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Foreword and Acknowledgments

Modern Pyrotechnics (1961) was the first pyrotechnic primer and
collection of up-to-date information in the English language—written
mainly in order to help the newcomer to the field of military pyrotech-
nics. Judging from the many comments | have recelved, it served this
purpose well.

This book retains the basic approach and framework of my first
book. The subject matter has been greatly enlarged as indicated by the
increae in the number of formulas from 91 to 201, the addition of
numerous tables, and a near-doubling of the references—from 354 to
about 700. The subjects treated in the first book are presented in greater
detail and, of course, with addition of new information from the years
1961 to 1966. Some of the subjects that formerly were under security
restrictions—now lifted or relaxed—could be added, though not dl in
full detail. A special effort was made to enlarge on the commercial,
or as | would rather cal it, civilian, aspects of modern pyrotechnics.

These concern the subject of matches, fireworks, the thermite process,
and certain minor devices. An additional featureisa specia chapter on
spontaneous ignition of common materials and one on the dispersion
of chemicd agents, such as tear gas and insecticides. It has also been
possible to add, with discretion, some of the matter on clandestine
activities from and since World War |1—a subject that has been part of
my and my company's effort.

Ever snce | became engaged in the match industry (1937) and con-
caned with the chemistry of matches—specificaly the safety book
match—I have considered this seemingly commonplace prime ignition
source as the most fascinating phenomenon of pyrotechnics. And
snce this subject is not found in the generally accessible literature,
except under the historical aspect, and the chemistry of matches is ra-
ther obscure even to chemists, the chapter on matches has been greatly
enlarged. Asto fireworksfor pleasure, | became convinced that a book
on pyrotechnics, without some details on this subject, might disappoint
many readers.  Since here my specific knowledge is extremely limited,
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| had to ask for help. Chapter 17 on fireworks was written by the Re-
verend Ronald Lancaster, amateur pyrotechnician and consultant to a
firework manufacturer, PainsWessex Ltd., Salisbury, England. Only
a few minor alterations and interpolations were added by me. The
formulas on the subject contributed by Mr. Lancaster should be of
specid interest since up-to-date formulas connected with commercial
interests are generally hard or impossible to come by.

Otherwise, the profusion of facts and figures that |1 present in this
book are a combination of experience, literature study, and advice from
others. In World War Il, my company, Universal Match Corporation
of St. Louis, Missouri (now UMC Industries, Inc.), became engaged in
such activities as comminution of magnesium and manufacture of color-
ed flame signals and other military devices—all of which broadened my
pyrochemical knowledge. Since the Korean War, both production and
development work added greatly to the diversification of my persona
experience when for many years | directed the research and develop-
ment effort of the then newly-founded Armament Division. A branch
of the latter is now the Unidynamics Division, Phoenix, Arizona, of
which | was daff scientist and consultant until my retirement in the
summer of 1967.

The reader will have little difficulty in discriminating between those
subjects of the military pyrotechnic field, in which | speak from per-
sonal experience, and those where | had to rely al or in part on infor-
mation by others. However, a book written by one person, in my
opinion, permits a greatly preferable, comprehensive and cohesive
approach, even though some unevenness must be tolerated. The other
way isto present a subject as "written with a pair of scissors,” as
German publishers used to cal it, i.e. as a collection of perhaps com-
petent but more-or-less digointed articles, often leaving other areas of
the field unmentioned.

A number of people and organizations have helped my effort in a
variety of ways. UMC Industries, Inc., with whom | was affiliated for
over a quarter century, has supported the preparation of the manuscript
to such a generous extent that it could be completed in little more than a
year. During this period, the untiring effort of my secretary, Mrs.
Ruth Levine, extended far beyond typing and retyping, and included
most of the burden of checking on references, patent numbers, and the
other tedious by-play of getting out the final typed copy. Mrs. Mae
Chaudet, librarian of Unidynamics, St. Louis Division of UMC Indus-
tries, Inc., has been most helpful in procuring an unending stream of
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printed information.

The manuscript was read and scrutinized by my friend and former
colleegue, Mr. E.R. Lake, now of McDonnell Company, S. Louis,
Mo., and by my son, Lt. James B. Ellern, USN, now (1966) USNR,
and a graduate student in chemistry at the Cdifornia Institute of Tech-
nology, Pasadena, California. These two helped me to eliminate mis-
takes, numerous faults of style, and—alasl—many Germanisms, es-
pecidly long phrases. The reader will have to bear with those faults of
"foreign accent” of the written variety that only a superior stylist can
overcome when he acquires a new country and a new language at the
midpoint of his life.

Sevard people in industry and government have been specificaly
hdpful. Detailed information that was of vaue for incorporation in
the text was received from the following, to whom my gratitude is here-
with extended: J. H. Deppeler, Vice President and General Manager,
Thermex Metdllurgical, Inc.; B. E. Douda, Research Branch, NAD,
Crane, Dr. R. Evans, Denver Research Institute; Ronald G. Hall,
Technicd Director, Brocks Fireworks, Ltd.; J. F. Sachse, Vice Presi-
dent, Metals Disintegrating Corp.; H. E. Smith, Product Director,
Reynolds Metal Co.; Garry Weingarten, Feltman Research Laboratori-
es Picatinny Arsenal.

Even though | have now retired from industry. | will be happy to
recave comments and criticisms a2 my home address, 25 Shireford
Lane, Ferguson, Mo. 63135, in the hope that this will augment the dual
purpose of the book—to give information and to stimulate future
research and development.

November, 1967 Herbert Ellern
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chapter 1
Definition and Scope

As the Egyptian Phoenix rose resplendent in its red and gold plumage from
the ashes of its past, so may a new development in the art rise from the ashes of
the present antiquated methods of manufacture.

Faber. 1919"

Pyrotechnics, the Fire Art—from the Greek words pyr (fire) and
techne (an art)—is one of three closely related technologies: those of
explosives, propellants, and pyrotechnics proper. These three not only
have a common physicochemica root, but their functions and purposes
overlgp.  In their typica manifestations, explosives perform at the
highest speed of reaction, leaving gaseous products; propellants are gas-
formers and of brisk reactivity, but dower than explosives, and pyro-
technic mixtures react mostly at visibly observable rates with formation
of solid residues. Numerous exceptions to these definitions may be
cited, in which cases the purpose of the action classfies the item.

Chemicd reactions, in general, either require heat input throughout
the whole process (endothermic reactions) or they give dff heat (exother-
mic reactions). The heat released in the latter case may be insufficient
to cause a self-sustaining reaction, or it may produce flame or glow
throughout the substance or substances either at high reaction speed,
or gradually, making it suitable for pyrotechnical purposes. Such an
exothermic reaction may either be the result of interaction of two or
more substances, or stem from the decomposition of a single compound.
Interaction between solids is the rule in pyrotechnics, decomposition in
explosves, while there are typical propellants of either kind. Pyro-
technics is nearly exclusively concerned with solid ingredients, while
explosives and propellants may be solids or liquids.

