consumer articles,éZ/ such as helmets, cases, frames and roofing.
Strength properties of the composites are, however, not yet sufficient
and require development work. Furthermore, jute is considered to be the
most promising reinforcing fibre because of its properties, availability
and cost.2¥ Sisal-epoxy tubes have been successfully made by winding
and found to be similar in specific properties and cost to glass-epoxy
composites.ﬂé/

3. Potential application in developing countries

a. Raw materials

The main driving force for considering the use of natural, locally
found fibres is the lack of an indigenous supply of asbestos or the
ready, cost-effective production capacity for glass. Most developing
countries have resources of some of the natural fibres listed in table 19

and use them in one form or another in everyday life.

A major problem for their introduction in structural applications
will be the initial collection and selection/sorting of those fibres most
suitable for reinforcement from the dJdimension and quality points of
view. The matrix would be polyester (for its high cost effectiveness) or
a polymer also based on local biomass resources, as described in
section I or a potential specific material development. Generally
speaking polymeric resins are the most expensive matrices that can be
considered for natural fibre composites (polyester costad 5 times
bitumen cost =< 20 times cement cost), but the properties are invariably
superior, processing easier and the products that can be manufactured are

infinitely more varied.

b. Design

Natural fibre composite design follows the rules laid down for glass
composites with two basic reinforcement formss
. discontinuous, short fibre mats

. yarns, cloths made up of short fibres.
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Optimm use of the fibres, and hence suitable design and reliable
operation, depends on effective bonlding between the fibres and the
matrix. No ready-made answer to the bonding probiem exists, but

solutions are to be found in fibre surface treatment.§2/

c. Manufacture

Techniques that may be used on an industrial scale (and that have
been on a laboratory scale) for composite manufacture are the same as for
glass fibre-reinforced plastics, being mainly hand lay-up for mats and
eventually filament winding for cloths.

d. Man er

The requirements will be the same as for hand lay-up GKP

construction materials as described previously in section B.

e. Energy and infrastructure

No high energy requirements or special infrastructure are required
for the manufacture of composites. On the other hand, the ccllection and
sorting of the natural fibres will have to be organized, requiring
unskilled manpower in the first case and unskilled ané skilled in the
second, as well as (complex) automatic equipment to sort out fibres of

suitable dimensions.

4, Conditions for implantation

There mainly remains further development work to be done in order to
determine the potential of introducing technology based on natural fibre
composites. The sequence of execution of the the work consists of the

following taskss

a. Determination of the properties of local, natural. fibres, and

sensitivity to dimensions, form (mat or cloth) and surface quality.
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b. Fabrication of composites and determination of their properties,
both short-term and long-term exposure to the environments likely to

be encountered.

c. Tests to improve/optimize the properties either by better adapted
fabrication techniques or by improvement of the bonding (by coating).

d. Cost evaluations of the best composites produced and extrapolation

to future production capacity.

e. Comparison with other structural materials and in particular

composites based on imported fibres.

In parallel with the foregoing test programme, a detailed evaluation
must be made of fibre production capacity and 1localization, collection
procedures (as well as their cost and manpower requirements), sorting
requirements etc. Finally, evaluation of available manpower and required
investments must be made before arriving at a final decision to introduce
the technology. As with all other (composite material) technology, the
decision will not be universal since it depends on local conditions,
perhaps to an even greater extent than composite technologies based

mainly on imported materials.

Initial applications will be those not subjected to high operating
stresses (because of the lack of knowledge of the material properties),
such as furniture, housing panels (not structural), roofing, household
articles, containers etc. Development of improved properties will
extrapolate applications to structural housing panels, transportation

uses etc.

5. Advantages and limitations of natural fibre composite technoloqy

The immediately evidant advantage is the possibility to use local
resources to replace imported materials. In some cases, it may be that

(initially at 1least) the effort and cost to be put into collection and
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sorting may offset the local advantage, but the tangible and intangible
benefits of developing a local industry must not be overlooked. For
example, increased employment, reduced import bills and eventual export
of the gocodsn. In cases where the composites would repla-e other
conventional materials, 1light-weight, durability, low maintenance etc.

would be further advantages.

Limitations are mainly 1linked to the fibres themselves: (1)
relatively low and variable dimersions, strength and modulus, therefore
difficult to guarantee product quality, and (2) water absorption as well
as decav and attack by fungi, as well as to the composites: (1) low
strength and stiffness due to non-optimized bonding between fibre and
matrix, (2) wide variety of natural fibres available, so composite
testing and design must be repeated many times, and (3) the prescribed
watrix is a petroleun-Based polymer, although possibilities of using a

biomass-based polymer exist, as discussed in section I below.

6. Conclusions

Natural fibres are interesting enough to be considered for
incorporation into polymer matrices to produce "local®” composites. A
wide variety of fibres can be employed and are found in considerable
quanities in many developing countries. Examples are jute, hemp, sisal,
cotton, coir and bagasse. The major hurdle to be overcome is product
quality due to problems of initial fibre quality (hence collection and
sorting are key factors) and poor bonding to the matrix. Research and
development are required to solve the problem, but ever then the solution
may be as expensive as imported glass, or even more so. The natural
fibre-composite material design and fabrication would be the same as
practised for glass fibre-reinforced polymers. The matrix would have to
be (imported) polyester or locally produced polymer based on biomass as
illustrated in the following section for some lower quality composites
not exposed to high stresses.
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I. Composites based on natural fibres in a biomass-based polymeric

matrix

Polymeric materials mav be prcduced from biomass, which is simply a
source of carbon chains in the same manner as petrolsum, natural gas or
coal. However, in almost all cases, the extraction from straw or other
products is much more expensive than processes from fossil fuels. Thus,
unless petroleum increases spectacularly in the coming years, no
large-scale biomass industry wil)! be developed. In certain cases, and
certainly in the future, biomass will become a source of useful polymers

and the following is a short description of one possible development.

