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ABOUT THE SERIES

When human life began on this earth food and shelter were the two most important necessities. Immediately thereafter, however, came clothing. The first materials used for it were fur, hide, skin, and leaves—all of them sheetlike, two-dimensional structures not too abundantly available and somewhat awkward to handle. It was then-quite a few thousand years ago—that a very important invention was made: to manufacture two-dimensional systems—fabrics—from simple mono-dimensional elements—fibers; it was the birth of textile industry based on fiber science and technology. Fibers were readily available everywhere; they came from animals (wool, hair, and silk) or from plants (cotton, flax, hemp, and reeds). Even though their chemical composition and mechanical properties were very different, yarns were made of the fibers by spinning and fabrics were produced from the yarns by weaving and knitting. An elaborate, widespread, and highly sophisticated art developed in the course of many centuries at locations all over the globe virtually independent from each other. The fibers had to be gained from their natural sources, purified and extracted, drawn out into yarns of uniform diameter and texture, and converted into textile goods of many kinds. It was all done by hand using rather simple and self-made equipment and it was all based on empirical craftsmanship using only the most necessary quantitative measurements. It was also performed with no knowledge of the chemical composition, let alone the molecular structure of the individual fibers. Yet by ingenuity, taste, and patience, myriads of products of breathtaking beauty, remarkable utility, and surprising durability were obtained in many cases. This first era started at the very beginning of civilization and extended into the twentieth century when steam-driven machinery invaded the mechanical operations and some empirical procedures—mercerization of cotton, moth-proofing of wool and loading of silk — started to introduce some chemistry into the processing.

The second phase in the utilization of materials for the preparation and production of fibers and textiles was ushered in by an accidental discovery which Christian Friedrich Schoenbein, chemistry professor at the University of Basel in Switzerland, made in 1846. He observed that cotton may be converted into a soluble and plastic substance by the action of a mixture of nitric and sulfuric acid; this substance or its solution was extruded into fine filaments by Hilaire de Chardonnet in 1884.

Organic chemistry, which was a highly developed scientific discipline by that time, gave the correct interpretation of this phenomenon: the action of the acids on cellulose—a natural fiber former—converted it into a derivative, in this case into a cellulose nitrate, which was soluble and, therefore, spinnable. The intriguing possibility of manipulating natural products (cellulose, proteins, chitin, and others) by chemical action and thereby rendering them soluble, resulted in additional efforts which led to the discovery and preparation of several cellulose esters, notably the cellulose xanthate and cellulose acetate. Early in the twentieth century each compound became the basis of a large industry: viscose rayon and acetate rayon. In each case special processes had to be designed for the conversion of these two compounds into a fiber, but once this was done, the entire mechanical technology of yarn and fabric production which had been developed for the natural fibers was available for the use of the new ones. In this manner new textile goods of remarkable quality were produced, ranging from very shear and beautiful dresses to tough and durable tire cords and transport belts. Fundamentally these materials were not truly “synthetic” because a known natural fiber former—cellulose or protein — was used as a base; the new products were “artificial” or “man-made.” In the 1920s, when viscose and acetate rayon became important commercial items polymer science had started to emerge from its infancy and now provided the chance to make new fiber formers directly by the polymerization of the respective monomers. Fibers made out of these polymers would therefore be “truly synthetic” and represent additional, extremely numerous ways to arrive at new textile goods. Now started the third era of fiber science and technology. First the basic characteristics of a good synthetic fiber former had to be established. They were: ready spinnability from melt or solution; resistence against standard organic solvents, acids, and bases; high softening range (preferably above 220°C); and the capacity to be drawn into molecularly oriented fine filaments of high strength and great resilience. There exist literally many hundreds of polymers or copolymers which, to a certain extent, fulfill the above requirements. The first commercially successful class were the polyamides, simultaneously developed in the United States by W. H. Carothers of duPont and by Paul Schlack of I. G. Farben in Germany. The nylons, as they are called commercially, are still a very important class of textile fibers covering a remarkably wide range of properties and uses. They were soon (in the 1940s) followed by the polyesters, polyacrylics, and polyvinyls, and somewhat later (in the 1950s) there were added the polyolefins and polyurethanes. Naturally, the existence of so many fiber formers of different chemical composition initiated successful research on the molecular and supermolecular structure of these systems and on the dependence of the ultimate technical properties on such structures.

As time went on (in the 1960s), a large body of sound knowledge on structure-property relationships was accumulated. It permitted embarkation on the reverse approach: “tell me what properties you want and I shall tailor-make you the fiber former.” Many different techniques exist for the “tailor-making”: graft and block copolymers, surface treatments, polyblends, two-component fiber spinning, and cross-section modification. The systematic use of this “macromolecular engineering” has led to a very large number of specialty fibers in each of the main classes; in some cases they have properties which none of the prior materials—natural and “man-made”—had, such as high elasticity, heat setting, and moisture repellency. An important result was that the new fibers were not content to fit into the existing textile machinery, but they suggested and introduced substantial modifications and innovations such as modern high-speed spinning, weaving and knitting, and several new technologies of texturing and crimping fibers and yarns.

This third phase of fiber science and engineering is presently far from being complete, but already a fourth era has begun to make its appearance, namely in fibers for uses outside the domain of the classical textile industry. Such new applications involve fibers for the reinforcement of thermoplastics and duroplastics to be used in the construction of spacecrafts, airplanes, buses, trucks, cars, boats, and buildings; optical fibers for light telephony; and fibrous materials for a large array of applications in medicine and hygiene. This phase is still in its infancy but offers many opportunities to create entirely new polymer systems adapted by their structure to the novel applications outside the textile fields.

This series on fiber science and technology intends to present, review, and summarize the present state in this vast area of human activities and give a balanced picture of it. The emphasis will have to be properly distributed on synthesis, characterization, structure, properties, and applications.

It is hoped that this series will serve the scientific and technical community by presenting a new source of organized information, by focusing attention to the various aspects of the fascinating field of fiber science and technology, and by facilitating interaction and mutual fertilization between this field and other disciplines, thus paving the way to new creative developments.

Herman F. Mark


INTRODUCTION TO THE HANDBOOK

The Handbook of Fiber Science and Technology is composed of five volumes: chemical processing of fibers and fabrics; fiber chemistry; specialty fibers; physics and mechanics of fibers and fiber assemblies; and fiber structure. It summarizes distinct parts of the body of knowledge in a vast field of human endeavor, and brings a coherent picture of developments, particularly in the last three decades.

It is mainly during these three decades that the development of polymer science took place and opened the way to the understanding of the fiber structure, which in turn enabled the creation of a variety of fibers from natural and artificial polymeric molecules. During this period far-reaching changes in chemical processing of fabrics and fibers were developed and new processes for fabric preparation as well as for functional finishing were invented, designed, and introduced. Light was thrown on the complex nature of fiber assemblies and their dependence on the original properties of the individual fibers. The better understanding of the behavior of these assemblies enabled spectacular developments in the field of nonwovens and felts. Lately, a new array of sophisticated specialty fibers, sometimes tailor-made to specific end-uses, has emerged and is ever-expanding into the area of high technology.

The handbook is necessarily limited to the above areas. It will not deal with conventional textile processing, such as spinning, weaving, knitting, and production of nonwovens. These fields of technology are vast, diversified, and highly innovative and deserve a specialized treatment. The same applies to dyeing, which will be treated in separate volumes. The handbook is designed to create an understanding of the fundamentals, principles, mechanisms, and processes involved in the field of fiber science and technology; its objective is not to provide all detailed procedures on the formation, processing, and modification of the various fibers and fabrics.

Menachem Lewin


INTRODUCTION TO VOLUMES I AND II

Textiles have undergone wet chemical processing since time immemorial. Human ingenuity and imagination, craftmanship and resourcefulness are evident in textile products throughout the ages; we are to this day awed by the beauty and sophistication of textiles sometimes found in archaeological excavations.

The objectives of the chemical processing, while basically unchanged over the centuries, have in recent times been diversified and expanded. Comfort and esthetics, durability and functionality, safety from fire and health hazards, easy care performance, such as washability, soil release, water and oil repellency, and stability against biological attack are examples of the objectives of chemical treatments of fibers and fabrics. Before these treatments can be applied, the textile materials have to be prepared by appropriate chemical procedures such as sizing, desizing, scouring, bleaching, and mercerization.

The array of fibers used at present is highly diversified. The advent of polyester, nylon, acrylic, and polyolefin fibers in recent years has greatly increased the complexity of the treatments as well as the range of the chemicals used. It became clear that approaches such as those practiced until 3 decades ago cannot continue to serve the solution to the wide range of problems facing chemists and technologists in the industry today. This realization coincided with rapid developments in polymer science and technology and brought about a surge in research and development activities in textile chemistry.

The studies carried out in the last 3 decades yielded a staggering amount of new data and not only a better understanding of the fibers and fiber assemblies and of the chemical interactions and structural changes, but also a large number of innovative ideas were created and put forward. Many of these ideas were developed into new processes, machines, and instruments, and culminated in a remarkable reshaping of the textile industry.