A pyrotechnic process differs from ordinary combustion by not (or
at least not predominantly and essentialy) requiring the presence of the
ambient air. Once it is triggered by a small external force, it may take
its course in complete isolation from external chemical influences. As
we come to descriptions of actual devices, it will become clearer how

3



4 MILITARY AND CIVILIAN PYROTECHNICS

versatile and relatively smple most pyrotechnic devices are. Except at
the point of initiation, they employ no moving parts or delicate com-
ponents and perform equally well on land, on water (even immersed
init), in the air, and in outer space.

A pyrotechnic process is not normally intended to result in the pro-
duction of useful chemicals. It is specificdly devised for the utilization
of the evolved heat, or—expressed in terms of thermodynamics—by
the energy the chemica system loses. This energy becomes a ussful
agent in a number of ways. One is the creation of flame or glow itself
from materials at ordinary temperature and with minima mechanical
effort.  All primary ignition and initiation for pyrotechnic items,
rockets, and explosives is based on this, and in civilian life the ordinary
match is the most frequently used of all primeigniters. Next, pyrotech-
nic heat is brought to a main item either directly (first fire) or by a
gradually advancing flame or glow front (delay fuse or delay column).
If we concentrate such heat in devices of varying size or design, we can
use it as either a destructive force (incendiaries, document and hardware
destructors) or as a beneficid heat source (heat cartridges). Combined
with a variety of volatile substances, the heat source becomes a smoke-
producer or a dispersant for toxic substances, or the chemica reaction
itself creates the smoky materia and evaporates it (pyrotechnical
aerosolization). If the reaction furnishes mainly gases, it can be useful
as a source of kinetic energy.

All this will appear to the layman as rather far-fetched and subordin-
ate to what he regards as pyrotechnics. Light and aso sound effects
are most intimately connected with the word pyrotechnics.  Fireworks,
high intensity white lights, and colored signals are the best-known and
most conspicuous devices, based on the high energy concentration and
the dlied radiation phenomena in and near the visible part of the
spectrum.

In some cases, the typical pyrotechnic system—prime ignition, sdf-
contained reaction, relaively dow completion, "portable"—is able to
furnish pure products such as oxygen gas, a metal, or a specia aloy in
pure state. Such systems will also be described. Not included are ex-
plosives and propellants, except in a few limited functions such as ex-
plosive sound producers, light flashes and dust explosions; small-scale
rocketry; and propellants for confined kinetic action.

From the dictionary definition of being "the art and science of
making fireworks," pyrotechnics has grown, so as to deserve a wider
and more precise definition as follows:
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Pyrotechnics is the art and science of creating and utilizing the heat effects
and products from exothermically reacting, predominantly solid mixtures or
compounds when the reaction is, with some exceptions, nonexplosive and rela
tivdy dow, sdf-sustaining, and self-contained.

The mgor types of pyrotechnically useful pyrochemical reactions
and devices are the following:

1. Primeignition sources—actuated by friction, impact, electricity,
mixing or contact with air; used in the form of matches; stab, percu-
ss5on and electric primers; and sdf-igniting incendiaries.

2. Light producers of relatively long duration—in the form of
flare candles, sparklers, stars, streamers, etc., both white and colored,
aso sometimes utilizing nonvisible radiation for illumination, fireworks,
and signals, including infrared (IR) augmentation.

3. Light producers of short duration and explosive action—for
cregtion of intense flashes, mainly as illumination for photographic
purposes.

4. Smoke formers by chemical reactions—for signal and small-
e screening smokes.

5. Gas-forming mixtures—with the heat and gas aerosolizing dye-
duffs, toxic chemicals, or nuclei for water vapor, and used as colored
amoke, tear gas, or cloud seeding generators.

6. Gas-forming mixtures and compounds—as energy sources for
actuating cutting devices or electric switches, opening and closing valves,
and performing involved sequencing of mechanical operations culmina:
ing in catapult initiation for the gection of pilots from airplanes.

7. Explosive sound producers—as warning signals, for pleasure,
and for gunfire simulation.

8. Whistling sound producers—for pleasure and in training devices.

9. Heat-transferring powder trains, surface coatings, and discrete
subassemblies—used as fuses for fire transfer, delay timing, first fires,
and rocket igniters.

10. Heat sources of extreme heat concentration—for welding or
dedtruction of metalic items; also to furnish pure metals and aloys.

11. Lowor high-gassing compositions—for ignition of structural
timber and other combustibles as firestarters and incendiaries.

12. Fully encapsulated low-gassing heat sources—for melting,
wanning of food cans, and other uses of indirect heating.

13. Gas formers—for the production of useful chemical entities
uch as respirable oxygen.

The arrangement of the described phenomena and items in the
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following chapters corresponds with minor exceptions to this enumera-
tion. The reader may gauge from the foreword, as well as from the text
itsdf, what is mainly taken from books, manuals, specifications, and
reports by others, and what | have done or seen mysdf.

While following the general arrangement of Modern Pyrotechnics,
| have abandoned the separation of each chapter into a main text
appended by notes containing references and subordinate matter. It
caused frequent duplications, though | thought it would help the begin-
ner retain the main thread of narration without interruption by less
important matter. As before, dl the references are combined, consecu-
tively numbered, in a single chapter as are all the formulas. The glossa-
ry, specificaly adapted to the content of this book, should not only be
helpful to the reader but is aso intended for use by the baffled secretary
who, no matter how good her general education is, must be stumped by
the niceties of some differentiations (fuse, fuze, fuzee) as well as by many
unusua words themselves.



chapter 2
The Literature of Pyrotechnics

Much has happened in thefield of pyrotechny, as indeed, elsewhere, during the
last twenty-five years. . .
Brock, 1949

Generdly available information of practical use to the modern
formulator or designer of military and civilian pyrotechnics is not
abundant. None of the few books written prior to World War 1l con-
tains more than fragments of applicable information. Faber's Milit-
ary Pyrotechnics' (1919) combines historical background, detailed des-
criptions of the manufacturing techniques of World War | devices and,
surprisingly, extensive information on fireworks for pleasure. While
its formulations—for military devices a least—are obsolete, some
modern military items such as parachute flares released from airplanes
and sgna lights fired from rifles or pistols are described in their early
modifications.

The first book that concerned the state of the art of contemporary
military pyrotechnics and became known in the United States came out
in 1954 in the Russian language. It was preceded by a first edition
(1943) of which only a few copies seem to have reached this country.
The 1954 edition of this book by A. A. Shidlovsky,? a professor at the
Universty of Moscow, was translated into English in 1964 and this
verson is available through U. S. Government channels. A third edi-
tion, of which | received an autographed copy from the author soon
dter its publication in 1964, has also been translated into English as a
government report.*

My own book, Modern Pyrotechnics,* of which this is a rewritten
and expanded edition, was published in 1961. It filled a severdy fdt
ned for a commercialy available introduction to the subject, with
emphasis on, but not entirely restricted to, military requirements.

