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Foreword

Shelter, a basic human need, is chronically and critically in short supply in
many developing areas of the world. Of all the elements of shelter, the roof is
perhaps the most important in providing protection from harsh environmental
conditions, and it often meets cuitural needs as well. Emphasis on roofing needs,
and thus research on improved roofing technology, is fully justified at this
time and, indeed, an essential first step in improving housing technology.

Historically, people solved their shelter problems by using native materials.
They considered traditional roofs of local materials adequate until they came
in contact with distant places and learned of different techniques and materi-
als. In efforts to improve roofing, they imported new materials and new tech-
nology, sometimes combining the imports with local or readily available sub-
stances. When imports required a departure from tradition, many communities
rejected innovations because of the accompanying changes in art forms, life-
styles, and technology. In other instances, where new materials and technol-
ogy have been accepted, they have proved too costly to meet the demand, or
they have increased hazard to life and health, even though they represent an
improvement in the provision of shelter per se. In many developing areas,
climatic conditions alone decrease the durability of even the best roofing mate-
rials used in more industrialized, temperate-zone countries. The task of achiev-
ing substantive improvements in roofing is formidable.

This report represents the voluntary efforts of an Advisory Committee of
the Building Research Advisory Board appointed especially to consider feasible
and practical new-technology solutions to roofing problems in developing

vii
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countries. The committee included highly qualified individuals who, at the
request of the National Academy of Sciences-National Research Council,
gave freely of their time and expertise in behalf of advancing building tech-
nology in developing countries.

The Building Research Advisory Board appreciates the contributions com-
mittee members have made and takes this opportunity to acknowledge their
effort. In addition, the board extends its appreciation to all others who as-
sisted the committee, particularly William Reps, National Bureau of Standards;
Frederick Krimgold, Doctoral Candidate, Stockholm, Sweden; Henry Sjaar-
dama, CARE, Inc.; Robert J. Cowan, CARE, Inc.; W. Ludwig Ingram, Central
American Research Institute for Industry (ICAITI), Guatemala; David DeSelm,
U.S. Department of Housing and Urban Development; and Mario A. Piche
Alfaro, U.N. Centre for Housing, Building and Planning.

Joseph H. Newman, Chairman
Building Research Advisory Board



Contents

I. INTRODUCTION
The Roofing Problem
Objectives of This Report

. CONCLUSIONS

III. RECOMMENDATIONS

An International Advisory Committee
Polymeric Binders
Foamed-Plastics Processing
Sulfur

Carbonized Plant Materials
Agricultural and Wood Wastes
Wastes from Primary Industries
Concrete

Clay-based Materials

Fiber Products

QWO AW H WM -

—

APPENDICES

A. PLASTICS
Trayon Onett
Selection of a Plastic
Thermoplastic Resins
Thermosetting Resins
Reinforcement Materials for Plastics

ix

Pt

b b b ek pmd  pd et
DN — = OO0

14

15
16
20
22



J.

FOAM COMPOSITES
J. P. R. Falconer
Making the Foam
Spray-in-Place Bamboo/Foam Composites

SULFUR
A. Gonzalez-Gandolfi
Sulfur as a Coating
Sulfur as a Binder
Conclusions

CARBONIZED PLANT MATERIALS AS FILLERS
J. P. R. Falconer

HYDRAULIC-SETTING CEMENT BINDERS
C. E. Bushnell
Background and Potential
Recommendations for Use

ASPHALT BINDERS
C. E. Bushnell
Asphalt
Tars and Pitches

AGRICULTURAL AND WOOD WASTES
W. Ludwig Ingram, Jr.

FERROCEMENT

LOW-COST ROOFING RESEARCH IN INDIA
Dinesh Mohan
Clay
Organic Materials
Concrete
Miscellaneous Materials

POTENTIAL ROOFING MATERIALS AND COMPOSITES

Recomendaciones (en espaiiol)

Recommandations (en frangais)

CONTENTS

23

25
26

29
30
31
32

33

35

35
37

39

39
39

41

45
47
47
49
50
52
54
57

64



I. Introduction

THE ROOFING PROBLEM

The full impact and implication of the roofing problem currently experi-
enced by developing countries cannot be realized without some familiarity
with the overall housing problem. More than 80 developing countries suffer
from an acute housing shortage, principally because of the ever-increasing
need for new housing created by expanding populations and the periodic
large-scale loss of housing from natural disasters. Each country must overcome
serious social, economic, and technical obstacles if the most basic needs and
demands for shelter are to be satisfied. For most developing countries, the
housing deficit is the most complex problem and one that will become more
serious as population growth continues.

The housing deficit is further compounded by the fact that population
growth, and the demand for new and improved housing, is greatest in areas
where social and technological impediments are the most difficult to address
and personal income is lowest. Already enormous financial needs are continu-
ally aggravated by extremely limited purchasing power and the absence of a
credit system. Much of the population has an income so low that it cannot
afford even the most modest housing.