In these books an attempt is made to review and summarize the most important developments in this field. The emphasis is placed on the chemical aspects of the problems discussed. While technological aspects as well as industrial applications of the processes are being dealt with, only a brief treatment is given to factory layouts and to the machinery used.

Chemical Processing of Fibers and Fabrics is divided into two major areas. The first area, the fundamentals underlying the chemical treatments of fibers and fabrics and the preparation processes are presented in Vol. I, Parts A and B. The second area, the functional finishes of textiles are discussed in Vol. II, Parts A and B.

The need for a new comprehensive book in the field of chemical processing of fibers and fabrics has been felt for a long time. The vast amount of information accumulated in recent years in this field necessitated the preparation of the present books. They are intended for scientists and technologists both in the field of textiles and polymers as well as for students and researchers in other fields of human endeavor.

It is hoped that these books will not only further the knowledge and understanding of the complex field of textile chemistry, but will also bring about an interaction between people dealing in this field and people of other disciplines and will trigger off new and innovative developments for the benefit of all humanity.

Menachem Lewin

Stephen B. Sello


PREFACE

The advent of the new man-made fibers and the introduction of fiber blends on the one hand and of the diverse treatments of textiles with chemical finishes on the other has brought about the development and appearance of many new textile products with well-defined bulk and surface characteristics.

For centuries the finishing procedures had been based on empirical approaches, but after World War II many of these were replaced by procedures developed after systematic and detailed scientific studies. It is beyond the scope of this book to present all detailed chemical finishing procedures developed, to list all chemicals used, and to present the synthesis of these chemicals. Its objective is rather to lead to an understanding of the underlying principles of these developments, and of the mechanisms by which the chemical finishes act, by discussing the most important recent developments in the field.

This book reviews flame retardant treatments of natural and synthetic textiles, and covers many aspects of wool finishing. Surface treatments such as water and oil repellency, soil release applications and electroconductive finishes are discussed in detail. Modern energy-saving technology such as the use of radiation is the subject of the last chapter of this book.

The authors of the various chapters of this book have a worldwide reputation in their respective fields. They present the mechanistic concepts and principles of functional finishes and review the state of the art critically.

The editors wish to thank the editorial advisory board of the International Fiber Science and Technology Series, the contributors, and the editorial staff of Marcel Dekker for their cooperation and their contributions to this book.

Menachem Lewin

Stephen B. Sello
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1.    INTRODUCTION

1.1    Importance of Problem

Flammability of fibrous products is one of the major problems posed to scientists and technologists at the present time. The U.S. national projection for fires caused by textiles per year based on averages computed for 1977–1978 is 214,800 [1]. These fires would cause 3500 deaths and 8800 injuries, and up to $656 million in direct losses and $2 billion in fire-related expenditures. Although all fiber and textile products may be involved in starting of fires as well as materially contributing to the flame, mattresses, upholstered furniture, and bedding are the most prominent with regard to the number of fires. They are followed in this order by nonworn clothing, curtains, carpets, and worn clothing [1]. Fires involving worn clothing, however, appear to be the most dangerous and show the highest rate of deaths per fire. It was recently concluded by Tovey and Katz [1] that most textile fires “start because someone misused a source of heat or misused the material ignited. But this does not relieve the textile industry from the responsibility for working to reduce the flammability of textile products.”

Hazards from flammable fabrics were recognized for many centuries and repeated attempts have been made to cope with them [3]. One of the first recorded efforts in this direction was made in 1735 by Jonathan Wyld of England, who patented a flame-retarding mixture of alum, ferrous sulfate, and borax [4]. Gay-Lussac [5] in 1821 developed a flame-retarding finish for jute and linen based on borax, ammonium phosphate, and chloride. Perkin [6] in 1912 precipitated stannic oxide within the fiber and obtained a durable flame resistance albeit with a severe afterglow.

Many further attempts were made by the military during World Wars I and II to reduce fire hazards by introducing fire-retardant treatments and suitable clauses in fabric specifications [7].

1.2    Legislation and Flame Retardant Development

Only in 1952, following a number of deaths from garment fires, were the hazards from flammable fabrics viewed for, the first time as a general consumer problem, which brought about the Flammable Fabric Act of 1951, regulating flammability of textile products purchased directly by consumers [8, 9]. Subsequently the 45° angle test was accepted as a commercial standard in the United States [10] with the aim of indicating textiles used for apparel “which ignite easily and, once ignited, burn with sufficient intensity to be hazardous when worn.” Similar standards were subsequently adopted in Britain [11], Switzerland [12], Canada [13], and Japan [14].

Further developments led to the Ammended Flammable Fabric Act of 1967 [9], which gave to the U.S. government, e.g., to the Secretary of Commerce, the authority and duty to “set mandatory flammability standards as needed to protect the people against unreasonable risk.” It also authorized investigation of deaths and inquiries, research, and development of test methods and devices. The Act related to standards applicable to wearing apparel and interior furnishings for homes, offices, and places of assembly or accomodation. The standards according to this Act should be “reasonable and practicable.” This meant that they had to be acceptable to all sectors of the industry and the public, i.e., producers, distributors, consumers, enforcement offices, and politicians. It was also realized that compromises would have to be reached between the degree of protection and the cost of protection. Tribus [15] illustrated this trade-off (see Fig. 1.1) as an exercise in risk-taking: the reduction in the number of burns expected for a given standard is plotted against the severity of the tests required by it and against the cost.

The philosophy has subsequently changed with the passing of the Consumer Product Safety Act and the establishment of the Consumer Product Safety Commission (CPSC) in 1972. According to this Act, the government is empowered to issue standards protecting the public from unreasonable hazards even without prior interaction with industry.

At about the same time, new Federal Standards were issued by the Department of Commerce for the surface flammability of carpets in 1970 [16, 17]. Although these did not require the addition of special chemicals to carpets, except alumina trihydrate, they did increase the awareness of the consumers and industry to the need of testing. The most important change in the attitude of the industry was produced by the 0–6X Children Sleepwear Standard DOC [18, 19, 20] FF-3-71. The standard was developed as a result of an extensive collection and analysis of data pertaining to fabric flame accidents, which enabled the decision on priorities for flammability standards by end-use item [17]. This standard introduced in 1972 was supplemented with a sampling plan covering both fabrics and garments. The plan went into effect with the standard in 1973 and provided an enforcement plan composed of fabric production acceptance testing, government prototype qualifications, and garment production acceptance testing. An additional basically similar standard for the age group 7–12 Children′s Sleepwear, DOC PFF-5-13, became effective in 1975 [21]. Both standards imposed strict requirements such as vertical strip testing of flammability, durability to 50 standard washes and dryings, and low residual flame times on the fabrics and garments. Since it was difficult to impart this high degree of flame resistance to the cotton, cotton-polyester, and cotton-nylon blends used until then, it became necessary to use other fibers for children′s sleepwear, such as 100% polyester treated with tris(2,3-dibromopropyl) phosphate (TBPP) to prevent the afterflaming of the polyester drops during the VST test), TBPP-containing acetates blended with some polyester, 100% nylon, Cordelan, modacrylics, and vinyons.

[image: Image]

Figure 1.1 Fire hazard versus cost and stringency of testing standards. (From Ref. 15.) Copyright, ASTM, 1916 Race St., Philadelphia, PA 19103. Reprinted with permission.

To cope with the new standards, new scientific data had to be provided and many problems had to be solved, and so a spectacular development of the new field of the science and technology of flame retardance came about. It is a striking example of the influence of government legislation and standards on the shaping of new technology, and it happened in the age of the general awareness of the importance of the environment and its impact on humanity. Clothing and textiles in general constitute the closest environment in which we live. The consequences of these developments were evident in the relatively large number of testing methods and standards both in the United States and elsewhere, in the development of many flame-retardant chemicals, formulations, and application systems to fabrics as well as to the emergence of new inherently flame-resistant fibers.

This development was markedly slowed down when TBPP, which was one of the most widely used flame retardants, was banned in 1977 [23] along with all fiber, fabric, and apparel containing TBPP.

The ban on TBPP was based on tests carried out by Ames et al. [24, 24a, 24b] in 1976 in which chromosomal changes were observed in Salmonella when the organism was exposed to TBPP. Such mutagenic changes are also produced by carcinogens. This finding led to the stopping of the production of TBPP by January 1977 and to the banning of the sale of garments containing TBPP by April of that year [22].

Many objections were raised against this ban [22, 25]. It was based on the assumption that a significant concentration of 11,000 ppm of TBPP exists on the surface of the TBPP-treated polyester (PET) and that the degree of garment contact with the skin was 50% of the inside surface of the garment [26]. Both these assumptions were shown to be questionable [22]. Objections were also raised against the way the experiments were carried out [25].

The banning of TBPP caused several further developments. The Children Sleep wear Standard was changed by CPSC [27] to eliminate the residual afterflaming time of the droplets and to revise the testing method of trim. This enabled untreated PET and nylon to meet the standard. The issuance of further mandatory standards was held up and more emphasis was placed on voluntary programs such as that of the Upholstered Furniture Action Committee [28].