Neither Shidlovsky nor | had any idea of each other's existence when

«Spedific information quoted from Shidlovsky in later chapters is taken from the
third edition.
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he wrote his second and | my first edition. Still, both books have a
good deal in common. Both use a drictly empirical approach with
theories and calculations being proffered in a subordinate manner. On
the other hand, both books attempt to impart a subjective understand-
ing of the principles of the underlying phenomena rather than offering
mainly a profusion of formulas and detailed "how-to-do" facts. Re-
luctance to perhaps say too much is obvious in the Russian book,
especidly in the 1964 edition, where the author quotes many newly
added formulas from my 1961 edition rather than reveal too much of
his more up-to-date native information.

Shidlovsky's references show that a sizable pyrotechnical literature
exigs in Russia.  Since this is as good as unknown in this country, a
selection from the second edition going back no farther than 1936 is
referenced 3a—3ee on the basis of interesting titles, though the books
and articles themselves are unknown to me. Additional references,
especidly newer ones from the third edition, will be quoted in the
appropriate context.

Pyrotechnic information aso appears in Aerospace Ordnance
Handbook® published in 1966.

The British work by Taylor, Solid Propellent* and Exothermic
Compositions® offers a limited amount of pyrotechnical facts and data
and contains a sizable amount of valuable information on related sub-
jects such as gas-formers, propellants, and explosives.

The modern fireworks industry can be represented by three books.
George Washington Weingart's Pyrotechnics’ is a practitioner's man-
ual full of useful details. It has recently been reprinted (1967).
Some of the information on fireworks, both from Weingart and other
sources, is found in Tenney Lombard Davis The Chemistry of Powder
and Explosives®, which is somewhat more accessible and also, not-
withstanding its age, a mine of useful information on explosives.
Izzo's book,® written in Italian, is a rather condensed manual of fire-
works, with emphasis on design of the more elaborate arrangements.

The fireworksindustry is rather conservative and three works dating
back to the last century have been cited to me by an expert in the field
as ill of some practical use. The student who wishes to delve into
these sources of information must break the language barrier, since
they are written in German,™ French,'! and Italian.*

A History of Fireworks by Alan St H. Brock? is an eminently readable

*Regarding spelling of this word and others, as wel as definitions, see Glossary.
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work full of interesting details, which aso contains some military
material, but essentialy deals with historical development. For readers
interested in the history of fireworks, this book contains about one
hundred references, mostly of older works as far back as 1225. One of
these, De La Pirotechnia by Vannoccio Biringuccio, can be warmly
recommended even to those who have no specific interest in the history
of chemistry or of pyrotechnics. It is available in an English translation
13 and gives information on the state of metallurgy a the time of the
Renaissance, as well as on gunpowder, explosive cannon balls, incen-
diaries, and fireworks. It closes with a chapter entitled "Concerning
the Fire that Consumes Without Leaving Ashes" (Lovel!). Somewhat
in the same vein is the rather dry and scholarly History of Greek Fire
and Gunpowder by Partington.** Once the acolyte of the "art" has be-
come interested, he will want to extend his knowledge of the historical
background and—if he is a chemist—of the history of chemistry and
achemy.

The series Science in World War 11 contains occasional references to
pyrotechnics, especialy in the volume Chemistry by R. Connor et al.,"
which has some information on smokes, light producers, and explo-
Sves

The German book, Sprengstoffe und Zundtnittel, by Dr. C. Beyling
and Dr. K. Drekopf’® has a mideading title, since the "Ziindmittel"
(igniter materials) refers only to initiation of explosives rather than to
ignition in general.

Pertinent information is sometimes discovered in unexpected places.
Thus, a dender volume by Alfred Stettbacher'” contains a detailed
chapter on sabotage incendiarism and explosive activities, which is
linked to pyrotechnics proper.

More recently, Louis Fieser has reveded some interesting details
on the otherwise barely accessible field of incendiarism and demoalition
in clandestine operations during World War II.  One wonders if the
rather baffling title of his book, The Scientific Method®, was chosen
with tongue in cheek.

J. Bebie's Manual of Explosives, Military Pyrotechnics and Chemical
Warfare Agents', notwithstanding its grand title, is actually only an
extremdy limited glossary of terms.

It is obvious that the manufacturers of the few utilitarian products
of civilian pyrotechnics are as reluctant to broadcast their formulas and
techniques as are the fireworks people, and information on such things
as railroad torpedoes and fuseesis scarce.  The match industry is more
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open-minded as evidenced by the splendid series of articles by Crass®?
and articles on the subject in the encyclopedias, though reliable for-
mulas are less prominent than mechanical techniques. What the reader
will find in Chapter 12 of this book is undoubtedly the most extensive
study on the pyrochemical aspects of the subject.

Since articles in the encyclopedias of genera knowledge as well
as in the technical encylopedias are written by speciadists* one may
find authoritative information in those works, though an oblique app-
roach may be needed in order to find some subjects. Thus, Ullmann's
Encyklopadie der technischen Chemie® relates detailed information on
the metallurgical and other commercia uses of the thermite reaction
under Aluminothermie (Vol. 1) and treats the subject of fireworks
rather extensively under Pyrotechnik (Vol. 14). This edition has not
as yet (1966) reached its final volume, which will contain the subject
of matches under Zindwaren.

The first edition of the Encyclopedia of Chemical Technology® con-
tains an authoritative article on military pyrotechnics in Volume 11,
written by the late Dr. David Hart (d. 1958) of Picatinny Arsenal. The
second edition® of the same work is remarkably detailed on a subject
that in part ties in with pyrotechnics, i.e.,, Chemicd Warfare (Vol. 4).7

The encyclopedias, such as Americana,®® Britannica,® Collier's?
Chamber's® and the German Brockhaus™ are generally strong on the
subject of matches, especially the historical aspect, but sketchy on other
branches of pyrotechnics. Nevertheless, they often make informative
reading on side issues such as the history of the thermometer scales
devised by Celsius, Reaumur, and Fahrenheit, the principles of optics,
the phlogiston theory, etc.

The largest amount of pertinent and up-to-date information on pyro-
technics is found in reports on the work being performed in govern-
ment arsenals and laboratories as well as by private contractors for
branches of the Defense Department and other government agencies,
such as the National Aeronautics & Space Agency (NASA). Most of
these reports refer to a specific development, and rare are the investiga
tions that busy themselves with a systematic, scientific (in the empirica

*|t has been said that the last person who could cover the whole scientific know-
ledge of his time was the German naturalist Alexander Humboldt (1769-1859), as
shown in his conception of the physical world in Kosmos, written at the midpoint
of the last century (Britannica).