1. Materjal end technology: Furfural and _structural boards from

bagasse§§/

The majority of sugar-cane producing nations find themselves
confronted with the problem of what to do with the resulting bagasse, the
fibrous waste product which remains after the extraction of the sugar.
The removal of the sugar from the cane leaves large quantities of bagasse
for which there is no single given end use. In fact, over the years
several possibilities have been tried in order to use these large

quantities of bagasse, but each have met with various problems.

2. Stage of development

Examples of uses tried ares

Combustion

Paper pulp

Aariculture

Boardss the use cf bagasse fibres in panel and board production
in the largest sense of the term (i.e. hard particle boards,
fibre boards, insulation panels etc.) would seem to be the most
interesting end-use application of the bagasse, thus exploiting
the fibrous quality of the material. However, in this
application a synthetic binding agent is required and the
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majority of countries with bagasse must import this synthetic
resin, which obviously reduces the economic viability of this

apglication.

3. Potential application in developing countries

For the reasons outlined above it would seem interesting to develop
this last mentioned use (bagasse boads) in the following new manner.
Instead of using a synthetic binding agent this resin would be obtained
from the bagasse itself. In this way the bagasse would be the source of
both the elemental fibrous structure required for the board and the

binding agent.

One coald, for exahple, use the residue obtained following the
separation of the fibres as the starting material for the binding agent.
This is the non--or only slightly--fibrous porticn of the bagasse
containing essentially the chemical compounds pentosanes, which on
reaction with dilute sulphuric acid, gives furfural. Purfural is known
for its condensation reaction with phenols, accompanied by an opening of
the double bonds leading to a cross-linking (a property used for
improving phenol-formaldehyde resins). Thus, we have the binding agent
provided by the fufural which reacts with the phenolic groups of the
lignin of the fibres. In this way it should be possible to produce the
boards or panels using only the bagasse waste product resulting from the
sugar extraction. The bagasse itself would thus be providing both the
structural material (fibres) and the binding material (furfural).

4., Conditions for impliantation

The conditions for implantation follow exactly those outlined in

section H, being applied to the specific case of bagasse fibres.




5. Advantages and limitations of the technoloqy

The advantage for bagasse-producing countries is obviously to
develop an industry based on 1local resources and reduce imports. The

masor limitations are in:

. The relatively 1low strength of the cmposites, which may place
it in competiticn with even cheaper materials, e.g. wood, wood
chips, cardboard;

. The need to develop a biomass-matrix production and master the

"new" composite technology.

6. Conclusions

Asn a first step natural fibres, including bagasse, should be
empioyed in composites with conventional matrices such as polyester.
Opportunities and advantages to be gained are numerous. The passage to a
biomass-based matrix will have to wait t.1l1 the first step has been

mastered.

CHAPTER III. CONCLUSIONS

A, Criteria for production/manufacture and application of composite

materials in developing countries

l. Technology flexibility

Conposite material developments have in recent times bheen stimulated
by weliyiit-reduction requirements in the aerospace industry, made possible
by the invention and production of the so-called high performance
fibres: S-glass, carbon, aramid, boron etc. The older industry of glass

fibre-reinforced composites has also grown rapidly in the same period in




weight-saving sectors (transportation) and in sectors where the corrosion

resistance, low maintenance and rapid installation characteristics could
be taken full advar.cage of. The reasons why composite materials will be
of interest to developing countries will almost certainly not be weight
savings in aerospace nor in mass transportation nor in allowing
leisure- luxury goods to be developed. The reasons will be more down to
earth, such as cort-effectively solving basic needs of the population

with or without local raw materials and local labour.

These reasons will be considered subsequently but the immediate
interest of composite materials technology for developing countries, and
the mz jor reason for examining them, is that since both the materials and
the resulting structures are artificially constructed from a wide variety
of basic elements, suitable combinations (from the fabrication and
utilization points of view) will be found for any given country and local
situation, i.e. the flexibility of the technology.

The previous chapters have presented an overall picture of composite
material, highlighting the various types and current applications. Any
particular country may find its strength 1lying in one or more of the
steps involved in composite technology:

. Raw materials availablity

. Fibre extraction (natural) or production

. Matrix production

. Semi-product (mwats, fabrics, prepreg, SMC etc.) manufacture

. Design, testing etc.

. Pabrication, processing of cougosite material

. Composite structure manufacture.

The composite material industry is currently characterized by a few
apecialized (large) fibre producers, a similarly limited number of
polymer matrix material producers (cement 1is of course different),
several specialized semi-prodvct manufacturers ‘sometimes the same as the

fibre producers), followed by a vast number of (sometimes small)
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industries that produce a wid~ variety of composite materials, articles
and structures. The fabricators range in size from Hercules (aircraft
structures) down through Owens Corning FPiberglass (glass fibre-reinforced

pipes) to a multitude of moulders, filament winders etc.

Thus, upon deciding t¢ enter the composite materjals sector, a
developing country will probably be more tempted to (initially at least)
start at the fabrication and, using imported basic components and
technology. As experience grows, steps upward in the chain through
original design (for local environments) to semi-product manufacture and
even matrix production may be profitable. The ultimate step of being
able to produce suitable fibres or widely apply locally available fibres
should be within the grasp of many developing countries.

The criteria for considering production/manufacture, on the one
hand, and utilization on the other are not necessarily the same since
many products may be imported instead of locally produced, if the price
is right, and there is no advantage in introducing the corresponding
technology into the country, at least at an initial stage.

The two aspects will be dealt with separately in the following pages

on a general level. Specific examples have been presented in chapter II.

2. Production[nanufacture

a. Criteria for introduction of the technoloqy

(1) The first criterion for composite materials to Dbe
manufactured in developing countries 1is to satisfy an
important local utilization need or to improve the quality of
life. One can safely say that in all countries
(industrialized and developing) there exist needs for
materials with the combination of properties offered by
composites. These are in housing, surface transport,

communications, provision of water and energy, sanitation and




(ii)

(iii)

sewage transmission industry. Furthermore, the utility of

certain composite materials in some developing countries is
already established in housing, water and sewage
transmission, and to a certain extent, production is local.
The supply of the need by local production has to be made and
justified on a cost-effective basis, even if in some
jnstances taxes and tariffs are introduced to artificially
favour local production. Here the notion of profitable
market size is contained, which, of course, varies from
product to producc and from country to country. In instances
where capital investment is high, a2 large initial secure and
growing market has to be guaranteed, such as in the consumer
sector or housing-related sectors. In labour-intensive
manufacturing processes an initial small market is sometimes

sufficient to justify start-up of a new business.