1.3    Flame Retardance and Other Textile Properties

The field of flame retardance is multidisciplinary and complex. The substrate of the FR treatments, the fibers, is highly diversified chemically. The number of flame-retarding chemicals and formulations is large and continues to increase. It includes halogen, phosphorus, nitrogen, antimony, sulfur, boron, and other elements in many forms and combinations.

The greatest complication arises from the nature and required properties of the textile substrate. It was stated that “FR is a necessary but not a sufficient condition for the commercial success of a new fiber” or finish [29], There is a considerable number of properties of fibers and fabrics. “Failure in one of a dozen of critical properties is sufficient to exclude a fiber from consideration as a commercial product [29].” Flame-retarding treatments require the incorporation into the fabric of a relatively large quantity of chemicals, from 10–30% of the weight of the fibers. It is to be expected that such treatments may change the character, appearance, behavior, and performance of the fabric. Most of the fiber and fabric properties may be affected. Among the esthetic properties–smoothness, stiffness, luster, handle, and drape – may change. The ease of processing–bulkiness, warp stability, washability, soiling and soil release, as well as static electricity accumulation–may change. Tensile properties, such as modulus, tensile strength, elastic recovery, springiness, creasability, pilling propensity, may be modified.

Of great importance are the physiological properties that may be impaired–comfort, smell, water absorption and heat of water absorption, migration of dyes and finishes to skin, and possible health hazards–by irritation of the skin or by absorption through the skin of the flame retardant or of another dyestuff or finishing chemical “activated” by the flame retardant.

1.4    FR Plastics and Textiles

The basic requirements of a flame-resistant polymeric material whether a plastic or a textile product are summarized by three major categories [30].

1.  Flammability characteristics: Vertical strip test–maximum char length <7 in.; oxygen index >27; low smoke level and low toxicity level of combustion products and durability of the flame-resistance property upon storage.

2.  Performance as expressed by the physical properties, which should be altered as little as possible by the FR chemical.

3.  Practical considerations: the flame-retarding process should be simple and should use, as far as possible, conventional equipment. The process should pose the least environmental hazard and its economics should be attractive, i.e., the chemicals should be relatively inexpensive and the process should not be complicated.

All these requirements are not yet sufficient for FR textiles. Here, a number of additional requirements are mandatory [30]:

1.  The material should be durable to alkaline hydrolysis and stand up to repeated launderings and tumble dryings.

2.  It should be durable to dry-cleaning processes.

3.  It should retain an adequate textile performance with regard to esthetics, ease of processing, and physiological and tensile properties.

2.    FLAMMABILITY AND HAZARDS: DEFINITIONS, PRINCIPLES, AND TESTING

2.1    Short Glossary of Terms

The rapid development of the field of flame retardancy in the last 15 years brought about some ambiguities in the terms used in the literature. In the following, definitions of several terms based on Tesoro [30a] and pertaining to the flammability and flame resistance of fibers are given:

Pyrolysis. Irreversible chemical decomposition due to nonoxidative heating.

Combustion, Self-catalyzed exothermic reaction involving fuel and oxidizer.

Flames. Combustion processes in the gas phase accompanied by emission of visible light.

Ignition. Initiation of combustion.

Autoignition. Spontaneous ignition of a material in air.

Flammability. Tendency of a material to burn with a flame.

To char. To form a carbonaceous residue during pyrolysis or combustion.

Afterglow. Glowing combustion in a material after cessation (natural or induced) of flaming.

Afterglow time. The time the flame continues to burn after the ignition flame is removed.

Smoldering. Combustion without flame and without prior flaming combustion, but usually with incandescence and smoke.

Smoke. Fine dispersion in air of particles, individually invisible, of carbon and other solids and liquids resulting from incomplete combustion. Opaque due to scattering and/or absorption of visible light.

Flame propagation. Spread of flame from region to region in a combustible material (burning velocity = rate of flame propagation).

Self-extinguishing. Incapable of sustained combustion in air under the specified test conditions after removal of external heat source.

Flame resistance. Property in a material of exhibiting reduced flammability.

Fire resistance. Capacity of a material or structure to withstand fire without losing its functional properties.

Residual flame time. The time burning fragments (melt drip) falling from the fabric burn on the bottom of the test cabinet.

Flame retardant. Chemical compound capable of imparting flame resistance to (reducing the flammability of) a material to which it is added.

Effectiveness. Ability of flame retardant to decrease flammability of the polymer substrate in which it is present.

Synergism. Observed effectiveness of combinations of compounds greater than the sum of the effects of individual components.

Antagonism. Observed effectiveness of combinations of compounds smaller than the sum of the effects of individual components.

(Limiting) oxygen index (LOI). Minimum percent oxygen in the environment that sustains burning under specified text conditions.

Vertical, horizontal, 45° angle (test). Orientation of the test specimen during flammability test under specified conditions.

Flame spread. Extent of propagation of flame in space or over specimen surface under specified test conditions.

Char length. Difference between original length and remaining unburned length of material after testing specimen by exposure to a flame.

Rate of heat release. Amount of heat released per unit time by specimen burning under specified test conditions.

Comonomer. Compound added in polymer synthesis and becoming a part of the polymer molecule.

Additive. Compound added after the polymer has been synthesized but before or during its conversion to final form (e.g., fiber, plastic), not covalently bound to polymer substrate.

Finish. Compound or combination of compounds added after conversion to end product (e.g., fiber, fabric). May be covalently bound or deposited.

2.2    Hazards and Testing

The number of tests used in evaluating flammability and flame resistance of textiles is large. They are issued by governments, safety agencies, standards institutes, technical and scientific societies, industrial and building research institutes, and municipal and regional agencies [100].

Many of the tests issued in various countries are similar to each other and differ only in minor details, as shown in a listing [99] of all tests applied to textiles. It is usually attempted to choose tests and the testing conditions on the basis of the actual performance of the material and the mode of the fire hazard involved [100].

The test methods can be differentiated into two basic groups: tests on fabrics that are expected to burn, i.e., comparing the flammability of clothing textiles (see Table 1.1) and tests for fabrics not expected to burn, i.e., measuring the degree of fire resistance of flame-resistant fabrics (see Table 1.2). Following recent developments, tests for the heat released during burning (see Table 1.3) and for the estimation of the smoke hazard and of toxicity of the products of combustion (see Tables 1.4 and 1.5) came into prominence.

Most of the flammability and fire-resistance tests deal with ignition, afterglow, char area or length upon burning, flame time, mass loss, rate of surface spread of flame, and flaming of drippings. The sources of ignition, i.e., the burners and the gas used or the radiant panels, the size of the samples, the number of specimens, the dimensions of the combustion chambers, the moisture content of the samples, are usually meticulously prescribed. In the heat-release tests (Table 1.3), the total heat released, heat flux, and the maximum heat transfer rate are tested. The smoke tests deal with light absorption by smoke or with weight of smoke particulate. The methods for evaluation of toxic hazards (Table 1.5) are based on exposing mice or rats to combustion gases and noting time and rate of mortality and blood parameters. Most tests deal with relatively small samples of the material. Lately, however, tests have been devised in which complete finished items (garments, mattresses) are being tested. The literature on testing and the number of tests and standards are growing steadily. Although it is outside the scope of the present book to describe the various test methods in any detail, some consideration will be given to recent studies underlying new testing approaches.

In a recent book, the most important considerations underlying flammability testing were critically analyzed [32], based on an experimental program involving a number of well-defined fabrics. The three most important aspects of textile flammability appear to be ignition, spread of flame, and burn injury. These three aspects, as well as smoke and toxicity of burn gases, will be discussed briefly below.

Ignition

Ignition Mechanism: Ignition takes place when the heated polymer begins to decompose and the volatile combustible decomposition products are ejected from its surface and interact with oxygen from the environment. For thermoplastic fabrics, additional phenomena appear. The fabric shrinks and melts away from the flame and dripping occurs. The molten drops may continue to burn. The extent of these phenomena depends on the weight and structure of the fabric, its thermophysical properties, predrawing conditions, orientation in the gravity field, heating intensity, and mechanical constraints. Ignition may be prevented by fast and far retraction [32]. Thus, it has been shown that 100% nylon and polyester fabrics do not ignite when contacted with electric burners at any burner temperature whereas cotton fabrics ignite at 600°C under otherwise similar conditions [33].