Tl have completed the articles on Matches and on Pyrotechnics in forthcoming vol-
umes.
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and inductive sense) treatment. Unfortunately, some of the most
informative reports carry the forbidding label "confidential” or "secret”
—sometimes for specious reasons. However, awareness of the need for
more generally available information, at least to the pyrotechnic frater-
nity concerned with military and space applications outside of federal
ingtitutions, is evident from those reports quoted in the later chapters,
which are basic studies. Prominent are the Research Laboratories at
Picatinny Arsenal (PA), Dover, N. J.; Harry Diamond Laboratory
(HDL, formerly DOFL), Washington, D. C.; Frankford Arsena (FA),
Philadelphia; Naval Ammunition Depot (NAD), Crane, Indiang;
Naval Weapons Laboratory (NWL), Dahlgren, Va, Naval Ordnance
Laboratory (NOL), White Oak, Md., and severa others.

Government reports generaly available are listed in Government
Research Reports and other lists of titles. Registered defense contrac-
tors can receive reports without charge through the Defense Docu-
mentation Center (formerly ASTIA) at Alexandria, Virginia. Abstracts
of these reports appear in Technical Abstract Bulletin (TAB). Pur-
chasable reports—some subject to specia restrictions but al of them
restricted to the qualified users—are also available through the Clear-
ing House for Federal Scientific and Technical Information, Spring-
field, Virginia (formerly OTS). The more recent reports carry an "AD
number” that identifies them, and this number has been added to cited
reports where available.

Foreign material that has been translated into English (or French)
is abstracted in the semimonthly Technical Trandations (U. S. Depart-
ment of Commerce), which gives instructions on how to order the trans-
lated reports.

A comprehensive manual* on which the three Services have labored
mightily for many years is in the process of being published while this
manuscript is being prepared. It should fill a long-felt need. Two
accessory parts of it have already appeared.®%+3%

Valuable, though often obsolescent, information is contained in the
Technical Manuals of the Army and the Air Force®“*?® and a number of
similar publications by the Department of the Navy.**** Essentialy,
these are catalogs of standardized and proven "hardware" such as
parachute flares, smoke grenades, booby traps, simulators for training
purposes, ignition devices, and many others. Formulas are rare, dimen-
sons sketchy, performance data scant, but atogether there is much
useful information for the pyrotechnician in al of the literature cited.

The same agencies have also issued more specialized and detailed
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books and manuals, such asthe Ordnance Explosive Train Designers
Handbook® (now declassified) which, however, shows its age in this
fast-moving era. Specid manuals of gas cartridges®®*4’® of recent
or recently revised origin exist. The most recent manuals describe items
for unconventional warfare, ***" and one of them is quite detailed on
the subject of incendiaries. Much of the same information is also avail-
able in loose-lesf form with frequent additions in a handbook issued by
Frankford Arsenal.*™

A review of World War 11 foreign ordnance™ adds to our knowledge
of pyrotechnics in Germany at that time. The brilliant comprehensive
Encyclopedia of Explosives®® unfortunately has not advanced beyond
Volume 3, dfter the retirement from government service of its guiding
spirit, Dr. Basll T. Fedoroff. It isreplete with pyrotechnically ussful
information as well as with data on those explosives that are linked
with pyrotechnical devices, and its literature abstracts are prodigious.

A Navy report on Toxic Hazards Associated with Pyrotechnic tems™
is incidentally a large formulary of light and smoke signals, though
devoid of materials specifications and other details because of the
specid purpose of the publication. The hazards of processing and
handling pyrotechnic items with special regard to unforeseen or un-
foreseeable flashing or explosive behavior and the safety precautions
applicable to the laboratory or the manufacturing area are described
in condensed form in the General Safety Manual® and in the Military
Pyrotechnics Series Handbook,® in greater detail in a PA Handbook,>
and in an NOL Manual.>® Also of interest is the pamphlet Ordnance
Safety Precautions,™ an article "Safety in the Chemica Laboratory,"
and an article on high energy fuds® Additional references will be
found under the specific subjects.

The foundations of pyrotechnics are chemistry and physics. In
elementary texts on physics, and even in works on physical chemistry,
pertinent knowledge on solid reactions, heat and heat flow gets short
shrift.  Some books on optics, such as those by Sears” and Hardy
and Perrin® go into the important subject (to us) of radiation, at least
enough to furnish some fundamentals, but others confine themselves
exclusvely to the refractive aspects of optics.

The picture is much brighter as to chemica information, though the
modern tendency to stress even on the elementary level highly general-
ized theoretical knowledge rather than the despised "masses of un-
connected facts," makes many modern texts rather frustrating reading
to the student of pyrochemical phenomena. Books on chemistry, with
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a predominantly empirical, factual approach, are by Ephraim” and
Remy,” both in English translation. The author's "bible," however,
which has guided him from his student days (second edition, 1919) to
the present (eighteenth edition, 1965) is the text by Hofmann-Rudorff,"
Anorganische Chemie, but available only in German. The factual and
theoretical approach has been happily combined in [norganic Chemis-
try by Therald Moeller.”

Data of heats of formation of compounds for the purpose of deter-
mining the enthalpies (heat outputs) of pyrochemical reactions, together
with other pertinent data (on phase changes, melting points, etc.), are
found in Circular 500 NBS” and Metallurgical Thermochemistry by
Kubaschewski and Evans.” Lange's Handbook®™ contains reprinted
data from the former.*

The giants of chemical information, Gmelin,” Mellor,” J. Newton
Friend,” and Beilstein® are indispensable to the unearthing of basic
information, but caution is advised as to the validity of older "facts"
sparse as they are on dry reactions, and more so of figures such as those
on heats of formation. After all, these "handbooks" (nothing to hold
in your hand—rather to be kept ar hand for comprehensive reference,
implied by the meaning of the original term Handbuch!) are simply com-
pilations of data elsewhere reported.

Theoretical approaches to solid reactions are represented by two
books: Chemistry of the Solid State” by W. E. Garner contains two
chapters that touch on the subject of pyrotechnics. Chapter 9, The
Kinetics of Exothermic Solid Reactions, presents data on substances
that decompose exothermically. Chapter 12, Solid—Solid Reactions,
by A. J. E. Welch, treats interaction of solids but without reference to
pyrochemical reactions.

K. Hauffe's Reaktionen in und an festen Stoffen” (Reactions In and
On Solid Substances) does not contain specific information on pyro-
technic reactions either, but it has considerable information on meta-
thetical reactions of mixtures of solids, the mechanism of reactions of
powder mixtures, and other subjects that are, in a wider sense, of inter-
est to the pyrochemist.