The second criterion is the use of local raw materials to
produce composites for internal or even external
consumption. Here one can consider cement, organic fibres,
mineral fibres, biomass-polymers, petroleum- or coal-devrived
polymers, steel or glass fibres. At the prerent time the
production of the latter three materials is in the hands of
the industrialized countries but, given the right set of
local conditions, there is nothing against producing such
materials in energy-rich developing countries. The problem
is that, unless the 1local raw material source is cheuper,
little economic advantage will be gained by local production
since the processes are highly automated and of propriectacy

nature (belonging to the industrialized countries).

The thirc criterion is the more cost-effective on;site/local
fabrication of the composite material or structure from the
imported basic components. In this context the imported
pricc plays a major roles this consists of the factory price
plus transport plus taxes (if any). For many large
structures, such as pipes and tanks, transport costs per kq
or metre length of useful product are high since mainly empty

space is being moved.




{iv)

{v)

(vi)

(vii)
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The fourth criterion is to provide jobs to the indigenous
labour force by manufacturing composite materials or

structures that replace either already imported composites or

substitut other iocal or imported materials. Here the
manufacturing technology is important and the
labour-intensive ones, such as mouléding, in particular.

Small finished articles are being increasingly produced by
avtomated processes but larger ones, such as (some) pipes and
tanks, boats, panels etc. could be advantageously made in
developing countries for local corsumption. Labcar—-intensive
products could also be exported to neighbourinug countries and
even to industrialized countries, under certain conditions of

quality control.

The fifth criterion for considering a 1local composite
material or structure prrdection would be if a specific
problem could only be solved by a composite material and that
importation was impossible because of dimensions or the
nature of the application. Here cne can think of very large

storage tanks that have to be manufactured on-site.

The sixth criterion is that the basic material and associated
manufacturing and application technology is well-proven in
industrialized countries. Local R and D could be oriented
towards adapting the technologies, whereby new or modified
materials might be introduced to take advantage of local
conditions. The obvious examples here would be the use of

natural fibres instead of glass in some strvctures.

A seventh criterion, that is purely ;al in nature (at
least at the outset), is that & composit~ material dindustry
must be developed in the .eveloping country itself in order
tc create jobs and estabi.sh an advanced indusiry im that
country. The decisjon may or may not be bhased on technical
or financial arqguments and the resulting products may be

forced on the market at artificially low prices. This choice
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is very rare Ekut must be considered since even the
industrialized countries have undertaken high-technology
ventures with a view to increasing prestige. Even although
the initial decision might have been valid on a technological
market and cost basis, projects have been continued beyond

the profitability stage for mainly political reasons.

(viii) The eigth and final criterion, or rather sine_qua non for
introducing composite material production in developing

countries, is the availability of finance for

* factory space

* equipment investment

* technology a2quisition

- raw materials procurement

* wages

The initial financing for a composite material venture may be possible
from the World Bank, local irnvestors, industrialized country banks and
investors, or most probably through a joint venture with companies

involved in the relevant technology.

b. Advantages

A digtinct advantage for its introducticn is that composite
materials technology does not require very large markets and hence no
very large production capacity investments to justify its introduction.
Neither does it involve very large factories/heavy equipment (such as the
steel industry), individual factories may be kept small (for specialized
products), and many may be situated in different parts of the country to
satisfy 1local markets. The labour force may also be kept small thu;
limiting large population movements.

In general terms, further advantages for the introduction of

composite material production in developing countries ares
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Profit may be drawn from the large amount of R and D undertaken

in the industrialized countries)

Design procedures are relatively straightforward for normal

utilizations that would be envisaged initially;

The basic components are for the most part very cost-competitive

for importation.

Limitations

Limitations and handicaps for the introduction are:

Technology will almost certainly have to be initially imported
in at least some of the smaller countries, and technical

assistance will be necessary;

In some cases joint ventures will have to be negotiated;

Aithough not very labour-intensive, a skilled or semi-skilled
work force 1is required since the quality of the final product is
highly dependent on the care during manufacture. For highly
stressed components, this will be &a severe handicap to be
overcome (initially at least) by the presence of highly skilled

engineers in the work force;

New handling and installation techniques (and philosophy) will
have to be mastered that differs from those practised for metal
or woods

The engineering consultants and construction companies will have
to be persuaded to use (a) a composite material, in addition,
(b) a locally produced composite material.

Ingrained tradition and confidence in new solutions are involved

here and should not be underestimated in their negative or
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positive impact on the introduction of composite materials. As
a temporary initial measure, codes of construction and local
legislation may be introduced to assist in forcing through

composites which will then succeed or fail on their own merit.

. Manufacturing and utilization specifications will have to be

written and put into effect, initially based on those used in

the industrialized countries;

. Cost comparison may be unfavourable when compared with

alternative or similar imported products.

3. Utilization

a. Criteria/advantages

The criteria for justifying utilization of composite materials,

independent of their provenance, ares

. Cost-effective satisfaction of a local need (as under production

above) or improvement of the quality of lifes

. Accomplishment of some task that would be otherwise impossible
or difficult (e.g. salt extraction);

. Improvement of the efficiency or cost-effectiveness of certain

processes by increasing life-time (e.g. sewage pipes)y

. Reducing the need for maintenance (e.qg. through improved

corrosion resistance) and often costly technical expertise.