Table 1.1 Some Ignition and Flammability Tests



	Test method

	Sample dimensions

	Materials tested

	Results




	ASTM D-1929

	3 ± 0.5 g

	all organic materials

	flash- and self-ignition temperture in a hot convective air furnace




	DOC FF-1-70 [17, 86]

DOC FF-2-70

ASTM D-2859

FED. Spec. DDD-C-95

	230 × 230 mm

	floor coverings – carpets, rugs

	mathenamine tablet ignition – char length not to exceed 17.8 cm




	DOC FF-4-72 [17]

	production unit

	mattresses

	char length from 18 cigarettes placed on test surface – not to exceed 5.1 cm in any direction




	Proposed standard [87]

FFF-6-76

	mock-up assembly or finished item

	upholstered furniture

	cigarette ignition resistance. Char length on any cigarette test location not to exceed 7.5 cm




	ASTM E-136

	38 × 38 × 51 mm

	all materials

	items noncombustible if meet temperature rise flaming and weight-loss criteria




	Flooring radiant panel test

	25.1 × 105 cm horizontal

	floor covering systems

	minimum radiant flux to sustain flame propagation; acceptance




	NFPA 253–1978

ANSI-ASTM E 648–78

	
	
	criteria: 0. 25 W/cm2 for residential and commercial, 0.50 W/cm2 for institutional occupancies




	Furnace test

NFPA 254–77

	55 × 240 cm

	floor covering systems

	uses gas flame; measures flame-propagation index




	Fed. Std. 191–5900

	17.8 × 254 cm horizontal

	textiles-fabrics

	ignition source-cup with 0.3 ml ethanol placed in the middle of sample; distance travelled by flame measured




	Fed. Std. 191–5906

	11.43 × 31.75 cm horizontal

	fabrics

	ignition at end of sample by specified gas burner; rate of burning in cm/min measured




	Fed. Std. 191–5908

ASTM D-125

	5.08 × 15.24 cm 45° angle

	all fabrics for wearing apparel

	rough estimate of rate of burning or flashing and ease of ignition




	ASTM D 1230–61

NFPA 702

AATCC 33–1962

	5.08 × 15.24 cm 45° angle

	fabrics

	time of flame spread; ease of ignition, flame intensity




	LOI Test [132, 133, 134, 135, 136]

ASTM D-2863–74

	15.24 × 6.35 cm

	fabrics and plastics, vertical

	oxygen index-minimum concentration of O2 in flowing O2 + N2 mixture to just support flaming combustion; also charring, dripping, distortion described





Table 1.2 Fire-Resistance Tests



	Test method

	Sample dimensions

	Materials tested

	Results




	NFPA 701–1976

ASTM D 568–74

	small-scale test – 7 cm × 25 cm; large scale – 12.7 cm × 2.1 m, 0.6 m × 2.1 m vertical

	textiles and films; interior furnishings of buildings and vehicles; tarpaulins and tents; protective clothing

	oven-dry samples; specimen flaming time; flaming of drippings




	Fed. Std. 191–5903 [88, 89]

AATCC – 34

Vertical Strip Test

	6.97 × 3.05 cm

	fabrics, films

	specified gas and burner; char length and flaming time; glow propagation




	Fed. Std. 191–5904

	any size with edge; vertical

	fabrics

	flaming time; char length




	DOC-FF-3-71 [18, 19, 20]

	8.9 × 25.4 cm

	children′s sleepwear, size 0–6X

	char length; residual flame time; oven-dry samples; sampling plan included in Std.




	DOC-FF-5-74 [21]

	8.9 × 25.4 cm

	children′s sleepwear, size 7–14

	same as DOC-FF-3–71




	ASTM D 3659–80

	38.1 × 15.24 cm

	vertical fabrics with limited mobility from vertical plane

	total burning time; average mass loss; average destroyed area; average rate of area destroyed




	UL tunnel test [90]

ASTM E-84

NFPA 255

	0.508 × 7.6 m actual thickness

	interior floor covering; building materials

	surface flame spread; smoke generation, heat release




	Forest Products Lab. [91] tunnel

ASTM E-286

	2.4 × 0.4 m

	as E-84

	as E-84





Table 1.3 Heat-Release Tests



	Test method

	Sample dimensions

	Materials tested

	Results




	ASTM E-84 tunnel 25 ft

	see Table 1.2

	
	total heat release relative to red oad only




	ASTM E-286 8 ft

	see Table 1.2

	
	as above




	CPSC proposed [79, 80, 81, 82, 83] standard-MAFT Mushroom Apparel Flamm. Tester

	12.5 × 24 in.

	fabric vertically clamped to instrumented heat transfer assembly

	ignition time; maximum heat transfer rate




	Thermoman U.S. Army

	whole garments

	protective characteristics of uniforms while the mannequine is pulled through jet fuel fire

	sensor systems determine heat transfer patterns locating areas with second degree burn or deeper burns




	ASTM D-13-77-4 Proposed Test Method for Protective Clothing

	
	fabrics, horizontal, rigid or loosely

	gas flame of 8.4 W/cm2 used; a Cu sensor is placed 3. 2 mm above specimen; time to incipient second-degree burn and shrinkage are determined





Table 1.4 Smoke Tests



	Test method

	Sample dimensions

	Materials tested

	Results




	ASTM E-84 [90]

	see Table 1.2

	
	light absorption by the smoke relative to red oak, monitored at exhaust




	ASTM E-286 [91]

	see Table 1.2




	NBS Radiant panel [92] test; ASTM E-162

	0.46 × 0.152 m inclined specimen

	screening of materials

	light absorption by smoke or weight of particulate collected at exhaust




	ASTM E-662–79 [93] NBS Smoke Chamber NFPA 258

	7.62 × 7.62 cm

	vertically mounted specimens of up to 2. 54 cm thickness

	measures specific optical density after pyrolysis or combustion by radiant panel heating with or without flame; 0.51–3 m chamber




	Röhm and Haas Chamber [94] (XP-2) ASTM D-2843

	various specimens

	
	optical density of accumulated smoke in 0.07–3 m chamber




	Arapahoe Smoke Chamber [95]

	3.8 × 1.25 × 0.3 cm

	vertically mounted specimen in 63. 5-cm-high cylinder with filter assembly at the top

	ignition at base of chamber; smoke particles collected on filter paper and weighed




	LOI Apparatus modified by smoke level meter [114]

	15 × 6 cm

	vertical specimens, top ignition

	optical density measured; light from tungsten lamp; Se photocell; 5-cm light path





Table 1.5 Several Methods for Evaluation of Toxic Hazards
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Source: After Ref. 139.
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Figure 1.2 Autoignition of untreated cotton sheeting (left) and cotton sheeting + THPC (right). Ignition time at zero mass = θ0. (From Ref. 34.)

A recent study [34] showed that autoignition time θ when determined under strictly controlled conditions can be resolved into two parts: the intrinsic ignition time θ0, which is the time required for the accumulation of the combustible gases diffusing from the sample surface to reach an explosive level and ignite, and θ1, the time required to heat the sample to its decomposition temperature. θ0 is obtained by extrapolating to zero mass the linear ignition time-sample mass relationship (see Fig. 1.2). θ0 is independent of mass.

It was shown [34, 35] that the ignition time does not change significantly with oxygen concentration in the air, thus indicating that the diffusion of oxygen to the decomposing sample does not influence the rate of the ignition process.

Ignition Sources: Ignition sources in actual fires have been recently identified and their relative importance for various textile product fires was assessed [1]. They include malfunction of electric heaters and hot plates, open flames, fuel-fired objects (stoves and fireplaces) and smoking materials (cigarettes, matches, lighters). Ignition can be caused by three different methods of heat transfer [32]: (a) radiation, which predominates for electric heaters and hot plates; (b) convection, in the case of flaming sources; and (c) solid-phase conduction, if the fabric is in actual contact with the hot source.

Table 1.6 Heat Sources for Textile Products Fires in Structures: Deaths

[image: Image]

Source: NFIRS 1977–78, combined (Ref. 1).

In Table 1.6 the relative frequency with which heat sources that were involved in fires caused by the various textile products and that resulted in deaths is tabulated [1]. Upholstery, bedding, and mattress pillow products were found to be overwhelmingly ignited by smoking materials. It is of interest to note [1] that the above three product types were also found to have the highest frequency for textile products in structure fires and were estimated at 59%, whereas the U.S. national projection for deaths in these fires amounted to 78%.

Cigarette Ignitability: Therefore, it is not surprising that a considerable amount of work has been devoted recently to cigarette ignitability and the parameters influencing it [38, 39, 40, 41, 42, 43, 44, 45], especially in the case of upholstery. Some of these parameters are: the relative position of the cigarette with regard to the fabric, the type of fiber, type of fabric, furniture configuration features, weight and construction of the fabric, presence of alkali metal ions [44] which are known to enhance smoldering, the presence of back-coatings, and the presence of flame retardants (FR).

It is of interest to note that there is little correlation between the effect of FR agents in retarding ignition by flames and retarding smolder ignition by cigarettes. Cases have been reported in which the smolder resistance decreased upon the addition of FR agents [46]. Attention has recently been turned to the possibility of changing the cigarettes by reducing their propensity to cause smoldering and flame ignition, and a test has been proposed for the assessment of this propensity [43].

Ignition by Flame: It has been recently pointed out [47] that edge ignition by a flame is much more rapid than surface ignition. This appears to be due to the higher temperature at the edges caused by the limited heat transfer by conduction away from the heat source. It was suggested that surface ignition is a more practical test of fire resistance for moderate risk environment than is “edge ignition” because garments with cut edges are not common [48, 49]. A significantly smaller amount of FR agent is needed to prevent surface ignition of PET-cotton blends as compared with edge ignition [47].

Edge ignition is followed by burning on both sides of the fabric whereas upper surface ignition seldom breaks through to the lower surface with fabrics weighing more than 180 g/m2 [50].