In the course of this book, a large amount of additional literature
will be cited when a particular book, pamphlet, article, or report is
applicable to the specific subject in question. It should be noted that

» 1 found only one misprint therein (tenth edition): AHf’ for sodium nitrate should
be — 111.54. This has been rectified in the revised 10th edition.
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the author has not aways been able to study the origina literature,
even though its citations may give the impression. Also, when it is
obvious that the original, eg. a Japanese or Turkish reference, might
be useful to only a few people in this country, | have let the citation in
Chemical Abstracts stand in its stead.



Part 11

Primary Flame and Glow



chapter 3
General Remarks

Pyrotechnic mixtures, propellants, and explosives need a small ex-
ternal energy source in order to bring them to the point of reactivity.
The external energy is applied by impact on a small, sensitive explosive
charge or by electrically heating such primary explosive; rarely is it
applied by other means such as friction. The resulting "spit" of flame
and of glowing particles is, in pyrotechnics, usualy only the first link
in achain of ignition sequences leading eventually to the activation of
the main charge in order to bring it to a self-sustaining reaction.

Modern everyday fire making by means of matches is based on the
same kind of easily induced reaction, though its technique and require-
ments are different from primer initiation.

The whole intriguing field of primary ignition deas with a large
array of diverse chemicals and arrangements. It comprises virtually al
the elements; gases, liquids, and solids; inorganic and organic com-
pounds; and numerous fuel-oxidizer mixtures. Some of these ignite
entirely spontaneously in air or on contact with certain reagents. While
these reactions are more difficult to use as prime ignition systems than
primers, they have their place in some unusua designs or deserve dis-
cussion because of the hazards they present.

Spontaneous ignition in air is a specia case of autoxidation—the
process we observe in everyday life in the rusting of iron, the souring
of certain foodstuffs, the decay of paper, or in the hardening of paint.
The heat evolved in such oxidation is normally imperceptible because
of the downess of the reactions. In spontaneous ignition (also called
sdf-ignition or pyrophoricity), the oxidation in air or the reaction be-
tween severd substances becomes accelerated to the point where igni-
tion temperature is reached, i.e. enough heat is created to bring ad-
joining layers of the substance to self-sustained exothermic reaction.

While a few substances are prone to such spontaneous reaction
under al conditions (except perhaps at extremely low temperature),
others must be converted into the pyrophoric state by increasing the

17
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surface area.  These circumstances will be discussed in the following
chapters. Materias will be treated in approximate order of declining
intensity of pyrophoric behavior, followed by the practical aspects of
use as primers and matches. The hazards of unwanted self-ignition have
been regarded as aufficiently important to be included in a separate
chapter within the subject of Primary Flame and Glow.



chapter 4
Sdf-Igniting Hydrides and Ther Uses

Some gaseous or liquid compounds of nonmetals and hydrogen
ignite on contact with air and burn with a luminous flame. These are
the phosphines, silanes, and boranes—the hydrides of the elements
phosphorus, silicon, and boron, respectively. Of these, the luminously
burning phosphines have practical importance because they can be
generated by moistening of solid phosphides with plain water
according to the (smplified) equations:

Ca3P2 + 6H20 —_—> 3Ca(OH)2 + 2PH3
Mggpz + 6H,0 —> 3Mg(OH)2 + 2PH3
AIP + 3H,0 —> AI(OH)s+ PHs

Actudly, the chemistry of the phosphines is more complex. The first
member of the series (PH3) of b. p—87.4°C is spontaneoudy flam-
mable in air only when completely dry, but the moist gas can become
sdf-ignitible under diminished air pressure. It shares this curious
behavior with elemental white phosphorus, whose emission of cool
light in prevented by the increase of oxygen pressure (e.g. in pure
oxygen), and which is more readily spontaneously ignitible when
accessin air is diminished. These phenomena point toward a complex
reaction mechanism involving intermediary oxidation products.

In practical use, the sdf-ignition agent is the compound P,H, (diphos-
phine—a liquid at room temperature. This compound is the major
reection product from water and technical calcium phosphide. The
latter, made from lime and red phosphorus, aso contains about 50%
of cddum pyrophosphate. On the other hand, when magnesium
chips, duminum powder, and red phosphorus are ignited (a pyrochemi-
cd reaction in itself!), a product with the approximate formula MgzP,
2AIPresults. This product, however, furnishes with water a phosphine
. gas mixture with only 1 % P,H,—unable to ignite spontaneously by
itedf.” It is therefore used in combination with 20% of technical

19
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calcium phosphide in emergency signals and spotting charges such as
the Drill Mine Signal Mk 25.°° A somewhat different scheme is em-
ployed in the Marine Location Marker (night) Mk 2** [formerly called
Depth Charge Marker], in which a large amount of calcium carbide
(CaC,) produces, with infiltrating water, the illuminating gas acetylene
(C;H,), and a smdller charge of calcium phosphide furnishes the sdf-
ignition material.  This signal, after an ignition delay from time of
launching onto the surface of the water of 70 — 90 seconds (more in
very cold weather), creates a yelowish flame about 9 inches high of 150
cp (candiepower) for about 50 minutes, visble from 4 to 10 miles,
depending on the aspect. It should be noted here that such duration of
pyrochemical action is never found in more conventional pyrotechnical
devices.

The chemistry and behavior of the silanes is equaly involved. Ac-
cording to the work by R. Schwarz, based on the studies of Stock and
Somieski (1916),” only the lower gaseous members of the homologous
series SiH,, SioHe, SisHg, . . . are stable. They are formed from
magnesium silicide (Mg,Si) and hydrochloric acid in very complex
reactions in which much hydrogen is formed.” Parallel reactions take
place:

MQZS| + 4HCI| + 2H,O0 —> S|Oz + 4H, + 2MgCIz
Mgzs + 4HC| —> Sle + H, + 2MgC|2

Silene (SiHy), an unsaturated compound, polymerizes and the lower
polymers form with water the silanes and a prosiloxan (H,SiO), which
in turn decomposes in water, forming SiO, and Hy:

(Sin)z + H,O —> S|H4 + HzS|O
(SiHz)s + H,O —> SioHg + H,.SIO
H,SIO + H,O —> SO, + 2H,

The need for acid rather than water for silane formation from silicides
is one of the reasons why these gases have not found practical applica
tion asilluminants. Another reason is that the flaming is accompanied
by some explosive action. Chemists, who burn magnesium ribbon on
ceramic dishes or heat the powder in glass tubes and subsequently
attempt to clean the vessels with hydrochloric acid, experience the
crackling noises accompanying the scintillating combustion of the
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slanes. The magnesium metal hasin part reacted with the silicon (1V)
oxide in the glass or ceramic according to the equation

SO, + 4dMg —> 2MgO + M@.S

A third group of related hydrides, the boranes, will be mentioned only
in passing. They are of interest for high-energy propellants and as
starting materials for other high-energy fuels. All are endothermic
compounds, their heat of combustion being the sum of the heats of
combustion of the components augmented by the heat of formation of
the original compound. The lower members of this group are diborane
—agas (B;Hg); tetraborane (B4H;0) of b. p. 17.6°; pentaborane-9 (BsHo);
and pentaborane-11 (BsHj;)—low boiling liquids. Boranes, with the
exception of the lowest member, diborane (B,Hg), are found in the
reection products of hydrochloric acid and magnesium boride. The
latter is made by reducing boron (111) oxide with an excess of magnesi-
um powder:

B,O; + 6Mg —> 3MgO + Mgng

Out of a welter of contradictory statements about the pyrochemical
behavior of the boranes, only two will be quoted: "Diborane and the
two pentaboranes ignite in air; the other boranes, if they are pure, are
not self-flammable™™; and from a description of Borane Pilot Plants™:
"Solid boranes in presence of lower hydrides or in mixture are
unpredictable and may ignite from moisture.”