Needs, and thus the basic factors in reaching any solution to the overall
housing problem, vary considerably according to location. Designs for new
housing in urban areas should take into account the increased hazards to life
and health created by population density; yet, doing so will increase costs.

1



2 ROOFING IN DEVELOPING COUNTRIES

At present the formation of new households and the migration of rural house-
holds, or heads of households, to places of employment frequently lead to un-
controlled new, and often population-dense construction surrounding major
cities (e.g., Calcutta, Rio de Janeiro, Ibadan). Most such urban housing—and
often rural housing as well—is uncontrolled, poorly constructed of scavenged
materials, unsanitary, unsafe, and short-lived. Disaster-prone areas need hous-
ing that is both safe and capable of rapid and high-volume production. In
planning housing for developing countries in tropical and subtropical regions,
continuous attention must be given to the ever-present problems of the envi-
ronment’s deteriorating effects on materials.

The most serious obstacle to low-cost housing in the developing countires,
regardless of setting or sophistication, is the lack of a low-cost roofing mater-
ial that will provide satisfactory performance for a reasonable time under
many adverse conditions. An essential component of a dwelling, the roof is
critical to shelter, thermal comfort, privacy, and, in some localities, the satis-
faction of other needs—for a status symbol, a refuge from floodwaters, a sleep-
ing area, a water-collection system, a storage area, a food- and clothes-drying
area.? In many developing countries roofing alone represents more than 50
percent of the total construction cost of a low-cost house.

Usually, roofing for low-cost housing in developing countries is not the
product of any organized building industry or process. Instead, it is con-
structed with local seif-help labor using rudimentary processes and materials.
Most roofs made of low-cost, indigenous materials such as thatch or unfired
clay lack durability and can be hazardous to health and safety. The materials
often are subject to moisture-induced decay; they harbor vermin and insects
and are particularly dangerous during fires, windstorms, earthquakes, and
other disasters. To provide more permanent roof coverings, many developing
countries expend scarce foreign exchange to import corrugated galvanized
iron (CGI) and other metal roof-covering materials from industrialized
countries in the temperate zone. These materials are often too costly for
much of the population and, where they are used, do not solve the roofing
problem. Metal products do offer the advantages of being relatively long
lasting, salvageable after a disaster, self-supporting over short spans, easily
maintainable, and simple to install. In hot climates, however, the heat ab-
sorbed by metal roofs converts homes into ovens. Where exposed to saltwater
spray, ferrous metals corrode quickly.

OBJECTIVES OF THIS REPORT

In view of the magnitude and complexity of the roofing problem in devel-
oping countries, the Agency for International Development (AID) requested
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the Board on Science and Technology for International Development
(BOSTID) of the National Academy of Sciences to review the practicality of
a major research effort to develop new solutions to roofing problems in devel-
oping countries.

BOSTID invited the Academy’s Building Research Advisory Board (BRAB)
to conduct the review. In turn, BRAB appointed a special advisory committee
of individuals with special knowledge of the technical, social, economic, and
manufacturing aspects of roofing in developing countries. Two members of
the committee were from developing countries; each directs his nation’s hous-
ing research efforts.

The committee reviewed past and current research and development (R & D)
activities directed at solving particular roofing problems of developing
countries, as well as more general roofing R & D in other countries throughout
the world. The committee found that most such R & D deals with the prob-
lems associated with roofing materials now in common use, or aims at im-
proving a specific material or product, or seeks better uses of materials or
products already available but used for purposes other than roofing. The com-
mittee further determined that although none of the current R & D activities
reviewed demonstrates immediate solutions to the roofing problem, limited
work is being, and has been, conducted on materials currently used for roof-
ing (such as thatch, CGI, aluminum, and clay) and an extensive literature
exists.! The committee decided, therefore, to explore the feasibility of devel-
oping new low-cost products and processes with potential for providing roof-
ing materials that offer better performance than those most commonly used
today.

This report presents the committee’s conclusions and recommendations
concerning areas of research and kinds of materials indicating significant po-
tential for the development of new roofing technologies that could provide
early solution to the particular problems of developing countries. Ten appen-
dices address various technical aspects of potential new roofing technologies.

CHAPTER I REFERENCES

1. For example, see Koenigsberger, Otto. 1965. Roofs in the Warm Humid Tropics.
Architectural Association Paper Number 1. London: Architectural Association.

2. For further information, see

Dietz, A. G. H.; Koth, M. N.; Silva, J. A. 1968. Housing in Latin America. Cambridge,
Massachusetts: MIT Press. p. 197.

Abrams, Charles. 1964. Man's Struggle for Shelter in an Urbanizing World. Cambridge,
Massachusetts: MIT Press. p. 182.