A small gas flame was found more likely to ignite thermoplastic and some FR cotton than a large flame. This does not appear to be the case with other fabrics [51]. The observed lowering of ignition time by low add-on of FR agent was assessed to be related to decreased decomposition temperature [47, 52] caused by flame retardants effective in the condensed phase.

Propagation of Flame

The rate of the propagation of flame after ignition occurred is considered, along with fabric weight, to be one of the criteria of high hazard especially when related to the size and depth of burn injuries [43]. The dependence of the propagation rate on the fabric weight was mathematically analyzed in 1958 [53]. In another study, it was concluded that the upward acceleration of the flame is more important than the rate [54].

Flame Propagation Rate on Cotton and Cotton-PET Fabrics: In a systematic study carried out by Backer et al. [32], it was found that in the case of cotton and cotton-PET blends the fabric weight plays a dominant role on the flame propagation. Other parameters of basic importance were: the spacing between the cloth and the skin simulant, the orientation of the sample, and the direction of burning. It is seen from Fig. 1.3 [32] that for horizontal burning a linear relationship exists between the flame propagation rate and the fabric weight whereas a parabolic dependence was found for vertical up-burning.

In the case of cotton-PET blends, the flame propagation is faster than for cotton but the shape of the curves is similar. The flame velocities are by an order of magnitude higher for the vertical burning as compared with horizontal orientation.
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Figure 1.3 Effect of fabric weight on average propagation velocity; horizontal burning (spacing = 1/2 in.). (From Ref. 32.)
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Figure 1.4 Effect of spacing on burn injury and average flame spread, 90° up burning (fabric wt.: 2.0 oz/yd2). (From Ref. 32.)

The up-burning flame speed is seen in Fig. 1.4 to increase linearly with the spacing, whereas the depth of burn injury is a more complex function and passes through a minimum.

Flame Propagation on Synthetic Fiber Fabrics: The flame propagation rate of synthetic fabrics tends to be slow because of melting and shrinking away ahead of the flame. It depends on the fiber composition, fabric structure, and the proximity of a nonthermoplastic fabric [32]. Light-weight thermoplastic fabrics do not sustain combustion. Heavy-weight fabrics of 100% nylon or PET burn with considerable black smoke. The heavy double-knit PET propagates an irregular narrow flame. Acetate fabrics propagate a zig-zag pattern flame. They burn slowly with a characteristic odor, black smoke, and a high flame [31, 55, 56]. Molten drops or fallen pieces continue to burn. Small percentages of FR finish can prevent the dripping of the molten material. The inverse relationship between flame propagation rate and fabric weight, as described above for cellulosics, is also observed for thermoplastic fabrics provided with glass fiber stitching along the longer specimen dimension [57].

Wool burns only from a 45° upward position in a narrow zone leaving most of the specimen unburnt [32].

Tightness of fit (belted or unbelted dress) affects flame spread both in garment design or in size selection. Thermoplastic lightweight nylon and PET as well as flame-resistant cotton do not sustain combustion of garment on mannequins. Maximum flame spread occurs for hem ignition of a dress (corresponding to 90° up-burning), but lateral flame spread is much slower.

Flame Spread in Combinations of Two Fabrics: When the outer fabric layer is cotton or cotton-PET and the inner fabric is nylon, the burning will be similar to that of the outer fabric alone with a combined weight of the two layers.

When the outer layer is composed of cellulose and the inner layer is FR cellulose or Nomex, the burn area will be smaller than that of cellulose alone. If the outer garment is FR cellulose and the inner cellulose, the burn area will be still smaller [32]. If the outer garment is a thermoplastic and the underwear is cellulose, the assembly will burn like the glass thread-stitched specimens [57].

Propagation of Smoldering: Smoldering is encountered mainly in upholstery materials and mattresses, and the hazards associated with it have lately been stressed [1]. The smoldering ignition, especially by cigarettes, has been discussed above. Although a complete mechanism or model for smoldering has not yet been proposed, the most important parameters governing its propagation velocity have recently been studied [43, 44, 46, 58, 39, 59, 60]. A test method for measuring the smoldering rates of upholstery fabrics under conditions comparable to those encountered in furniture fires was also recently proposed [60]. According to this method the rate of smoldering is measured by a series of thermocouples touching the smoldering sample and placed in the warp and fill directions at known distances. The fabric samples are placed inside a 30.5 × 30. 5 × 23 cm2 plexiglas chamber provided with a series of holes to ensure a steady atmosphere and access of air. The smoldering is initiated by ignition in the center of the specimen using three alternative ignition sources: a heated electric wire, a lighted cigarette, and a small flame. Air flow is provided by placing the chamber in a fully opened hood [60]. The results showed that the rate of smoldering decreased with increase in fabric weight while the peak temperature increased and lasted longer. The rate of smoldering, its peak temperature, and band width decreased with decrease in air permeability. The smolder rate was lowered when a synthetic fiber was added to the cotton. Placing the fabrics over foam produced lower surface temperatures and smolder rates than over fiberglass. The opposite was found for the smoke produced.

The rate of smoldering is higher in the upward than in the downward direction for vertical samples, probably due to convection [96]. It increases with the increase in the ambient temperature [98]. The smoke produced in smoldering is sometimes very copious, is combustible, and may lead to a fire; it has been reported that 75% of all fires stem from smoldering [96]. A minimum thickness of the material is needed to support this combustion. It decreases with increase in the rate of the flow of air across the surface.

It is of interest to note that open-cell polyurethanes, used in cushioning, do not normally smolder except when covered with cellulosic fabrics [97, 44].
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Figure 1.5 Schematic diagram of oxygen index apparatus. (From Ref. 101.)

Limiting Oxygen Index (LOI) Test

The LOI test (see Table 1.1), which was first applied to the assessment of the flammability of gases, was adapted to polymers and subsequently to fabrics in 1966 [132, 133, 134, 135, 136]. The method has been adopted as an A.S.T.M. Standard and has been extensively used as an important research tool. The apparatus (see Fig. 1.5) consists of a gas-metering system and a Pyrex glass chimney as a flame holder. The chimney is 38.1 cm high and 8.9 cm in diameter. The samples are placed onto a hinged u-shaped holder while the free end of the holder is held with clamps. The holder is mounted vertically in the chimney on the chimney axis. Known mixtures of O2 and N2 in varying ratios are passed upward through the chimney at a velocity of 30–110 mm/sec, for 1–2 min each. A laboratory-type gas burner is used for the ignition of the sample at its top end at the time of the flow of the gas mixture. The concentration of O2, which is just sufficient to sustain the flame, is determined and its volume fraction in the gas mixture is designated as LOI.

The LOI method occupies a unique position among the testing methods. The results obtained by different workers and in different laboratories have been stated to be highly sensitive, reproducible, and independent of the dimensions and physical form of the samples over a broad range [136]. The LOI test has a number of limitations. The LOI values increase with the increase of the moisture content above 6% [137], The flow rate of the gas mixture between 30–120 mm/sec [132, 134] and the sample thickness up to 10 mm do not influence the LOI results.

Fabric weight was found to have a large effect on LOI values whereas construction parameters such as thickness, thread count, yarn number, and weave pattern had a smaller but still significant effect [137]. Another complication arises from afterglow occurring in many materials after the flame is extinguished. Erroneous results may be obtained by the difficulty of distinguishing between afterglow and a weak glow flame [138].

Small changes in the temperature of the environment in the room temperature range do not influence the LOI result. Above the range of ambient temperatures, the LOI decreases with temperature and the percent decrease appears to be linearily related to T3/2, indicating that the effect of temperature is due to a diffusion mechanism and not to chemical kinetics [139]. The change of the LOI with temperature depends on the nature of the polymer and varies markedly for different polymers. This is of particular interest for fiber blends for which the LOI values at elevated temperatures are not readily predictable from their fiber content.

The LOI test does not provide information on the rate of spread of flame although its results were shown to be considerably more sensitive to amounts of flame-retarding finishes on cotton-containing fabrics as compared with other flammability methods [136].

The conditions of the LOI test, i.e., the temperature and the composition of the air, are far from the actual conditions of a fire. Moreover, since the measurements are carried out under a flow of gas, it is possible that in the case of volatile flame retardants operating in the gas phase, such as halogen-based FR materials, the volatility will influence the results. The upward flow of the gas mixture which is opposite to the downward spread of the flame will tend to dilute the concentration of the active halogen radicals in the flame and thus decrease the accuracy of the results [138].

Fabrics with an LOI below 25 burn in air. FR cotton with an LOI of 28 and higher is considered flame resistant and passes the vertical strip test (VST). Fabrics with LOI values in the range of 26–28 only sometimes pass the VST, and the results depend on several factors, such as ignition time. Fabrics with LOI of 25–30 burn in hot air and drafts [140], whereas those with LOI values above 30 can be regarded as flame resistant in cases requiring heat protection. In case of fabrics used for protective clothing, the LOI test was considered more reliable than the VST for the characterization of high temperature resistance [140].