While the connection between the structure of the hydrides and
their pyrophoric behavior seems to be obscure, it should be pointed
out that the compounds of hydrogen fall into three distinctive groups:
the above-described phosphines, silanes, and boranes, which have
covaent bonds; the salt-like hydrides of the alkali and alkaline earth
metals, and the interstitial, nonstoichiometric or "berthollide"—type
hydrides of the transition metals—e.g. the rare earths, titanium, and
zirconium.  Pyrophoric compounds are found in al three groups.

While formerly only the phosphines and silanes were of any interest
or even known at al for pyrophoric behavior, the search for new high-
energy fues has brought more and more of the sat-type hydrides,
described below, into the laboratory and even made them commercialy
available.

Sodium hydride (NaH)™ is stable in dry air, but in moist air, sdif-
ignition may occur; when dispersed in oil, which is then removed by
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washing with solvents, the exposed hydride may be pyrophoric because
of itssmall particle size.

Potassium hydride "catches fire in air. No information on the
pyrophoric behavior of the hydrides (or deuterides) of rubidium and
cesium appears in otherwise rather detailed descriptions in Supplement
11 of Volume Il of Mellor® or in Volume VI of the Sneed-Brasted
series."

Magnesium hydride, normally stable and commercially shipped
without specia precautions, exists in a pyrophoric form.™

Beryllium borohydride Be(BH.), (sublimes at 90°C) flames in air®
and aluminum borohydride Al(BHg4): (m.p. -64.5°C, b.p. +44.5°C)
is spontaneoudy flammable in air, besides having an extraordinarily
high heat of combustion of 989 kcal/mole,® or 14 kcal/g.

Uranium hydride (UH3), a dark powder of d=10.92, but very low
apparent density, "can ignite spontaneously in air.""®

Cerium hydride (CeHz) and the higher thorium hydride (ThH,4 or
ThyH1s) are extremely active chemicaly and ignite spontaneously in
air. CeHj will also combine with nitrogen at room temperature but
treatment with dried carbon dioxide will cause some surface passiva
tion to make the compound more manageable.”® The amount of hydro-
gen shown in these two formulas is, or may be, the maximum out of an
unbroken series of compounds with varying percentages of hydrogen,
depending on temperature and pressure at the time of synthesis. The
formulas with whole figures are given for convenience and the same
applies to other compounds described later, such as TiH, and ZrH,,
which in reality always contain less than two hydrogen atoms.

Finaly, some not clearly classifiable, self-ignitible compounds™
will be mentioned here: the reaction products of Si,Clg and ammonia—
the compound Si;N4Hg and silicocyan, (Si;Ny),, (R. Schwarz); (SiH3)sN
(A. Stock, 1919); Siloxen (SigOsHe) (H. Kautsky, 1925); polysilenes
(SiH,)y, (R. Schwarz, 1935), and the corresponding polygermenes
(GeHy)x (R. Schwarz and P. Royen, 1933).

Amberger and Boeters® have described the compound P(SiH3)s
as a colorless liquid that ignites spontaneoudly in air.

Stewart and Wilson,® besides giving a review of the silanes, report
on one case of spontaneous ignition of digermane (Ge,Hg), a liquid
boiling at 29°C. L. Spialter and C. A. MacKenzie* describe a family
of sdf-flammable chlorosilicon hydrides for the purpose of producing
findy divided dlica (SO,) and for skywriting.

n6l



chapter 5

Sdf-Flammable Metal-Organic
Compounds

Compounds of metals and alkyl or aryl groups are frequently spon-
taneoudy ignitible in air, especialy the lower members of homologous
sies, such as the methyl and ethyl compounds. The metals in the most
active compounds are the alkali metals and aluminum, zinc, and arsenic.
The nonmetals boron and phosphorus aso furnish active members,
which conventiondly are classed with the metal-organic (sometimes
cdled organo-metallic) compounds. It is noteworthy that the akyls
of dlicon do not flame in air.

The firgt discovered members of this class were dimethyl zinc and
dietyl zinc (Frankland, 1849). They are relatively easy and safe to
hande—for example, blanketed by carbon dioxide gas with which they
do not react, whereas, remarkably, beryllium and magnesium alkyls
can react under glow with carbon dioxide gas. Many of these com-
pounds will react explosively with water and also with carbon tetrachlo-
ride® However, spontaneous ignitibility in air and stability toward
various reagents may well occur with the same compound.

Borderline cases of spontaneous ignition are frequent and it should
be kept in mind that probably no substance can unequivocally be called
"gpontaneoudy ignitible in air." Three parameters must be taken into
account: temperature, air pressure, and dryness of the air. Even if
spontaneous combustion occurs at extremely low ambient tempera
ture, the reaction may be dow or uncertain enough to make it useless or
impractica in a device such as aflamethrower. Experimenta addition
of the more active akylsto liquid fuels and pairing the manageable ones
with oxidizers as high-energy rocket fuels seem to be the only practical
goplications found for these metal alkyls.

Table 1 of the better known and characterized metal-organic com-
pounds is based on information from major text books™® and hand-
books®® specidized works,® and some separate articles %

By dtrict definition, akyls of boron and phosphorus are not metal-
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organic compounds but are included because of the similarity of their

properties.