I1. Conclusions

Conditions in the developing world vary greatly among countries, and
even within countries, making it virtually impossible for the committee
to address all problems associated with specific locations. During the conduct
of its study, however, the committee did consider such regional conditions as
the economic, social, and political acceptability of various materials, the
availability (or lack) of credit facilities, climate, biological agents, and trans-
portation problems.

On the basis of its study and its own knowledge, the committee arrived
at the following conclusions:

1. The introduction of high-performance roofing systems that are low in
cost and capable of adaptation to satisfy local social-acceptance requirements,
could, of itself, significantly accelerate production of more and better housing.
Furthermore, research directed toward development of fresh approaches to
roofing problems in developing countries is likely to be productive at this time;
in polymer science, in innovative applications of cement and asphalt, and in
the improved use of indigenous vegetable, animal, and mineral products, the
committee members found sufficient unrealized potential to convince them
that, given adequate research funding, new solutions can be found.

2. The roofing problems of developing countries are such that proposed
solutions must be conceived, analyzed, and evaluated in terms of a system
comprised of the following three principal elements, singly or in combination:

4



CONCLUSIONS 5

o the supporting structure (e.g., trusses, beams);

o the roofing substrate (e.g., concrete slabs, wood boarding); and

o the roof covering (e.g., tiles, built-up roofing materials, waterproof
coatings).

3. For each of these three elements, consideration must be given to

e Auvailability of materials in or close to the locale in which they are
proposed for use. Proposed roofing systems should maximize the use of mate-
rials either obtainable from, or manufactured in, the country for which the
systems are intended. Wherever possible, the systems should make use of mate-
rials that can be obtained from, or produced near, the point of use, to de-
crease dependance on local transportation systems. Furthermore, materials
requiring local material resources should be selected only after investigation
determines that those resources are available. (For example, high-quality con-
crete requires a supply of clean, fresh water, which may not be available.)

e Availability of labor required for production, transportation, and
erection or construction. Domestic production would generate employment
and stimulate the growth of supporting industries and services, as well as pro-
vide opportunity for improving worker skills.

» Skills and skill levels required for production, transportation, and
erection or construction. Most developing countries have an abundant
supply of unskilled labor, especially in urban ateas. Insofar as possible, roof
systems should be of simple design and easy toinstall, to provide employment
and skill-training opportunities for local labor.

o Potential hazards to the health and safety of housing occupants and
the community. Health and safety are, of course, of paramount importance.
If synthetic materials, particularly plastics, are to be utilized, the flammability,
smoke generation, and toxic characteristics should be given special attention.
For locations known to be subject to earthquakes, floods, and high winds, the
roofing system should be designed and constructed both to provide occupant
protection against such hazards and to ensure that even if structural failure
occurs, the threat to the community from falling or flying debris will be
minimized.

o First cost, durability, maintenance costs, and the effect of each on
the total roofing system. A durable but inexpensive roof covering that re-
quires a costly or complex structure for support can lead to a total roofing
system that is so uneconomical that it is completely unacceptable. The dura-
bility of the structural support and the roof substrate material should be con-
sidered, as well as that of the roof covering. Each should employ materials
that can be maintained easily by the occupants or by local labor.

o Environmental conditions of the locale in which the material is pro-
posed for use, particularly if it will be subjected to tropical and subtropical
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climates. Special attention should be given to the possibility of degradation
by ultraviolet light, moisture, biological agents, and damage by rain, wind,
and earth movement. The roof covering or substrate should have a thermal
insulating value sufficient to protect the interior from the heat of the sun dur-
ing the day and, if enclosed or enclosable, to preserve interior-produced heat
during the night. In hot climates, the roofing system should be designed and
oriented to reduce the effect of the sun’s heat and to take maximum advan-
tage of prevailing breezes.

4. Searches for low-cost materials or systems embodying the above-men-
tioned characteristics should include composites containing a reinforcement,
a filler, and a coating, all of which are held together by a “binder.”’* Research
into composite materials could lead to the development of roofing materials
capable of utilizing a vast array of indigenous products. (For a discussion of
some composites and related ingredients, see the appendices.)

S. Insofar as possible, local products should be utilized for each compo-
nent of a composite. For example, vegetable fibers, rock wool, glass fiber, and
wire mesh ought to be considered for reinforcement; soil, waste glass, rock,
and sawdust ought to be considered for fillers; and paint, whitewash, and
sand sprinklings ought to be considered for coatings. (See appendix J for a
more extensive list of possible component materials.)

6. Although potential reinforcement, filler, and coating materials are
available in each of the developing countries, suitable binders to hold them
together generally are not. If suitable binders can be developed and simple,
low-cost methods can be devised to use them in the manufacture of com-
posites, such composites might well provide the versatility required to meet
local needs in widely differing developing regions.

7. To the fullest extent possible, R & D in roofing technology ought to be
conducted within the developing countries, even if the cooperation of public,
private, or academic institutions of more developed countries must be sought.
Research and design specialists living in developing countries will be more cog-
nizant of available resources and the design requirements peculiar to their
specific localities. Furthermore, new roofing technologies generated by a de-
veloping country will probably be more easily diffused among, and accepted
by, the local population.