Currently, the utilization of composites in developing countries is
mainly in corrosion-resistant applications involving pipeline transport
of water, sewage and corrosive media. The (only!) major reason for

utilization is cost-effectiveness and in many instances where the market
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is large, local production capacity has been introduced. This is the
case in Saudi Arabia and the United Arab Emirates. In other instances, a
local production facility has been temporarily set up for the duration of
a specific project.
b. Limitations

The major limitations and arguments against the utilization of
composite materials and structures in developing countries are
essentially the same as those discussed under production:

- Expensive imports unless locally produced;

. Semi-gskilled and skilled labour required for installation;

. Inexperience of engineering consultants and construction

companies)

. Confidences

. Lack of satisfactory specifications that ensure homogeneous and

regular quality of both product and installed structurej;

. Cost.

B. Potential manufacture and applications for developing countries

In this section, various composite materials and structures chosen
on the basis of the criteria presented in chapter I are discussed from
the standpoints of their potential manufacture and applications in

developing countries.




The manufacturing process, as discussed in chapter II, involves a
series of operations all the way from the basic component production
through to the final material product or structure, as illustrated in
figure 23. The moment at which any individual country or company enters

the process depends on many parameters and will vary from case to case.

Figure 23.

Composite material and structure production flow-diagram

Raw
Materials
1
H |
Basic Fibre Matrix
Components production production
1 J
1
Semi- Prepregs
Products SMC etc.
Processing, Composite
Manufacture Material
Pabrication Composite
Structure

Regarding specific examples, an analysis of each step of the general
production flow-diagram is presented from the viewpoint of potential
importance to, and implantation in, developing countries. All types of
composite material are covered, from those involving natural fibres
through the most wide-spread glass fibre-reinforced plastics up to the
advanced composites.
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1. Composite material and structure production

a. Basic components production

The wide variety of possible basic components opens up many
potential avenues for developing countries to become involved in
composite fabrication through firstly basic component production either
for subsequent local consumption or even export.

b. Natural orgqanic composites

Incorporating hoth fibres and matrix, natural organic composites are
among the most widely used construction materials, e.g. wood (lignin
reinforced with cellulose fibres) and bamboo. Optimum utilization of
wood is through 1lamination of sheets of highly anisotropic natural
wood = plywood. Attempts are also made to extract the cellulose fibres
and to reconstruct artificial composites (paper, reinforced cement
etc.). These composites do not represent anything new in comparison with
artificial composites, but a combination of the two sometimes leads to

interesting, more efficient and cost-effective structures.

2. Specific fibre production

a. Natural organic fibres

These exist in most developing countries and are more or less
already utilized for clothes, textiles, ropes etc. The most comsmon ones
are cotton, jute, hemp, coconut fibres and bagasse. Extraction if often
the by-product of another process, e.g. sugar cane = bagasse, but the
collection and selection often have to be improved so that the fibres can

be utilizable as effective reinforcements.
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b. Minerals

Asbestos is the most widely used mineral fibre, but is not found in
all countries. Two types--chrysotile and crocidolite--are employed for
reinforcement purposes, and the latter requires strict security/health
measures in hai..dling and treatment. If these are followed, however,
asbestos-reinforced products--principally cement--are of great value in

the housing a2nd pipeline sectors.

Mica is equzlly a very interesting natural reinforcement material,
existing in flake form which provides directly a two-dimensional
reinforcement. Technologies of incorporation (surface treatment, bonding
etc.) are not yet far advanced sc as to take full advantage of the
reinforcing effect of mica, but it exhibits high potential. For example,
it can considerably increase thermoplastic resin properties:
stiffness x sixy flexural strength times two; heat resistance by 50 per

cent, while also reducing warping or denoulding.§1/

C. Metal wires

The best known are steel wires produced mainly by wire drawing (or
frcm the melt) and which are employed widely in the reinforcement of
rubbers (natural and synthetic): tyres, hoses and concrete. Others, such
as tungsten are employed in special circumstances to reinforce high

temperature, turbine blade alloys.

d. Whiskers

These are small diameter (approximately 10 ), short, high purity
fibres of metals, oxides (e.g. sapphire) or nitrides (Si3N4) that are
grown from the melt or the vapour phase. They have very high strength
and stiffness, but are expensive and difficult to handle.38/ silicon
carbide whiskers are produced by high temperature (1,800 degrees C)
treatment of rice hulls: 100 kg milled rice gives 20 kg rice hulls,

Whisker reinforcement is of most interest in metal matrix composites.




e. Glass fibres

Five main types are on the market for reinforcement purposesy their
compositions are given in table 20. E-glass (electrical glass) is the
most frequently used type since it is the most cost-effective; it was
originally developed for electric insulation purposes. Presently, it
constitutes the standard reinforcement for all kinds of plastics.

Recently, E-glass has been increasingly used for mixed-fibre, hybrid

reinforcement.

C-glass {chemical glass) is known for its chemical durability, which
is better than that of E-glass. It is used for reinforcement in
corrosive environments (e.g. batteries). A-glass (common soda-lime
glass) is made from soda-lime scrap glass and is usually blown into
insulating wool. Its use for reinforcement has been reduced drastically
because E-glass is more cost-effective. It is still used for reinforcing

pitch-based or impregnated materials.

Table 20.

Components of continuous-filament fibreglass®*/

(Percentage)

Component T
soda-1i{me Electrical lassc. resistant strength
()] () C) (AR) (s)

Sloz 72.0 54.3 64.6 60.9 65.0
Alzos + Fe203 0.6 15.2 4. 0.27 25.0
Ca0 10.0 17.3 13.4 4.8 -
ngo — 4.7 3.3 0.1 10.0
u.zo . 14,0 0.6 7.9 14.3 --
‘20 —_ 0.6 1.7 . 2.7 -
lzo2 .- 8.0 4.7 - -
820 - .- 0.9 . --
To, - -- .- 6.5 --
lroz -- .- .- 10.2 -
S04 0.7 -- -- 0.2 .-
As,0, trace .- -- - --
'2 - 0.1 trace -- --

*/ Continucus glass fibres are made by three processes: the marble melt

process, the direct-melt process, and the Pochet process.
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S-glass (high-strength glass) has a high tensile strength and
elastic modulus fibre developed essentially for military application.
Being considered as a strategic material, its use is strictly
controlled. A similar but lower cost high strength fibre named S-2 glass
is now on the open market. Typical uses are aircraft floorings,
helicopter components, compressed gas tanks etc. (R-glass has similar
properties as S-glass). AR-glass (alkali-resistant glass) has been
developed principally for reinforcing cement and concrete. This glass is
supposed to be resistant to alkaline matrices.