Properties*

white solid, red flame
brillant red flame
liquid!

white powders; declining vigor
with sze of molecules

increasing flammability with

atomic weight of meta

white, volatile, solid, flames

dso in CO,

liquid

higher akyls more active,

ecxglosve with water, glows in
2

blue flame, clouds of ZnO

flames only if large area is
ex

fumes strongly, ignites on paper
trimethyl borane

green sooty flame, explosive in
pure O,

fumes strongly or ignites
decomposes in air, flames with
water o

mostly flames in air

trimethyl gallane, ignites at
— 76°C, explosive a room
temp.

ignites in air with purple flame
and brown smoke

methyl phosphine gas, fumes
or flames

colorless liquid

fumes or flames

soaked in paper, explosivein air
dimethyl arsine, colorless
liquid

"cacody," heavy ail

"ethyl cacodyl”

"phenyl cacodyl," white needles

Tablel
Spontaneously I gnitible M etal-Or ganic Compounds
mp, °C bp, °C

Li e CH3
Lie C2H5 95
Lie C3H7(n')
Nae CH;, Nae CyHs
Na-e C6H5 }
Nae CH, ¢« CsH5
K, Rb, Cs akyls
Be(CH3), subl. ca.200
Be(C2H5)2 -13to -11 93—95 at

4 mm Hg
Mg(CHz),
Zn(CHz), -40 46
Zn(C2H5)2 -25 118
Zn(C3H7)2 135-7
Cd(CH3),
B(CHs)3 -161.5 -20
B(C2H5)3 -929 95
Al(CH3)s3 15 122
Al(C,H5s)3 -52.5 194
Al(CsHs)s 196-200
4 Al(CH3)3 . 3C4H100 (ethyl ether)
Ga(CHs)s -15.8 55.7
Ga(C,Hs)s3 -82.3 142.6
TI(CH3)s 385
H2P . CH3 -14
HP(CH3), 25
P(CH3)3 -85.3 37.8
P(C,Hs)3 127.5
HAS(CH3), 35.6
HAS(CH3)(CoHs) 71
(H3C),As—As(CHy), -6 165
(HsC5)2As—AS(CoHs), 185- 187
(H505)2AS—AS(C6H5)2
CH,=CH-CH, * As(CHz), 108- 110

dimethyl alyl arsine, ignitesin
air on filter paper
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Sb(CH3)s 80.6

Sb(C;Hs)s 1585
[730 mm Hg]

Sb(C3H7)s 80-81

Bi(CHa3)3 110

Bi(CzHs)s 107
[79 mm Hg]

Te(CoHs)2 138

25

trimethyl stibine, flames in
larger quantities
ignites or carbonizes on filter

paper Lo
explodes on heating in air
fumes or ignites in air

red-yellow liquid

* AH compounds are described in the literature as flaming readily in air, presumably at "room

temperature”; only exceptions are noted.



chapter 6
White Phosphorus

Paracelsus (c. 1490—1541), physician and philosopher on the na-
ture of man and the origin of sickness, seems to have been the first to
discover "the element of fire" in the residue of the pyrogenic decomposi-
tion of urine. More than a century later (1669), the achemist Brandt
discovered or rediscovered the waxy material that miraculously glowed
without heat in the dark and that caught fire on the slightest provoca-
tion. Brandt had "distilled" (i.e. decomposed by heat) urine in the
absence of air in the course of an experiment that was to lead to the
conversion of slver into gold.

After the accidental discovery of phosphorus, better methods of
manufacture were found, but the material, at a price of 50 guineas per
ounce, remained a mere curiosity until another hundred years had
passed. Its use as an ignition material from then on will be traced in
Chapter 12.

Pure phosphorus is a completely transparent colorless solid® of
m.p. 44.1°C, but the commercia product is waxy white and after short
exposure to light, yellowish; hence both the names white and yelow
phosphorus for the same material.

Its ignition temperature is variously given between 30 and 60°C,
the higher figure being more redlistic. The bulk material has the para-
doxical property of tending to spontaneous ignition at 15.5°C if access
of air is partially restricted by covering the surface with cotton, powder-
ed resin, sulfur, animal charcoal, or lampblack.®” Because of its ease
of ignition, white phosphorus is kept and preferably handled under
water. It may ignite otherwise when cut with a knife or rubbed against
a wooden board. When scattered by the force of a burster charge,
such as the Igniter AN-M9,* the substance will ignite easily in air and,
in turn ignite various fillings of incendiary bombs. Similarly, it will
ignite when dispersed from items such as the WP Smoke Shell M302 for
60 mm mortars,** the M105 for 155 mm howitzers,* the WP Smoke
Hand Grenade M15,® or the Navy Smoke Bomb AN-M47A4 with either
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100 Ib of white phosphorus (WP) or 74 Ib of plasticized white phosphor-
us (PWP).* Thetactical advantages and disadvantages of phosphorus
asagmoke or incendiary material will be dealt with in the proper places.
For the purpose of this chapter, it should only be pointed out that
burning phosphorus after being doused with water will often reignite
spontaneoudy after drying.  Thisisalso true of red phosphorus because
during its burning some of it will volatilize and condense from the vapor
in the white modification.

White phosphorus dissolves easily in carbon disulfide (CS;). If such
a solution is soaked into filter paper or cotton cloth and exposed to
ar, the highly volatile solvent evaporates readily and finely d@er%d
phosphorus residue bursts spontaneously into flame. Henley™ des
cribes a "magical act” of igniting paper while breathing on it, which is
based on this phenomenon.  Addition of gasoline or toluene to the
phosphorus solution delays the spontaneous ignition because of dower
evaporation rate of the added vehicles.*’

The spontaneous flaming of white phosphorus in air can dso be
mede more reliable when a eutectic mixture of 55 % of it with 45 % of
of phosphorus sesquisulfide (P,Ss) is formed.® This liquid of d=184
and m.p.=40°C was used in World War 11*° in one-shot flame throwers
desgned to protect tanks against suicide attacks by foot soldiers (El
Antipersonnel Tank Protector).

Ancther liquid eutectic (freezing point —7°C) of white phosphorus
contains 25 % sulfur®, but nothing seems to have been reported on its
ignition characteristics.



chapter 7

Miscellaneous Pyrophoric Substances

This chapter will deal with a few additional spontaneously igniting
substances. They act in this manner in what might be caled their
natural state or, more often, in a specid condition of dispersion or
preparation.

The dkali metals form a series having increasing tendency to sponta-
neous flaming with increase in atomic weight: Lithium and sodium will
not ignite in air at ambient temperatures and even up to their melting
points, potassum may oxidize so rapidly that it melts and ignites,
especialy when pressure is applied.®” The latter was the case when a
2-cm® piece exploded and caught fire after severa cuts had been made
with a stainless knife® Rubidium will sometimes ignite in dry oxygen,
657 and cesium burnsin air asit is removed from an inert covering oil %’
The reactivity of the akali metals is further increased when they are
melted under an inert liquid hydrocarbon, such as xylene, of boiling
point higher than the melting point of the metal, and the mixture is
stirred vigorously.®® This process converts the bulk material into small
globules.

That moisture in the air or in the oxygen plays some part in these
oxidations is evident according to Holt and Sims® from the fact that
sodium or potassium can be distilled under oxygen that has been dried
with phosphorus pentoxide. Moreover, the burning metals are said to
have their flame extinguished when "immersed" in thoroughly dried
oxygen.