*In some composite materials one component may serve more than one function: in
others, one function may be unnecessary. For example, a separate coating to protect the
surface or a filler to give bulk and weight may not be required.



III. Recommendations

During its investigation, the committee identified a wide variety of materi-
als that researchers could consider in a search for new roofing systems for de-
veloping countries (see appendix J). Since developing countries differ so widely
in their needs, climates, and available materials and resources, each must de-
termine independently which avenues of research are most promising. The
committee believes, however, that an organized, systematic approach to the
establishment and direction of R & D programs within the developing
countries could lead to early results of immediate use for most, if not all,
countries. Thus, the committee offers the following recommendations:*

1. AN INTERNATIONAL ADVISORY COMMITTEE

A standing advisory committee should be established under appropriate
international auspices. Its efforts should be directed specifically to accelerate,
enlarge, and consolidate the dispersed low-cost roofing research programs for
developing countries that now exist. The committee should give emphasis to
regional rather than global approaches.

*This report was completed before the recent rise in crude oil prices. Substantially in-
creased costs of petroleum derivatives will adversely affect the competitiveness of poly-
meric binders and foamed plastics (recommendations 2 and 3) and will increase the at-
tractiveness of the nonpetroleum-based technologies discussed in recommendations
4-10.
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Typical of the needs such a committee could address is a systematic inven-
tory of roofing materials and the design and construction practices currently
utilized in developing countries, as well as roofing problems now being stud-
ied by those countries and other research organizations. Such an inventory
would make possible the identification of research gaps and areas calling for
more attention.

Most committee members should be housing experts from developing re-
gions; others should be drawn from the most appropriate research and aca-
demic facilities worldwide and from technical assistance organizations that
have substantial interest in, and considerable resources committed to, hous-
ing in developing countries (such as AID; World Bank; United Nations Devel-
opment Programme; United Nations Centre for Housing, Building and Plan-
ning; Inter-American Development Bank; Organization of American States;
CARE).

2. POLYMERIC BINDERS

Roof-covering research, development, and demonstration programs should
be directed toward the use of existing, commercially available unsaturated
polyester and related polymers for binding combinations of indigenous mate-
rials (such as vegetable fibers, earths, and fabrics) of selected developing
countries.

Such effort could be productive now because the technology of fabricating
building products using thermosetting (e.g., unsaturated polyesters) and
thermoplastic resins and related polymers in combination with other materi-
als is highly developed and well documented (see appendix A). If such products
are compatible and blend with locally available raw materials, they could be
made in almost limitless shapes and sizes to meet designs required by a variety
of customs and traditions. The committee believes that a concerted program of
pilot-level development and testing could produce composite materials suit-
able for low-cost roofing systems in most developing countries.

The major challenge will be to develop inexpensive composites that will
resist deleterious elements such as moisture, ultraviolet light, insects, and
fungi. Special emphasis should be placed on identifying potential hazards as-
sociated with products utilizing plastic materials. For example, if open-fire
cooking is done indoors, certain plastic roofing elements may ignite and pro-
duce injurious smoke or toxic gases. Polymers can be treated by fairly simple
techniques to perform well when directly exposed to fire. But, to date, appli-
cations of such treated polymers have been relatively expensive.

If materials that perform adequately can be developed at reasonable cost,
the manufacturing technology and application probably could be transferred
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throughout developing countries with little difficulty; the simplicity of pro-
ducing synthetic-resin roofing materials would permit easy diffusion of the
technology and ready commercialization by small-scale entrepreneurs. The
finished building products are likely to be economically competitive with, or
have a price advantage over, CGl. The materials also may be used for applica-
tions other than roofing.

The costs of manufacturing the roofing composite could be very small. The
system would be versatile and lend itself to labor-intensive production.

In their raw state, basic resins and polymers are stable and can be stored
for some time, but, to maintain their specified characteristics, they must be
kept in a cool, shaded location. Since they are concentrated, they require
little shipping and storage space and have little intrinsic value until processed
into a building material. If the basic resins and polymers are not available in
developing countries, they would have to be imported but would probably
represent only a minor portion of the cost of the finished roof. No significant
logistical problems need to be overcome in importing bulk resins and poly-
mers—abundant supplies and numerous manufacturers exist, and end-point
handling, storage, and transportation are not difficult.

Field-research efforts on this type of application should include a cost-
benefit analysis of imported resins as opposed to alternatives such as im-
ported CGI.

3. FOAMED-PLASTICS PROCESSING

A pilot project should be undertaken to process foamed plastics suitable
for roof-covering materials and to develop a mobile, small-scale, foaming-
equipment system that developing countries could produce economically.