A comparison is given below of the properties of the two major
reinforcing types of glass fibre, indicating that the most interesting

glass for developing countries is the E-glass.

‘Tansile Elastic US$/kg
strength modulus (1982)
(GPa) (GPa)
E-glass 2.5 73 1.1
S-glass S 2 3.6 86 5.2
s1 4.5 22.0

Glass fibre production involves passing the molten glass through a
platinum bushing consisting of several hundred holes. The freshly drawn
continuous filaments ( 10/u diameter) are protected by a chemical agent
and stored in the form of strands and yarns. Por incorporation into
composites, the glass fibres are made into continuous filament rovings

and mats, chopped strand mats and chopped fibres and woven cloth.

Major glass fibre manufacturers are Owens Corning Piberglass, PPG,
Pilkington and 8t. Gobain. The technology 1is highly advanced and
certainly transferable to any country desirous of investing in glass
fibre-reinforced composite fabrication. In addition, a new low-energy
method for producing short glass fibre has bo;n dovclopcdég/ which works
with a variety of raw material glasss scrap, b@ttlol, a wide range of
mineral glass etc. Quantities down to 1,500 t/year can be processed.
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f. Carbon fibres

Carbon fibres were first used for electric lamp filaments hy Edison
in 1880, arnd carbon fabrics made from graphitized rayon cloth have been
available for many Yyears. However, only recently have fibres of
strengths and moduli of interest for reinforcement purposes been
produced.§9/

The fibres are made by pyrolitic degradation of a fibrous organic
precursor (i.e. heated under tension to very high temperature in an inert
atmosphere) so as to drive off the volatile components and orient the
carbon atoms. The main precursors are rayon (now discontinued),
polyacrylonitrile (PAN) and ©pitch fibres, i.e. all petroleum- or
coal-derived chemicals. The interest in pitch is its 1low initial cost,
but much preparation 1is required to obtain a grade suitable for fibre
extrusion. PFigure 24 presents an outline of the carbon fibre production

process.

The carbon fibres are produced in tows of between 1,000 and 160,000
individual fibres (each about 12 m in diameter). The process parameters
control the properties of the final fibre, and in general the higher the
temperature the higher the modulus. However, the strength decreases with
increasing modulus, As with glass, the carbon fibre tows are
surface-treated for protection and subsequent compatability with resins,

and then wound on spools or woven into cloth or chopped into mat.

Energy requirements are estimated to be in the order of 40 kW/kg of
carbon produced. Current annual world production capacity (installed or
planned) 4is in the order of 3,500 tons, which is far in excess of
present-day requirements (approximately 1,000 tons). The established
companies in Japan (Toray, Kureha), the United Kingdom (Courtaulds) ard
in the United States (Hercules, Union Carbide, Celanese etc) will soon be
joined by three newcomers: RK Textiles (Great Britain), ELF and PUK (both
in Prance) representing around 450 tons per annum. Investments required
are in the order of US$100,000 per ton of carbon fibre produced annually

and manpower requiremente are around 30 people per 100 tons/annum.




Figure 24.

Graphite fibre process outline
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Current prices of carbon fibres are around US$40/k;, and upwards, and
major applications remain in aerospace or luxury/leisure goods. Prices
have dropped considerably in the last five years, but US$20 is considered
to be about the minimum possible based on present raw materials and
production process. Fibre production is highly automated and requires
only a small number of skilled workers to produce 150 t/year.

g. Aramid fibresSl/

At the moment, only one commercial aramid fibre exists: KEVLAR R of
E.I. Du Pont de Nemours, introduced in 1977. Manufacturing details are
not available, but the basic process involves the spinning at high
temperature ( 260 degrees C) of a poly-p-benzamide polymer. It is a
member of the polyamide (e.g. nylon) fibre family.

Three types of fibre are currently available: Kevlar for rubber
tyres, hoses and belts, Kevlar 29 for ropes, cables and protective
clothing and Kevlar 49 for the reinforcement of plastics. The latter
represents around 30 per cent of the total Kevlar fibre production, or
around 2,000 tons per annum, and sells at between Us$l8 and US$22/kqg.
The actual markets for Kevlar 49 fibres are in aerospace (40 per cent),

marine applications (40 per cent), miscellaneous (20 per cent).

h. Boron filanentséz/

These very special, high-price filaments (US$300 to US$1,000 per kg
depending on the diameter) are used uniquely in aerospace and military
applications to reinforce aluminium or plastics. They are manufactured
in a continuous form on a heated tungsten or carbon filament by chemical
vapour deposition from a boron trichloride/hydrogen mixture. Application
in everyday sectors is unthinkable at the present price, which is not

expected to decrease much in the near future.
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i. Planar reinforcements®3/

The use of planar reinforcements, such as flakes and ribbons,
provide reinforcement in two directions. Current composites using this
principle include mica-based polymers,§2/ and metal-ribbon-reinforced
pipeﬁﬁ/ and sheet%/, Reinforcement principles are similar to those for
filaments and the materials represent interesting opportunities for using
either 1local resources (mica) or relatively conventional industrial

products, such as steel sheet as discussed earlier.

3. Specific matrix production

a. Cement and concrete

The basic raw materials for the production of cement and concrete
exist in almost every country in the world. There is often a question of
quality but compromises may be made in order to opt:. .ze the use of loecal

resources.

b. PolxgersQZ/

The principal raw material for polymers today is petroleum. The
petrochemicals necessary for polymer production (organic acids, bases,
ethers, esters, olefins :c.) can also be synthesizel1 from other organic
substances (coal, natural gas and biomass). The reliance on petroleum is
mainly economic. The total quartity of petroleum-based chemicals
produced represents only about 2 per cent of the oil consumption. Also,
substituting a polymer for a glass, ceramic or metallic component more
often than not results in fossil fuel savings due to a reduction in

processing energy.