Several modifications of the LOI were described. In one modification, the specimen is ignited at the bottom end of the sample and the flame spreads vertically upwards. In this case, the fabric is preheated before ignition [141]. The values obtained in this test (BLOI) are lower than those of LOI, e.g., an LOI value of 27 will conform to a BLOI of 22. The use of both tests appears to yield a better characterization of the flame resistance of materials. A modified BLOI test was described for the determination of the flammability of sewing threads [142]. Modifications of the LOI test were also suggested for testing of carpets [143, 144] and for smoke density determination [114]. LOI values were measured and reported for a large number of polymeric and textile materials. Several such values for fibers are presented in Table 1.7.

Heat Transfer, Heat Release, and Burn Injury

It has been recently established that heat transfer rather than rate of flame spread is related to size and depth of burn injury [61]. Heavier fabrics produce more heat per unit area, although the flame spreads on them at a slower rate.

Heat Transfer and Heat Release: It is seen from Table 1.7 that the total heats of combustion vary greatly from fiber to fiber, and while 1 g of cotton yields upon oxygen bomb calorimeter combustion 4330 calories the value for polypropylene will be about 11,600 calories. Upon burning in air, an average of 56% of the heat of combustion is developed.

Several methods were applied for measuring heat transfer [71]. Heat transfer from burning fabrics was measured on circumferential specimens mounted over an iron pipe filled with water in which thermocouples were inserted [71]; on vertical specimens attached to an asbestos board provided with a thermocouple-holding copper disc [72]; on asbestos-covered fiberglass mannequins instrumented with heat sensors distributed to give approximate equal weight to equal surface areas [73]; on fabric specimens suspended in a wire cage inside an insulation cylinder, while the temperature rise was measured on a thermocouple located in a dog-leg chimney [74]; from airflow through a 300-mm-diameter cylindrical chamber with the burning specimen on the bottom [75, 76]; by means of a copper rod located near the top of a cabinet in which a specimen was ignited [77, 78].

Several studies were conducted in recent years on the Mushroom Apparel Flammability Tester (MAFT), which served as a basis for the proposed general apparel flammability standard [79, 80, 81, 82, 83]. The specimen men used is cylindrical and stimulates a pants leg or small skirt. It is mounted on a copper cylinder and closed on top by a plate. Twenty thermocouples monitor the heat transfer to the inside of the burning specimen. Ignition is effected by means of a methane flame about 100 mm above the bottom edge of the specimen for 3 or 12 sec. An upper limit of heat transfer rate 0.096 cal/cm2.sec was established for fabrics of class 1 which could be used in all garments. All the fabrics in this class, including fabrics that do not pass the vertical strip test [81], have little injury potential when tested on mannequins. It has been shown that the amount of FR finish on cotton fabric need-ed to achieve the heat transfer rate of 0.096 cal/cm2.sec is by 20–40% lower than necessary to pass the children′s sleep wear test [81, 82, 83].

Table 1.7 Typical Heats of Combustion and LOI Values for Several Textile Materials



	Material

	Heat of combustiona (cal/g) average

	LOIb




	Wool

	4,920

	25.2




	Cotton

	4,330

	18.4




	Polyester

	6,170

	20.6




	Cotton/polyester

	5,071

	



	Jute

	5,590

	



	Rayon

	3,446

	18.7




	Nylonc

	6,926

	20.1




	Polypropylene

	11,600

	18.6




	Acrylicc

	7,020

	18.2




	Polyvinylchloride (Rhovyl)

	6,000

	27.1




	PVC-Nitrile

	4,200

	



	Latex

	9,710

	18.5




	Neoprene, FR

	
	



	 Black

	6,170

	



	 Buff, bulk

	3,730

	



	 Buff, interliner

	2,320

	



	Polyurethane

	
	



	 Non-FR

	7,290

	



	  FR

	5,790

	



	 Hydrophilic

	2,750

	



	Modacrylic (Dynel)

	
	26.8




	PVDC-Saran

	
	60





Source:

aRef. 62, part II, Determined by oxygen bomb calorimeter, according to ASTM Method D3286 (63).

bRef. 136, 148.

cRef. 32, p. 270.

A new method for measuring the heat released by mattresses and enabling their combustion performance classification when exposed to flaming ignition was recently described [62]. The heat released from mattress samples of 100 × 100 × 50 cm3 irradiated by a source of 25 kW/m2 is determined by the oxygen consumption technique [84], which involves measuring the oxygen depletion in the exhaust stream as combustion takes place. It utilizes the fact that the heat of combustion per unit oxygen consumed is nearly constant for all fuels, and it is calibrated with a metered gas burner. CO2 and water have to be trapped out before the paramagnetic oxygen meter in which the oxygen concentration is determined. The measurements are carried out in the NBS Smoke Chamber [85]. The oxygen method appears to be simpler and more suitable for flow-through measurements than the thermopile method used previously in heat-release rate measurements and avoids errors caused by heat radiated away. The rate of heat release is expressed as



	RHR  =  K[O2%]A (kW/m2)

	(1)





where A = exposed specimen area (m2) and k = (ΔhcρV˙/[O2%]) (1 + 0.0127[O2%]); Δhc = lower heat of combustion of methane 50.0 × 103 kJ/kg); ρ = density of methane at actual pressure and temperature (kg/m3); and V˙ = volume flow of methane (m3/sec) and [O2%] percent oxygen reduction.

Burn Injury: The skin comprises 6% of the weight of the body and has the largest area of any organ. The thickness of the skin varies–it is 0.5 mm on the eyelids and 5 mm on the back. Heat transfer raises the temperature of the skin. The processes involved in heating a fabric to ignition and those of heating the skin to burn injury are roughly parallel. They depend on heating intensity, on efficiency of heat transfer, and on the termal properties of the receiver. Several attempts were made to develop equations governing these processes [32, 64, 65, 66, 67, 68, 69, 70].

According to a medical convention, the severity of burns is classified with regard to the depth of the injury. A first-degree burn involves the epidermis up to a depth of 80 μm. A second-degree burn involves the entire epidermis plus a part of the dermis and its depth exceeds 80 μm. A third-degree burn includes the epidermis and the entire dermis plus subcutaneous tissue. The dosage for second-degree burn is 2–4 cal/cm2 at heat fluxes between 0.25–0.75 cal/cm2.sec. The critical dosage is 2 cal/cm2. Above 4 cal/cm2, a third-degree burn results. A critical heat flux is essential, and at a slow thermal dosage no damage will occur [32].

The heat transfer from a burning fabric to the skin is composed of three parts [32]: (a) convection of hot gases towards the colder skin within the air gap and conduction through a thin layer of stagnant gas adjacent to skin; (b) radiation from the fabric and glowing char and from the hot gas mass; (c) condensation of steam and pyrolysis products at sufficiently small spacing to cause flame quenching. For pure thermoplastic fabrics, melting and dripping bring about contact conduction between the polymer and the skin.

The contribution of the above components to the burn injury depends on the angle of burning, on the spacing, and on the point in time of burning. For a spacing of 0.5 in. between fabric and skin, the radiation and convection contribute 50% each. For a spacing of 1/8 in., radiation convection, and condensation contribute 33% each.

The temperatures generated depend on the air gap and on the angle of burning. For vertical burning and 0.5 in. the maximum temperature reached is 1200°C at 9 seconds after ignition. At a 1/8-in. air gap, the maximum temperature is 500–600°C and no flame is visible. The air gap is influenced by the nature of the fabric surface, and plays an important role in the insulation behavior of protective fabrics.

The heat generated from two cotton fabrics or from one cotton and one PET fabric is the same as from one fabric with a weight equal to both individual fabrics. Similar results are obtained with flame spread, duration of burning, and average transferred heat; they increase linearly with the weight of the fabric whether in a single or multiple layer.

The amount of heat transferred through fabric composites depends on the nature and location of the component layers. In a composite in which a thermoplastic fabric is used as inner layer and a cotton fabric as outer layer, the heat transferred to the skin is higher than in the case of two cotton layers. When the thermoplastic fabric is the inner layer, the heat transferred is the same as the sum of heats from each fabric burned separately. In the case of flame-resistant cotton in the outer layer and untreated cotton in the inner layer, the heat transferred is higher than for untreated cotton alone but the area of burn is smaller.

The Smoke Hazard

Burn injury, which is a thermal effect, is not the only hazard associated with the flammability of materials. Of no smaller importance are the smoke and the toxic chemical compounds produced during combustion or smoldering. The hazard is fourfold: (a) it obscures the visibility of the occupants of the room in which the fire broke out and makes escape difficult; (b) it hinders rescue operation by fire fighters; (c) it causes irritation, shock, and toxic effects by the specific chemical decomposition products in the combustion gases, which are also partly occluded on the smoke particles; (d) it decreases atmospheric oxygen concentration, due to rapid combustion, bringing about a lack of an essential amount of available respiratory oxygen [100].

The reduction in visibility depends upon the particle size and the composition, concentration, adhesiveness, and distribution of the smoke as well as on the nature of the illumination, the refractive index, the size and shape of the specimen, humidity, temperature, and extent of ventilation. The smoke density of a fire is closely related to the rate of burning and is inversely proportional to the degree of ventilation. It is not surprising that a comprehensive unequivocal definition of smoke in a fire is extremely difficult to obtain from a single measurement or from a limited set of smoke measurements. The tests however enable a comparison of various materials at precisely predetermined conditions. As can be seen from Table 1.4, in which some of the more common tests are summarized, two basic approaches were applied for the smoke evaluation: light attenuation-optical density measurements and smoke mass-weight measurements.