Foamed plastics—lightweight cellular substances produced by introducing
gas bubbles into plastic compounds during manufacture—offer significant
potential as versatile, lightweight roofing materials with high insulating values
that could be produced on site in a variety of shapes and sizes (see appendix
B). To date, the use of foamed plastics has been severely limited by the lack
of simple, low-cost, reliable foaming equipment capable of producing a high-
quality, uniform product.

The customary foamed-plastic processing equipment generates the foam
chemically and then sprays the stabilized, frothy mass of fine bubbles into
the desired position. In the past, the processing equipment used in field
demonstration projects in developing countries was quite complex and sensi-
tive and required costly maintenance; recent advances in equipment design,
however, have eliminated many of the problems experienced earlier. There-
fore, it would seem most appropriate and timely to incorporate these advances
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in the development of a mobile, small-scale foaming system that could be
mass-produced by the developing countries. Such a system, coupled with a
demonstration that foamed plastics can be used in conjunction with indig-
enous reinforcing fillers and coatings as roof-covering and substrate materials,
could lead to the formation of profitable local business enterprises that would
produce both the equipment and a variety of foamed-plastic products.

The recommended pilot project should be organized clearly as an experi-
ment to assess and document the performance of the equipment, as well as
the economics, consumer acceptance, use, longevity, and durability of the
prototype roofs produced. The project might well be conducted as a coopera-
tive effort between U.S. and developing-country enterprises, with participation
of academic institutions, building-oriented professional and trade organiza-
tions, and technical assistance agencies in the housing field.

It should be noted that recently the U.S. Federal Trade Commission
charged that polyurethane and polystyrene foams subjected to fire can be
hazardous to life and health in certain housing applications. This fact is well
known by building technologists; however, foams with reported low flame-
spread and smoke development are available today and its is likely that fur-
ther improvements will appear in the near future. Nonetheless, those re-
searchers developing foamed plastics for roofing materials in developing
countries should be cognizant of the potential fire-related hazards and keep
abreast of technical developments in this area.

4. SULFUR

Sulfur should be given serious consideration as a material for binding mix-
tures of other indigenous materials, as a valuable coating and joint-grouting
material, and as a material from which small-size roofing products, such as
tiles, can be made.

Although sulfur has not been widely used as a building material, its full
potential as a binder for use in low-cost roofing for developing countries (see
appendix C) should be explored. Only in the last decade has the use of this
material for construction purposes been subjected to comprehensive scien-
tific investigation. Its use in developing countries is particularly worth consid-
eration because many have abundant supplies of sulfur as a result of volcanic
activity and as a by-product of oil refining. Sulfur also could prove to be an
inexpensive import item for countries lacking an indigenous supply.

Previous research and testing have been directed primarily toward the
use of sulfur in sulfur-concrete and as a surface bonding agent. Elemental
sulfur is a bonding agent with unique properties: It becomes moiten at 240 °F,
only slightly higher than the boiling point of water; it is insoluble in water and
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demonstrates qualities of water impermeability; it is odorless, nontoxic in nor-
mal use, and a poor conductor of heat; it has an indefinite storage life; and it
can be reprocessed. All these features indicate excellent potential for use in
developing countries as a roofing material.

Elemental sulfur is particularly suitable for labor-intensive construction
methods, but does have certain limitations: It is highly flammable, and it must
be converted to a liquid state before aggregates or fillers can be added. Product
developers and users must also be aware of the possible release of sulfuric
acid in the presence of moisture and the potentially harmful effects of inges-
tion. Advantages seem to outweigh the disadvantages, however, and a con-
certed R & D effort is warranted at this time.

5. CARBONIZED PLANT MATERIALS

A laboratory-research and field-demonstration program should be con-
ducted on the transformation into low-cost, lightweight roofing sheets of
carbonized and expanded, nonfood, high-starch plant products that have
been combined with unsaturated polyester resins and related polymers (see
appendix G). Research should include local field surveys to identify types,
quantities, and availability within the developing countries of plant products
suitable for this purpose.

6. AGRICULTURAL AND WOOD WASTES

An intensive program should be initiated to develop economical processes
for manufacturing resins from native agricultural products (e.g., natural vegeta-
tion, bagasse) for use primarily as binders.

As noted in appendix G,! the lignin and furfural in vegetation can be used
as in situ binders if heat and pressure are applied. This technology is well
known in industrialized nations; it is probable that simplified processing
methods would permit developing countries to produce an abundant supply of
satisfactory building panels.

7. WASTES FROM PRIMARY INDUSTRIES

Wastes such as fly ash and blast-furnace slag from the steel industry have
properties that make them suitable as cementitious binders (see appendix E)
and should be investigated. These wastes could prove of particular value in
countries lacking adequate limestone and portland cement resources.
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Red mud, a copious by-product from bauxite refining that gluts many de-
veloping countries, also merits serious consideration, as do metallic wastes
from the production of iron and steel. Disposal of these and similar waste
products is an ever-increasing worldwide burden to heavy industry; their con-
version to useful products would serve a two-fold purpose. Research in such
alternative uses may be so attractive to the affected industries that they might
be induced to contribute funds or materials.