Most polymeric materials, either alone or in the reinforced form,
have further additions of fillers (carbonate, mica, talc etc.) that may
improve fabrication and the final properties, as well as significantly
reducing cost. Useful properties that give polymeric materials

advantages in certain applications include:
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. Good formability;

. Hiybh strength-to-weight ratio in many forms;

d Unique viscoelasticity;

. Low density in general;

. High corrosien resistance to aqueoas and many organic systems}
. Electrical conductivity (low tc high))

. Low thermal conductivity;

. Gecod joinability;

. Wide range of permeability to gases and liquids.

Two other characteristics of polymer applicatior also provide advantages:

. Energy-efficient production methods;

. Little dependence on scarce materijals.

Properties that limit the application of polymers include:

. Poor aging creep responsej

d Low upper temperature limit (200 to 400 degrees C)j

. Low resistance to environmental organics, ultraviolet radiation,
ozone and radiocactivityp

. Poor flame retardance:

. Relatively poor reproducibility of oproperties (principally due

to inadeqguate processing control).

An sdaditional significant disadvantage of polymers arises from their
by-prodactc. The rchemical wastes resulting from polymer fabrication and
synthesis are in a few cases highly toxic and may b non-biodegradable.
Furthermore, disposing of polymer products at the end of their useful
life generutes severe environmential problems. The magnitude of these
problems. is only now being realized ard will receive more attention in

the future.

The manufacture of ©plastic resins for utilization in
fibre-reinforced composites is a major industry as shown in Table 21.

Expoxy production in 1982 was 135,00C tons in the United States, 30,000
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of which was in reinforced plastics, i.e. accounting for 80 per cent of
the increased tonnage. Of these 30,600 eight-thousand were used in

advanced composites.

In the presence cof a catalyst, heat and/or pressure thermosets
undergo an irreversible chemical reaction (cure) to give rather high
strength polymers that are noted for their excellent adhesion
characteristics to reinforce fibres. Phenolics, polyesters, epoxies and
vinyl esters account for 90 per cent of the reinforced matrix market.
Thermorlastics account for the remainder and, as the name implies, they
are reversibly transformed by heat from highly stable solids at room

temperature to highly viscous liquids which can be readily worked.

Table 21.

Reinforced resin consumption in the United States of America

in 1977
Reinforced plastics Total consumption
{1000 metric tons) (100 metric tons)
Thermosetting Resins
Epoxy 22 125
Phenolic 41 638
Polyester Unsaturated 370 {7003} 477
Urea-Melamine 15 514
448 1,754
Thermoplastic Resins
Nylon 178/ 110
Polyacetal 28/ 42
Polyester, Thermoplastic 158/ 21
Polyethylene, H.D, 28/ 1,620
Polyprophylene 308/ 1,247
Sty:enics_/ 138/ 2,110
other?/ 9/ 150
Total 8sd/ 5,300

a/ includes reinforcement material

b/ Polystyrene, ABS and SAN

¢/ includes Noryl, polycarbonate, polysulfone, fluroplastics,
polyphenylene sulfide etc.
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Epoxy resins are predominantly used in advanced composites and in
situations of high stress, the curing temperature increasing with
required operating stress and temperature. They are also the most
expensive, varying from US$1.50 to US$22 per kg, or between 2 and 30
tines the price of polyesters, which are by far the most widely used
resins for glass fibre-reinforced composites and are starting to be

examined as matrices for the lower stressed advanced composites.

Thermoplastic resins, such as nylon are employed as matrices for
composites containing short (glass) fibres that are widely used in
friction applications (gears). Advanced (and rather expensive)
thermoplastic matrices, such as polyethersulphone (PES) and
polyetheretherketone (PEEK) are currently under investigation for
advanced composite utilization.

4, Semi-products manufacture

Under semi-products are included fibre tows, roving fabrics,
tissues, mats and chopped fibres as well as thermoset resin
preimpregnated products (prepregs), sheet moulding compounds (SMC), and
thermoplastic compounds. All the fibre forms are produced in order to
facilitate incorporation into a matrix for the optimum fabrication of the
finished product.

The fibre tows, rovings, mats and chopped fibres are normally
produced directly by the fibre producer, whereas fabrics and tissues are
the work of companies with textile experience. The fabrics may be of one
fibre or a mixture (hybrids) and the weaving of glass (or glass and

carbon, for example) is within the capabilities of many textile companies.

Thermoset resin preimpregnated (prepreg) products consist of a
preformulated mixture of fibres and partially cured resin that requires

nn further processing other thans

. Cuttirg to shapesj

. Laying up in correct form in a mouldj

. Curing under specified conditions of temperature, pressure and
time.
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Prepregs may contain non-woven (unidirectional) or woven fibres, and
their use is the standard mode of advanced composite manufacture. Resins

may be epoxy or polyester.

The main advantage of prepregs is their limited shelf life (i.e.
duration of storage without alteration). For example, an epoxy prepreq
shelf 1life is s8ix months at minus 18 degrees C and 14 days at 21 degrees
C. Therefore refrigerated transport and storage are necessary. Prepregs
of carbon fibre are also rather expensive: about two to three times the
cost of the fibre contained in the material.

a. Sheet-moulding compounds (SHC)iﬁgl/

Sheet-moulding compounds (SMC) of polyester and glass fibre are
widely used for moulding furniture as well as bumpers, hoods, fenders
etc. in the automobile industry. SMC is made by depositing chopped
fibres (10 to 50 mm long) on a layer of resin carried as a continuous
paste or film. The fibres are sandwiched by a second layer of resia and
pressed to remove excess resin. The resulting sheet 1is wound under
tension and stored. Basic SMC machines cost from US$30,000 to US$150,000

and require four to six operators.

b. Thermoplastic compounds

Thermoplastic compounds consist of mixtures of between 10 to 40 per
cent weight of short fibres (mainly glass but also carbon?% for the more
expensive resins) and are compounded with the resin (often nylon) in
screw extrusion equipment. They are used as feedstock in

injection-moulding machines.