[image: Image]

Figure 1.6 Scheme of smoke measurement apparatus. (From Ref. 101.)

A schematic representation of both approaches is shown in Fig. 1.6 [101]. The apparatus consists of a cold light source designed so as to produce a parallel beam of light, a combustion chamber (bell jar), a light-sensing device, and recording circuitry. A freely suspended 6 × 2-in. strip of fabric is ignited and the maximum optical density, which is the product of the smoke path length, the smoke concentration, and the particle size are measured. In the same apparatus, the exhaust gases are passed through a filter and the increase in weight of the filter after the filtration is determined. The air is continuously sucked from the top until the chamber is free from smoke. The “smoke factor” is defined as the weight in milligrams of smoke particulate in the filter [101]. In the Arapahoe Smoke Chamber [95], which is based on the same principle, the specimen size is smaller and the smoke quantity is expressed as percent of the weight of the burnt specimen.

The optical approach to the smoke evaluation is more common than the weight approach. Several tests based on this approach are summarized in Table 1.4. The most widely used at present is the NBS Smoke Density Chamber [93], which is considered to yield reproducible results and is versatile with regards to the testing possibilities. It uses a calibrated heat source with or without piloted ignition, so that specimens can be burned under either flaming or nonflaming conditions. The smoke is retained inside the chamber and is measured by a vertical beam of light so as to reduce errors from stratification of smoke.

Samples of combustion products can be removed from the chamber for chemical analysis or biological toxicity assays. The smoke intensity is expressed by Ds, defined as



	DS  =  G  log  T0T  =  vAL  log  T0T

	(2)





where v is the volume of the chamber, A the area of burning or smoldering material, and L the length of the light path. T0 and T are the initial and measured transmittances, respectively. G, the geometric factor for the NBS chamber, is 132; Dm, the maximum specific optical density = 132 log 100/%Tm, obtained from plot of specific optical density against time, is also reported, usually after compensating for smoke particles adhering to lens seals. Times to given optical densities are reported upon.

Initially, the results on the NBS and Arapahoe Smoke Chambers were not consistent [102]. However, when the burning characteristics of the materials tested under flaming conditions were similar, the results obtained on 17 materials with the optical method and the weight method gave a correlation of 0.88 [103]. A lesser correlation was obtained between the NBS Smoke Chamber and the UL tunnel [90], possibly because of the larger size of specimen used in the latter [102, 104].

The reproducibility of smoke measurements depends on the construction of the sample, i.e., physical form, density, and on the additive compounds [105]. In the case of wool carpets, the smoke densities depended on depth and density of pile and on the identity of the backing [106]. Cellulosic fibers as backing produced a lower smoke emission than PET and polypropylene. Latex backing based on Neoprene, PVC, and PVDC yielded more smoke than backings based on a copolymer of vinyl acetate and ethylene containing alumina trihydrate.

Another variable that was shown to influence smoke is heat flux [107, 108, 109]. Smoke intensities were found in some cases to pass through a maximum with increasing heat flux [107]. A smoke emission test is now under development at the International Organization for Standardization which uses several heat fluxes up to 5 W/cm2 [109]. The NBS Smoke Density Chamber uses one radiant heat flux of 2.5 W/cm2 [93].

As can be seen in Table 1.8, the values of Ds differ in several cases greatly between the flaming and nonflaming measurements. It was pointed out that different amounts of materials are being consumed under the NBS test conditions in these two modes of combustion [113].

To overcome this complication, the concept of mass-optical density, MOD, was introduced. MOD is less sensitive than optical density to differences in sample density and thickness, provided light transmission is greater than 1%. MOD is defined as



	MOD  =  DSM/A  =  vML  log  T0T

	(3)





where M is the loss in mass of the specimen during the test [110, 111, 112].

The Toxicity Hazard

In Table 1.9, the gaseous products known to be obtained from combustion of several polymers and fibers are presented. Carbon monoxide is believed to be the major single cause of fire fatalities, by reacting with hemoglobin, Hb, producing carboxyhemoglobin COHb. This is a reversible reaction, but the



	CO  +  HbO2  ⇌ COHb  +  O2

	(4)





reverse process is 200 times slower. Thus, hypoxia is established in the body expressing itself in a lower than normal oxygen pressure in arterial blood, a lower oxygen content in the blood, and a decreased rate of blood flow [100]. Light smoke poisoning characterized by nausea is caused by 100 ppm of CO corresponding to 10–15% carboxyhemoglobin levels. Severe poisoning is caused by 1000 ppm, whereas the maximum concentration of CO for survival is about 12,000 ppm, when death may occur after 1–3 minutes [115] and corresponds to a conversion of 60% of the blood hemoglobin into the carboxy derivative. It has also been stated recently that amounts of CO that diffused into the tissues are of at least equal importance to COHb [116].

Table 1.8 Smoke Density Data for Several Textile Materials (NBS Test)

[image: Image]

Source: Ref. 113.

Table 1.9 Gaseous Products of the Combustion of Organic Polymers



	Gas

	Source




	CO, CO2

	all organic polymers




	HCN, NO, NO2, NH3

	wool, silk, nitrogen-containing polymers (PAN, ABS, polyurethanes, nylons, amino resins, etc.)




	SO2, H2S, COS, CS2

	vulcanized rubbers, sulfur-containing polymers, wool




	HCl, HF, HBr

	PVC, PTFE, polymers containing halogenated flame retardants, etc.




	Alkanes, alkenes

	polyolefins and many other organic polymers




	Benzene

	polystyrene, PVC, polyesters, etc.




	Phenol, aldehydes

	phenolic resins




	Acrolein

	wood, paper




	Formaldehyde

	polyacetals




	Formic and acetic acids

	cellulosic fibers





Source: Ref. 193.

An empirical relationship between the maximum time available for escape, I, defined as half of the lethal exposure time in minutes and the CO concentration (CCO) is given as



	∫0TCCOdT4.5  =  I

	(5)





It was recently shown that although 60% of all those dying by fire had over 50% of COHb in their blood, those having lethal levels of HCN amounted to only 34% [115]. A concentration of 100 ppm of HCN is considered dangerous; it is produced only by nitrogen-containing polymers. Nitrogen oxides are considered to be highly dangerous at 150 ppm. They form methemoglobin which acts on the central nervous system. The nitrogen oxides are considered respiratory irritants, i.e., they change the respiratory rate. NO2 tends to anesthetize the throat, thus masking its toxic effect so that fatalities occur many hours after the exposure [117]. Ammonia is less dangerous than the nitrogen oxides but may become seriously harmful at an exposure to 5000–10,000 ppm for 30 min.

The danger level of SO2 is 50–100 ppm [100] at long exposures, especially as an irritant. Hydrogen sulfide is rapidly fatal in concentrations of 1000 ppm, but its odor detection level is 10–3 ppm. Carbonyl sulfide, COS, produced during the combustion of wool was lately found to be highly toxic, and its recommended limiting concentration is 0.15 ppm.

Hydrogen chloride reaches the danger level at 1000–2000 ppm whereas with HF the limit is 50–250 ppm [100]. The most serious respiratory irritants outside of nitrogen oxides are the aldehyde gases and, in particular, acrolein, which causes ocular and nasal irritations at concentrations as low as 3.7 ppm in animal studies.

Carbon dioxide is a predominant ingredient of combustion gases, especially upon ventilation; it brings about, in concentrations of about 1–10%, a progressive increase in the rate of respiration that increases the uptake of CO by the hemoglobin of the blood. This may be considered a synergistic effect of CO and CO2 [118].

The effect of flame-retarding chemicals on the toxicity of the burn or smoldering gases was only sporadically investigated in a small number of cases. Flame retardants may undergo pyrolysis and contribute their own new ingredients which may be highly toxic.

The field of combustion toxicology is new and rapidly developing, therefore no generally accepted standard tests are available for screening purposes. Experimental design in this area involves five major concepts [100]: (a) Fire statistics indicate the direction of study with animal models and include forensic pathology and toxicology, i.e., examinations of persons who die in fires to determine the cause of death.

(b) Chemical analysis of thermal decomposition products is based either on the complete chemical determination of all products of the thermal decomposition or on the assessment of selected products such as CO, CO2, HCN, and O2. A definition of toxicity, tc as the ratio of the concentration c of a gas to the concentration Cf of the same gas that is fatal to man upon a 30-min exposure has lately been suggested:



	tc  =  ccf

	(6)





For several toxic compounds, additivity is assumed and in addition proven synergistic effects between the components are also included with a factor s in the following expression



	tc =  tc1+tc2+stc1tc2 

	(7)





A toxicity index Tw has also been suggested:



	TW  =  tcVw  

	(8)





where w = weight of decomposed material and V = volume of the chamber [129, 130, 131].

(c) Biological response of animals includes three main types:mortality, sometimes with clinical signs; incapacitation, or loss of activity or reflex responses; and sensory irritation.