8. CONCRETE

An analytical and laboratory testing program should be undertaken to de-
velop more appropriate and economical reinforced concrete products. (See
appendix H on ferrocement.) The research effort should focus on the use of
reinforcing materials such as wire mesh, locally available chopped wire, glass
fibers, rock wool, and various vegetable products such as bamboo,? bark, and
wood fiber (wood-fiber concrete is known as “wood wool” in some parts of
the world?). Consideration also should be given to substitutes for portland
cement, some of which are suggested in appendix E.

9. CLAY-BASED MATERIALS

A research program should be undertaken to develop methods for improv-
ing the general performance and range of applications of clay-based roofing
materials. (See appendix 1.)

10. FIBER PRODUCTS

The suitability and effectiveness of waste raw materials from textile and
other fiber industries (based on such fibers as jute, sisal, hemp, kenaf, and
cotton) common in developing countries as a blend in a composite material
for roofing components should be explored.

In summary, there are numerous promising avenues of exploration, and
it is the opinion of the advisory committee that full advantage should be
taken of them at this time.
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Appendix A. Plastics

By chemical definiton, plastics (also known as polymers) are synthetic,
chainlike molecules of high molecular weight that are the end result of the
chemical binding of large numbers of smaller molecules known as monomers.
Today there are approximately 40 families of plastics.

Each plastic has a well-defined combination of properties, processing re-
quirements, and economics that make it uniquely applicable in certain situa-
tions and unusable in others.

In developing countries, plastic resins containing monomers could, in prin-
ciple, be combined with locally available reinforcement and fillers by local
labor using low-cost equipment to form roofing sheets that could substitute
for currently used corrugated metal sheets. The widespread availability of the
chemicals, the relative ease of training local labor to make such roofing, and
the low cost of equipment all strongly suggest that a project should be initi-
ated to develop such roofing.

A development program for using plastic resins in this manner would have
these advantages:

¢ A local industry might result, to manufacture roofing materials.
o The use of indigenous materials and local labor would contribute to the
economic growth of less developed nations.

Contributed by Trayon Onett, Marketing Manager, Research Department, Koppers
Company, Inc., Monroeville, Pennsylvania.

14



APPENDIX A 15

¢ The reinforced plastic sheets would be lightweight, weather resistant,
translucent, verminproof, corrosion resistant, and potentially low cost.

o The use of this type of material would relate roofing solutions to the
general housing problems of developing countries.

o The use of indigenous materials would help overcome the problem of
local acceptance of shapes, styles, and aesthetics usually associated with the
introduction of new materials. Though a new material is used, the house could
be constructed in a traditional architectural form.

o The development program would establish the extent of training neces-
sary to use existing talent and skills.

e Walls and floors could later be made from different proportions of the
same ingredients.

To utilize these advantages and implement such a development program,
it is recommended that

1. A complete program for evaluating indigenous reinforcing, fillers,
various resins, additives, and stabilizers be initiated. The results of this program
could be incorporated into pilot development plans for larger-scale construc-
tion, testing, and field evaluation.

2. As the physical testing and evaluation program are initiated, a market
acceptance and economic feasibility program be started in a develop-
ing country.

SELECTION OF A PLASTIC

With over 40 families of plastics available and hundreds of variables possible
within each, determining the balance of properties required in the end use be-
comes most important. Today, polymers can be tailored to produce bulk
fiber, foam, film, coating, and adhesive plastics that may be hard or soft, rigid
or flexible, rubbery or leathery, and porous or nonporous.

Some of the physical considerations that must be considered are the end-
product requirements for the following characteristics:

Stiffness or flexibility

Temperature range

Tensile, flexural, and impact strengths
Intensity, frequency, and duration of loads
Color retention under environmental conditions
Electrical properties

Moisture resistance

Chemical resistances
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Weather and sunlight resistance

Odor and taste

Production requirements (quantity and speed)
Material costs

The ratings of physical requirements will be assigned ranges (e.g., tensile
strength: 4,218,600 kg/m? or 6,000 psi, essential; above 5,624,800 kg/m? or
8,000 psi, desirable; above 8,437,200 kg/m? or 12,000 psi, unimportant).
Choosing the best plastic for a specific job then becomes a matter of finding
the one material that best combines the necessary and desirable properties per
unit cost.

Plastics are differentiated as either thermoplastic or thermosetting. Thermo-
plastic resins require heat to form plastics, and the final plastic can be remolded
a number of times without loss of properties simply by applying more heat.
Thermoplastic scrap can be reclaimed and reprocessed without difficulty.
Chemically, the plastics they produce are linear molecular chains that fuse
and solidify without serious chain breakage and without much cross-linking.
Polyethylene, polystyrene, polyviny! chloride, cellulosics, and nylon are ex-
amples of thermoplastic resins.