5. Composite processing manufacture

The techniques have been described previously in chapter 1. The
choice of technique obviously depends on the product that has to be
produced. From the choice criteria presented in section A of this
chapter, the products that present the most interest for developing
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countries, and thus define the technique(s) to be used, are as follows:

Modular buildings Contact moulding

Pipes/ducts Centrifugal casting
Filament winding

(manual or mechanized)

Tanks, cisterns Filament winding

(manual or mechanized)

Energy production - Pressure moulding,

related structures hand lay-up

Products in these categories are discussed in detail in chapter II.

In many instances, the composite structure produced must be machined
or joined to other similar elements or to another structure in order to
provide a useful structure. In the majority of the cases discussed from
the viewpoint of the developing countries, final fabrication will involve
either mechanical joining (in buildings and pipes) or adhesive bonding
(pipes, tanks).

C. Specific suggestions

1. Analysis of applications

Table 22 presents the results of the analysis carried out in
chapter II for the different composite materials and applications as they
meet the criteria for introduction of composite production in developing

countries, which were presented in section A of this chapter.
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2. General conclusions

The analysis conducted in this paper allows the following general

conclusions to be drawn:

. In general terms, a composite materials industry could be
effectively introduced in developing countries, subject to the
fulfillment of certain conditions;

. Unless adequate local capabilities for R and D and
commercialization exist, the developing countries may find it
advantageous to use what exists in the way of:

. Technology
. Design
- Manufacturing techniques
. Installation techniques.
Applications may, however, be new and unique to each country and

adaptations may be necessary.

. Raw materials should initially be those proven elsewhere to give
satisfactory performance. The utilization of local raw
materials as replacement for imported products or as a source of
new products should be studied in parallel with production of

standard materials;

. The wmost suitable basic material is glass fibre-reinforced
polyester, which has a large background of experience in design,
fabrication, installation and operation that can be readily

transferred to developing countries)

. There exist manufacturing techniques for products of primary
importance to developing countries, which are heavily dependent
on manpower that is readily available in developing countries.
The new skills to deal with composites are, however, quickly
acquired and can be accelerated by appropriate instruction. The
skilled labour required could be imported in the initial phases
mainly for quality control at all stages of productiony
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Table 22.
Evalvation of composites on the basis of choice criteria
for developing countries
CRITERIA Raw Materials Windmill GRP in Large Diameter Pipes Small GPR Matural
production construction AC GRP steel- diameter ranks fibre
qlass polymere Blades plastic GPR composites
fibre matrix pipas
Plexibility of Na Ma + **” + + +* * * *
technology
Satisfy local need [ o o e * " * * + e
Improve quality [} o + L4 tlo:" " " + o £33
of life
use local raw 4)
materials o b o/- o/oz' +/o - o - - +
Rconomic local -] [ o * + + + + + *
production
Provide saployment + - + (24 *" * + " e "
Solve specific problems MNa Na + t+ 23 e * + + e
Technology is provea + + + *” * +*+ + ++ * [
rinancement available [ - o/~ + * + + o o -
Quality control - - - + ** * e * * o
straight forward
Introduction of new * * ++ * o ++ ++ * + e
technology (political)
skilled labour ' - - - o + o o - o ]
requirement low
Key
44+  HNHo doubts on criterion fulfilment
+ Under certain circumstances the criterion is fulfilled
o No definite answer

- Does not meet criterion, or only with much development and expense.

1) Readily met only in oil/gas/coal producing countries.
Biomass source requires R and D,

2) In low stress applications, natural fibres may be employed.

3) Health questions still outstanding.

4) Where a steel mill is available.




- 140 -

. Plant investment and energy requirements are not excessive in

the initial phases of introduction of the industry)
. Glass fibre-reinforced plastics for construction panels and

pipes require no special research and development effort or

personnel.

3. Specjfic suggestions

Of all the composite materials, along with their brsic components,
that have ULocen analyzed, the most suitable for introduction in (selected)

developing countries are:

(i) Initially glass fibre-reinforced polyester, because a great deal
of experience exists already. It 1is a proven success in many

sectors and is highly cost-effective.

(i) Natural fibre composites because of the supply, economic and
local expertise development opportunities.

a. Introduction of the material will be recommended where there is an
established, and growing, need for:

- housing

~ water transportation

- sewage removal

- energy development

- minerals treatment.

It is specifically suggested that glass fibre-reinforced polyester
be introduced in the following manner:

(1) Establishment of a 1local company for the fabrication of hand or
spray lay-up, contact moulding of GRP panels with short fibre

mats for construction purposes and mouldings for tanks, baths,




(11)

(iii)

(iv)

(v)
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furniture etc. The know-how and training of personnel should be
introduced through a commerical arrangement with a specialized
company. The main advantage of the hand lay-up technique is
that it is highly versatile and, once the basic know-how is
assimilated, this technique can be used to fabricate a large
variety of consumer products. A parallel investment could be
made in pultrusion (also a relatively simple technology) where
plans exist to develop the construction industry (i.e. the
pultruded profiles will served as the framework).

In the case of a large country, several smaller companies may be

set up at the same time in order to satisfy more local markets.

Design and fabrication techniques should follow the already
established and well-tried procedures. Local personnel should
be continuously trained.

Once fabrication and operating experience has been gained, or as
a parallel operation depending on the market situation, the
production range should be expanded to hand-wound pipes and
tanks which will be stressed more highly than the previous
products but which can atill not be classified as being highly
stressed. At this stage one is moving into areas where quality
control is of utmost importance and the need for skilled labour

increases.