Mortality, although simple to measure, increasingly is considered inadequate as the sole criterion in fires. Another end point for toxicity tests is time of useful function (TUF) [119], i.e., the time available for a person to escape from the fire before being incapacitated by fire gases. Such an end point may be collapse, coma, or signs of neuromuscular dysfunction. Loss of coordinated neuromuscular activity would finally prevent the animal from escaping the fire and toxic gases. Such incapacitation can be observed on instrumented animals. Techniques proposed for TUF assessment include avoidance of electric shock [120] and swimming tests [121]. Other criteria were also suggested: LC50, the concentration of a material in the test chamber that will produce death in 50% of the test animals within a specified period of time [122]; LD50, lethal dose causing death in 50% of the animals in a given period [123]; ALC50, the apparent lethal concentration for 50% of the animals for the cases when toxic materials rapidly decompose [124], In another approach, a biological toxicity index of combustion TX of pyrolysis products is based on the change of mortality rate with time [125, 126]. The TX index was calculated for one temperature and it was shown to vary for other temperatures when measured on flame retardant-treated wool upholstery fabrics. A total toxicity index (TTI) was suggested that would be obtained from a three-dimensional plot of animal deaths against time and temperature [127].

(d) Combined analytical and biological testing utilizes chemical and biological assays simultaneously. In one such method [128], COHb, Hb, OxyHb, serum pH, serum bicarbonate, and excess base in the test animals as well as partial pressures of O2 and CO2 were determined.

(e) Comparative material studies constitute the basic approach to comparison of toxicity hazards of polymers and fibers. Such studies are rather complex because they have to take into consideration different behaviors of materials under anaerobic pyrolysis, oxidative pyrolysis (smoldering), and flaming combustion. Choosing the appropriate temperature that will conform to a practical fire situation is another involved parameter. Similarly, the time of combustion is critical [100]. Several methods for the evaluation of toxic hazards used presently are summarized in Table 1.5.

[image: Image]

Figure 1.7 Lindberg horizontal tube furnace and animal exposure chamber: 1. programmed horizontal tube furnace; 2. polymer sample; 3. quartz pyrolysis tube; 4. PMMA connecting tube; 5. NASA chamber (4.2 dm3); 6. mice; 7. floor (optional); 8. thermometer; 9. safety vent bubbler; 10. oxygen analyzer probe; 11. gas sampling probe. (From Ref. 193.)

Table 1.10 Relative Toxicity Values of Combustion Products of Polymeric Materials Using the Lindberg Horizontal Tube Furnace



	Material

	Time to death (min)

	Time to incapacity (min)

	Number of animals




	Modacrylic/rayon (70/30)

	4.54 ± 1.00

	3.74 ± 0.23

	8




	Wool

	7.60 ± 2.90

	5.45 ± 1.77

	16




	Silk

	8.94 ± 0.01

	5.84 ± 0.12

	8




	Leather

	10.22 ± 1.72

	8.16 ± 0.69

	8




	Polypropylene

	12.98 ± 0.52

	10.75 ± 0.18

	8




	Polyester (fabric)

	13.30 ± 1.95

	8.85 ± 3.25

	8




	Aromatic polyamide

	13.50 ± 0.98

	11.79 ± 1.71

	8




	Polyurethane (rigid foam)

	14.05 ± 0.60

	11.23 ± 0.50

	12




	Cotton

	15.10 ± 3.03

	9.18 ± 3.61

	8




	Nitrile rubber

	15.85 ± 0.97

	9.50 ± 0.16

	12




	Poly (vinylidene fluoride)

	15.86 ± 2.74

	6.50 ± 0.11

	8




	Nylon-6,6

	16.34 ± 0.85

	14.01 ± 0.13

	8




	Polyurethane (flexible foam)

	16.60 ± 1.14

	10.21 ± 0.86

	8




	PVC

	16.84 ± 0.93

	12.69 ± 2.84

	8




	Polyethylene

	19.84 ± 0.92

	8.86 ± 0.80

	8




	Poly (vinyl fluoride)

	20.50 ± 2.05

	16.94 ± 2.39

	8




	Natural rubber

	22.13 ± 1.73

	15.35 ± 4.32

	12





Source: After Ref. 193.

A recent test apparatus developed by NASA is schematically drawn in Fig. 1.7 [129, 130]. The temperatures applied are in the range of 780–1100 K. Four mice are subjected to 30 min exposure. Mortality and several types of incapacity are determined every 10 min and a relative toxicity is estimated. Several relative toxicity values obtained with this apparatus on textile materials are reproduced in Table 1.10 [130].

The present test methods enable only a partial evaluation of the toxicity hazards associated with flaming polymers and fabrics. Little is known about the interactions occuring upon simultaneous pyrolysis and burning of several materials [100]. The methods do, however, provide an important guide which enables a tentative rating of materials under specific defined conditions and identification of some especially toxic substances.

There is still no standardized and accepted procedure for toxicity testing. Thirty minutes appear to be a suitable time for animal testing, as real fire situations usually do not last any longer.

3.    FLAME RETARDANTS AND MECHANISMS

The development of practical flame-retardant systems and meaningful test methods has been understandably accompanied by intensive speculation and research into the mechanisms of flame retardance. The complexity and probable multiplicity of these mechanisms was recognized, and by 1947 [7] several early possibilities had been advanced. These included action of the flame retardant directing thermal degradation to fuel-poor pyrolytic paths, flame-retardant external coating of the substrate to exclude oxygen, internal barrier formation to prevent evolution of combustible gases, inert gas evolution to dilute fuel formed by pyrolysis, and thermal activity to dissipate heat away from the flame front. Discovery of the efficiency of volatile halogen derivatives in inhibiting flammability subsequently led to recognition of the radical-trap mechanism [149, 150, 151]. The first condensed) phase and last (free radical) of the gas phase proposals are now generally recognized as the primary, though not the only, effective flame-retardant mechanisms. Current mechanistic research is basically directed at investigating specific polymer-flame retardant combinations to determine which of these two mechanisms predominates and to elucidate the details of its operation [198].

A classification of the most important flame retardants in use at present is given in Fig. 1.8. According to this classification the flame retardants are divided into three categories: (a) primary FR, based on phosphorus and halogens, sometimes in combination with each other; the phosphorus derivatives act usually in the condensed phase, mostly in conjunction with nitrogen derivatives as synergists. (b) Halogen (chlorine or bromine)-based FR are active in the gaseous phase and appear, in many cases, together with antimony derivatives as synergists. Nitrogen- and antimony-based chemicals do not have a flame-retarding effect by themselves. (c) A third group of compounds, such as alumina trihydrate, is considered adjunctive and their activity is mainly physical, although recently some evidence of a chemical effect has been cited [193].

[image: Image]

Figure 1.8 Classification of flame retardants. (From Ref. 215.)

3.1    Condensed-Phase Mechanisms

The overall process leading to burning of a polymeric substrate can be schematically visualized as in Fig. 1.9 [187]. The substrate, under the influence of externally applied heat, undergoes thermal decomposition (pyrolysis) with the generation of combustible fuel (ΔH2). Only a part of this fuel is combusted in the flame by combining with atmospheric oxygen, ΔH1. The other part (ΔH2 – ΔH1) remains and can be combusted with the use of a catalyst by an excess of oxygen. The flame provides a part of its heat for the continued pyrolysis of the substrate, perpetuating the cycle. Another part of the heat is dissipated and lost to the environment. The ease of pyrolysis, i.e., the minimum temperature at which pyrolysis occurs, and the character and amounts of gaseous products determine the flammability of the substrate. A flame retardant that acts via a condensed-phase mechanism alters the pyrolytic path of the substrate and reduces substantially the amounts of gaseous combustibles produced (ΔH2) usually by favoring the formation of carboneceous char, carbon dioxide, and water. Although such action has been described as catalytic [7], the substantial amounts of FR agent required to effect flame retardancy suggest that in the condensed-phase mechanism at least the FR agent is in fact a coreactant with the polymeric substrate and not a catalyst in the conventional sense. Indeed, it has been shown that for cotton [153, 52], polyester [154], polyester-cotton [47], and polyester-wool [155], low FR levels (“catalytic amounts”) increase rather than decrease flammability. In the case of cotton, Basch and Lewin [156] have demonstrated that low add-on levels of acidic flame retardants catalyze the normal thermal degradation, resulting in higher concentrations of the fuel, levoglucosan, and increased flammability. Larger amounts of these same additives either react with the cellulose and/or with the levoglucosan to reduce fuel production and flammability. These large amounts of FR agents are required to overcome the catalytic action, rather than augment it. An additional requirement for successful condensed-phase flame retardancy is that the reaction of the FR agent with the polymeric substrate takes place at a lower temperature than the normal pyrolytic action, and it is well documented that treated cotton and polyester decompose faster and at lower temperatures than the untreated substrates [157, 158, 159, 160]. It is not surprising that low add-ons of FR agents decreased in many cases the ignition times of fabrics as compared with the untreated fabrics [52].

[image: Image]

Figure 1.9 Diagram of polymer fire. (From Ref. 187.)

The reduction of volatile flammables and the increased residual carbonaceous char caused by a condensed-phase-active FR can be affected by two principal modes of action: dehydration and cross-linking.
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