A thermosetting resin forms a plastic with a permanent shape that cannot
be altered reversibly when heated. The final plastic after setting is a cross-
linked, intractable, nonflowing material. Applying additional or higher heat
only destroys it. Thermoset scrap cannot be reprocessed and can only be re-
used as filler material. Typical plastics in this family are polyesters, phenolics,
and ureas.

Certain thermosetting resins require no heat and little or no pressure to
form their final shape. They achieve cure by reacting with other chemicals at
room temperature to create their tightly cross-linked chain structures. These
reactions occur in relatively short times, and the final cure and set are per-
manent. Among these are some specific polyesters, epoxies, silicones, and
polyurethanes.

THERMOPLASTIC RESINS

The descriptions of thermoplastics presented below will serve as a quick
introduction to this branch of the plastics industry.

ACRYLONITRILE-BUTADIENE-SYTRENE (ABS)

Very tough; has an unusual combination of a high rigidity and impact
strength; readily accepts decorating or plating; possesses excellent embossing
properties; has fair chemical resistance, very low water absorption, good di-.
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mensional stability, and high abrasion resistance; formulation can be varied
to obtain different combinations of flexibility, heat resistance, and toughness.

ACETAL

An engineering plastic with very high tensile strength, stiffness, and excep-
tional dimensional stability; has high chemical resistance, high abrasion resis-
tance, low moisture absorption, excellent resistance to creep under load, and
low tendency to stress cracking; is nontracking electrically; has low coefficient
of friction and superior retention of physical properties if immersed in hot
water. Two types are available—homopolymeric acetals that have higher
strengths, and copolymeric ones that are easier to process.

ACRYLICS

Widely used for their high optical clarity and brilliant transparent colors;
best of the transparent plastics in resistance to outdoor weathering; excellent
electrical strengths; hard, glossy surface; fair chemical resistance. Available
for fabrication as acrylic sheets or standard and high-impact molding powders.

CELLULOSICS

Among the toughest of plastics; five basic cellulose families—nitrate, acetate,
propionate, butyrate, and ethyl celluloses. Nitrate, the toughest, is highly in-
flammable and explosive and embrittles with age. Acetate is easier to process
and not explosive but has poor solvent resistance and embrittles with age.
Propionate and butyrate are chemical and weather resistant.

FLUOROPLASTICS

Four general types—polytetrafluoroethylene (TFE), chlorotrifluoroethyl-
ene (CTFE), fluorinated ethylene (FEP), and polyvinylidene fluoride (PVF,).
TFE is nonbuming and has very high heat and chemical resistance (up to
550 °F), excellent resistance to heat aging, the lowest coefficient of riction
of any plastic, very high dimensional stability, and zero moisture absorption,
but is very difficult to process. CTFE has most of the outstanding properties
of TFE but is somewhat easier to mold. FEP is very easy to mold but is the
most expensive of the fluoroplastics. PVF, has heat resistance to 300 °F, is
the easiest to mold, and has higher tensile strength* and lower cold flowt
than the other fluoroplastics.

*Tensile strength: the pulling stress in pounds per square inch required to break a given
specimen.

tCold flow: the tendency to change dimensionally with time under load (e.g., creep at
room temperature.



18 ROOFING IN DEVELOPING COUNTRIES

IONOMER

A generic name for polymers in which ionized carboxyl groups create ionic
cross-links in the intermolecular structure. They offer excellent toughness
and high optical clarity, superior resistance to oils, greases, and solvents, and
high abrasion resistance. Their high melt strength permits very deep draws in
thermoforming, and they are very resistant to stress cracking. Films have out-
standing flexibility and are hard to tear but have easy tear propagation.

METHYL PENTENES

Offer excellent transparency; short heat resistance to 430 °F, good chemi-
cal resistance, and low water absorption. Have the lowest specific gravity
(0.083) of any commercial plastic, superior electrical strengths at high temp-
eratures, sharp melting point at 464 °F, and poor resistance to outdoor
weathering. Are easier to process than most high-heat plastics.

NYLONS (POLYAMIDES)

Are self-extinguishing if ignited and offer outstanding toughness and wear
resistance, a very low coefficient of friction, excellent chemical resistance,
high electrical strengths, poor dimensional stability due to hygroscopy* and
cold flow.

PHENOXIES

Offer outstanding chemical resistance except for organic solvents; are
tough, hard, and ductile; show low shrinkage during molding. Compared to
other thermoplastics, they have the lowest creep resistance, permeability to
gases, and coefficient of thermal expansion.

POLYALLOMERS

Similar to polyethylene and polypropylene, but with high abrasion resis-
tance, broader processing conditions, and better stress/crack resistance.
Offer excellent embossing properties, low specific gravity, and short molding
cycles.