Introduction of automated equipment for the utilization of woven
rovings and filament winding equipment for highly stressed
products. At present, the composite approach to product
development 1is reaching the sophisticated stage and may require
further assistance from specialized countries. In some
instances (and countries) the intrcduction of sophisticated
technology may be justified at a very early stage because of the
market profile and investment availability.
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(vi) The final profilz of the composites industry will vary from
country to country, but two extremes are possible:
- One large, fully integrated company
. A mnultitude of small fabricating companies of a
relatively low level of technology: manual, artisan

moudling.

b) Natural fibre composites render products which may be termed
low-stress, yet useful, everyday applications of considerable interest to
developing countries, e.g. furniture, utensils, travel containers,
packaging etc. Extension of such structures to housing panels has been
done in certain countries and is extremely interesting.

The recommended general approach to the introduction of a natural fibre

compogsite industry is as follows:

(i) Analysis of the local situation

. Evaluate potential raw material supply and distribution,

manpover availability, finances etc.

. Identify the most promising products and their competitors.

(ii) Specific developments

. Market analysis of selected products

. Feasibility study on the chosen materials and products

. Research and development for the most suitable materials,
their treatment and fabrications search for new fibres and

local matrix materials; and appropriate design methods

. Semi-industrial development: licenses, marketing, sales,

factory implantation (e.g. one large or many small ones).
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4, Impact analysis in developing countries

a) Impact on structural materials

Introduction of composites (mainly/only GRP) will reduce demand for
(eventually imported) steel and cement. Introduction of advanced
composites will probably lie in a new field, so of no influence on

current materials usage.

b) Impact of raw materials supply

No problem can be foreseen from the raw materials supply side if

composites are more widely introduced in developing countries.

c) Labour

Labour requirements may be extrapolated from the situation in France
where for an annual GRP production of 120,000 tons, approximately 30,000
people are employed, 5 per cent or 1,500 of whom are engineers. Typical
companies manufacturing construction panels and hand lay-up pipes employ

around 40 people and produce in the order of 200 tons per annum.

In developing countries, a typical small (approximately 200 ton
capacity) company for pipe production could employ initially around 100
people, of whom 10 should be skilled, as given in the following

organizational chart:

General Manager

| { | | I
Quality Control Production Product Pipeline Sales,
Raw Materials Manager Control Engineer Marketinc
T ~
I |
Chemist| |Engineer] Equipment Customer; Accountant
Engineer Service

No development activity should be envisaged in the initial stage.
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4d) Enerqgy

The specific energy content of GRP is much lower than in the case of
steel or aluminjum. Therefore introduction of GRP manufacture instead of
steel saves energy. Advanced composites, such as carbon fibre-reinforced
polyester, are equivalent to steel. The direct transformation energy,
and  therefore the costs associated with composite manufacture, are
negligible for small series such as are produced in contact moulding,
projection, low pressure injection or pressing. The costs represent only
around 0.2 per cent of the totalj raw material, labour and capital costs
dominate. In hot pressing and thermoplastic injection this amount rises

to between 1 and 6 per cent.

e) Transr.ortation

Large gains are to be made by introducing 1light weight materials
into automobiles, trucks, trains and aircraft. The developing countries
will benefit from this in imported goods, but there will probably be
little impact on structures manufactured within the country itself,

f) Health

The potential impacts on health by the introduction of composites

all tend to be negative becauses
. The small dimensions of the fibres may, if no precautions are
taken, lead to lung damage. The hazard potential is considered
to be less than that of asbestos, coal dust or quartz.

. The flammability of the reinforced plastics.

. Resin handlings prescribed procedures must be adhered to.
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q) Water and air quality

Water and ajir quality might improve if composites lead to the
introduction of more water treatment plants or scrubbing towers in
chemical plant.

h) Solid wastes
Solid wasisz resgulting from scrapped composites are difficult to

recycle. Curreni. 1se is in land fill.

i) Product reliability issues

In the initial phase of introduction of composites in developing
countries, uses should be restricted to non-critical structures or
components where no major problems, such as involving 1loss of life,
polluticn, etc. can result. This is because product and installation
quality are the sine qua non for reliable operation, and perhaps these
cannot be guaranteed immediately in order to allow critical, often highly
stressed structures to be produced and utilized in developing countries.
The industrialized countries already spend vast sums of R and D money to
resolve this s 'ituation without yet arriving at a satisfactory conclusion
unless strict control is placed on all production and installation stages

(i.e. at a high cost and with skilled personnel).

j) Technoloqy advances

The advances in composite technology in industrialized countries,
mainly in the areas of manufacturing and product quality, will be of
direct benefit to developing countries. Unlike more traditional
industries, there 1is large scope for innovation by all parties to develop
products "“fit for purpose”. Thus, developing countries can have a
considerable impact on the advanceaer' € composite technology from the
viewpoint of design for wide utili: .- . aspecially in the natural fibre
composites sector.
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k) Research & development and education

The area of composite materials is one where considerable innovative
work can be done in both developed and developing countries. Thus,
jntroduction of composite materials manufacture and utilization will
stimulate R and D activities in universities and research establishments
on materials science, chemistry, chemical engineering, structural
engineering etc. By the same token, the teaching of subjects related to
materials technology at universities will be greatly erhanced because of

their relevance to national activities.




ABS

AC
Boron/W
GPA

GRP

HM

HS

kgf

kJ/m2

PE

Prepregs

RRIM

SAN

SMC
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GLOSSAKY OF TERMS
acrylonitrile butadiene styrene
asbestos cement
boron on tungsten filament
(gica Pascal) 1 GPa = 10%pa
glass-fibre reinforced plastic
high modulus
high strength
kilogram force
kilo Joules per square meter
micron

(mega Pascal = 105pa = 1MN/m? {mega Hewton per sqare
meter)

polyethylene

Continuous, aligned fibre, chopped sheets or woven cloth
or fabrics, preimpregneted with epoxy or polyester resin

polyvinyl chloride
Reinforced reaction injection moulding
styrene acrylonitrile

Sheet moulding compounds consisting of a chopped strand
mat impregnated with polyester resin
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