POLYCARBONATES

Rigid, transparent, tough engineering thermoplastics offering excellent out-
door dimensional stability, very low creep under load, fair chemical resistance,

*Hygroscopy: the tendency to absorb moisture.
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and excellent impact resistance. Are self-extinguishing if ignited, physiolog-
ically inert, and ductile enough to yield rather than shatter under load.

POLYETHYLENE

An excellent combination of electrical and physical strength; lightweight,
easy to process, and low cost; offers good toughness, flexibility, and chemical
resistance; easily heat sealed, but heat resistance limited to 180 °F; has poor
stress/crack resistance and is difficult to hold to tolerances in molding. Avail-
able as low-, medium-, and high-density polyethylene. The stiffness and phys-
ical strengths increase toward the higher density.

POLYAMIDES

Maintain heat resistance to 500 °F continuously and up to 900 °F for short
periods; offer very low coefficient of expansion, outstanding resistance to heat
aging, high impact strengths, and excellent wear resistance; are the most dif-
ficult to process so they must be sintered or solution coated; are very expen-
sive.

PHENYLENE OXIDE

Engineering plastic, very tough over a temperature range of 275 °F to
375 °F; offers superior dimensional stability, low moisture absorption; high-
est resistance to creep under load, and excellent chemical resistance. Modifi-
cations available at lower cost but with lower heat resistance.

POLYPROPYLENE

Offers excellent resistance to stress or flex cracking, very low specific grav-
ity, excellent impact strength, good chemical resistance; floats on water; forms
films and fibers having superior strength, optical qualities, grease resistance,
and moisture-barrier properties.

POLYSTYRENE

General-purpose grade very rigid; shows low moisture absorption, low
shrinkage during molding, high optical clarity, and poor outdoor stability;
many solvents attack polystyrene; easy to process. Many modifications of
polystyrene are possible (e.g., adding butadiene for impact resistance, making
copolymers of styrene-acrylonitrile for high strengths, or adding blowing
agents for foamed parts).
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POLYSULFONE

An engineering plastic showing good transparency, high mechanical
strengths, high heat resistance, superior electrical strengths at high ter.p-
eratures, unusual resistance to strong mineral acids and alkalis, and - aperior
retention of properties on heat aging.

POLYVINYL CHLORIDES (PVC)

Of two basic types—rigid and flexible; tough, hard, and  «fficult to pro-
cess; offer good outdoor stability, superior electrical properties, excellent re-
sistance to moisture and chemicals; are self-extinguishing if ignited. Many
copolymers and formulae variations are available for special applications.

THERMOSETTING RESINS

ALKYDS

Offer excellent dimensional stability, arc resistance, and high heat resis-
tance; cure without creating volatile by-products; have very fast, low-pressure
molding cycles making them easier to mold than most thermosetting resins;
surfaces are hard, stiff, and tough. Various fillers and reinforcing fibers may
be added to the resin to produce a wide variety of compounds, each offering
a different combination of properties.

AMINOS (UREA AND MELAMINES)

Hard, rigid, and abrasion resistant; have excellent dimensional stability
under load, good solvent resistance and chip resistance, and are self-extin-
guishing if ignited. Urea molds faster and costs less; melamine has higher sur-
face hardness and heat resistance. Both are static-free and have excellent
electrical properties. Fillers and reinforcing fibers are added for economy,
better dimensional stability, and higher strengths.

DIALLYL PHTHALLATE (DAP)

Offers most exceptional dimensional stability of all the plastics as well as
superior electrical properties and excellent heat and chemical resistance; sur-
faces are hard, tough, and have very low moisture absorption; is easy to mold
at low pressures without forming volatile by-products; offers low postmolding
shrinkage when glass-filled.
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EPOXIES

Has outstanding physical and electrical properties and excellent adhesive
properties; offers unusually low shrinkage during molding and superior dimen-
sional stability under a wide variety of adverse environments; resins are nor-
mally liquids even without solvents or dilutants; some formulations can be
cured without heat or pressure; many formulae variations.

PHENOLIC

Low-cost molding material with excellent combination of high physical
strengths, high temperature resistance, good dimensional stability, and supe-
rior electrical properties; color limitation of black or brown; mineral, glass,
and cotton flock materials commonly used as fillers.

POLYESTERS

Two types—saturated or unsaturated. Films and fibers are formed from
the saturated polyesters; the unsaturated polyester resins, when reinforced,
give products with excellent resistance to high temperatures and chemicals.
Superior electrical properties and one of the most economic of all resin sys-
tems. Reinforced parts have high physical strengths and can be molded with
little or no heat and pressure. Finished parts can be cast, molded, pultruded—
or the opposite—laminated, foamed, or sprayed.

POLYURETHANE

Available as film, as well as rigid or flexible foam. Thermosetting types can
be flexible and rigid, depending upon formulation. Good abrasion and wear
resistance, superior impact resistance, and good electrical properties and chem-
ical resistance. Thermoplastic forms are also available and are used to produce
tough films and wear-resistant parts.

SILICONE

Offers excellent property retentions over wide temper