A more practical way of extinguishing alkali metal firesis to deprive
them of oxygen by covering them with dry alkali chloride, soda ash, or
graphite (carbon dioxide, carbon tetrachloride, and even sodium bicar-
bonate are useless or dangerous).® Graphite takes a specia place
with molten potassium, since it is immediately wetted, swells up, and
disintegrates the metal. If those mixtures are deprived of excess potassi-
um by heating in vacuum, pyrophoric compounds are found to exist of
unusual structure but of definable formulas, CgK and CigK.**  Similar
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"insertion" compounds of rubidium and cesium, from metal vapor over
graphite, have been described more recently in a French article.®?

Hauffe" discusses the surface oxidation of alkali metal, quoting
the theory of Pilling and Bedworth® that the smaller volume of the
formed oxide is responsible for the progressivity of the reaction. On the
other hand, where the oxide volume is greater as on some heavy metals,
it forms a protective layer.

However, this theory does not explain the existence of pyrophoric
iron or the phenomenon of pyrophoricity at al, as shown in Table 2
by a comparison of the ratio of volume of oxide to volume of element.
Alsp, in analyzing the problem of autoxidation of the akali metals,
one must consider than quite different types of oxides result from burn-
ing of these metals in air, e.g. Li,O, Na,O,, KO,, RbO,, and CsO..

Table 2
Ratio of Volume of Oxide to Volume of Element
(according to Pilling & Bedworth)®

Na 0.32 Mg 0.84 Cu 170
K 051 Al 128 g 204
Li 0.60 Pb 131 Fe 2.06
S 0.69 Th 136 Mn 207
Ba 0.78 Zr 1% Co 210
Ca 0.78 Ni 168 Cr 392

Sodium and potassium form alloys, among them a eutectic of
-12.3°C (9.95°F) freezing point with 77.2% potassium.® This
liguid dloy, perhaps because of its quickly renewable surface area,
is spontaneoudy ignitible, especidly if dropped from a few feet onto a
wooden surface.

"NaK" (pronounced nack), as the eutectic is called, as well as the
dkdi metds in general, have found new interest as heat dissipating
and heat transfer agents in nuclear reactors and in motor valve stems of
internd combustion engines. These uses have led to a specia series of
atides in the literature on the subject of handling these substances and
their properties ® %%

The reactivity in air of the alkali metals is more or less preserved
in their previoudy-described hydrides and aso in a few little known
compounds such as their silicides (W. Klemm 1948).5' Brauer” des-
aibes the preparation of these compounds and characterizes them as
fodlows NaS, sdf-flammable as loose powder; KS puffs and flames
in ar; with water, al four (i.e. the slicides of Na, K, Rb, Cs) ignite
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explosively.

We turn now to the elements and compounds that in bulk, or in a
more or less coarsely powdered state, are stable or at least are not
spontaneously ignitible. In order to convert them into the pyrophoric
form, a variety of procedures are employed, al tending to increase the
surface area of the substance.

When the azides of strontium or barium are heated in vacuum to
140° and 160°C respectively, nitrogen is released and the alkaline earth
metals are formed. These very finely powdered particles of both stron-
tium and barium will burst into flame on admission of air.

This formation of spontaneously ignitible strontium and barium
has been reported by Tiede® He also mentions the decomposition of
calcium and lithium azide under the same conditions, but remarks only
that lithium azide is rather explosive on heating.

The following are a number of more generally applicable methods
by which sdf-ignitible heavy metals and related substances can be pro-
duced:

1. Pyrogenic decomposition a "low" temperatures of organic
sdts such as tartrates. This process yields self-ignitible metal
powders of small particle sizes.

2. Reduction at relatively low temperatures of finely powdered
oxides by hydrogen.

3. Transformation of an dloy into a "sponge," or simply the
alloying process itsdf, even if the other metal is inactive as in
the case of some amalgams.

4. Electrolysis of solutions of certain metal salts, using a mercury
cathode. The resulting amalgams or mixtures will yield pyro-
phoric metals after removal of the mercury by distillation.

Processes 1, 2, and 4 produce metal powders of very small particle
size, but the reason for the pyrophoric behavior is not yet fully under-
stood in every instance. Some experiments seem to indicate that adsorb-
ed hydrogen is the cause. In other cases, it is obvious that the metal of
greatest purity is most ignitible and that the presence of hydrogen re-
duces activity. These differences are, however, not irreconcilable since
they may be caused by the different ways in which the hydrogen atoms
are bonded to the reacting metals.

Both Gmein®® and Mellor® quote a variety of conditions under
which metals are produced as pyrophoric substances. An important
observation in cited references is that mixtures of iron oxide with
aluminum oxide will tolerate much higher temperatures (red heat) and
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ill yidd pyrophoric iron on reduction by hydrogen.

Increese of surface area by mere mechanicd comminution may
sometimes lead to sdf-flammable products. Such is the case in the
bdl-milling of certain stainless steels and of "misch metal" (cerium
dloy) under a hydrocarbon. The process leads to formation of minute
flakes with the character of bronzing powders. Spontaneous ignition
dter removad of the liquid in the case of the stainless stedls is due to the
abence of a passivating protective layer upon the newly created
surfaces

The best known pyrophoric metals (using the term in the sense of
spontaneous ignitibility only) are lead, iron, nickel, and cobalt.

Sf-flammeable lead powder can be made by heating certain organic
dts done if care is taken to exclude air. Michael Faraday (1791—
1867), in a ddightful little volume of lectures," describes the "lead
pyrophorus' made by heating dry tartrate of lead in a glass tube closed
at one end and drawn to a fine point at the other and then sedled. On
bregking the point and shaking out the powder, he demonstrated to his
"juvenile auditory" how thefinely divided lead burned with a red flash.

Bedde the tartrate, other organic salts—notably the oxalate and
the formate—yield the more easily produced pyrophoric metas, i.e.
leed, nickd, and cobalt, if the pyrogenic decompositionis performed
at "low" temperature. These organic salts or the oxides of nickel,
cobdt, and iron, under hydrogen at about 300°C, aso furnish the sdf-
flammable metals, but in the case of iron, a pyrophoric ferrous oxide
(FeO) may first appear by reduction with hydrogen as well as by reduc-
tion under carbon monoxide.

The reactivity of nickd is increased by converting it into a "sponge,"
ds cdled "Raney" nickd, which is used as a catalyst in the hydro-
gendtion of organic compounds. It is made by aloying nickel with
aduminum in equal parts and removing the aluminum by dissolving
it with an akali. The residual spongy nickel must be kept under water
or ol snce it bursts into flame when dry.* As a consequence of its
manufacture from the alloy with aluminum, this pyrophoric metal
dways contains some aluminum and hydrogen. On remova of the
latter by prolonged aeration of the water durry, the material loses its
pyrophoricity.’®

When nickdl is deposited electrolytically on a mercury cathode, it
aopears to form an intermetallic compound containing about 24%
nickd, but when the mercury is digtilled dof, finely divided, strongly
pyrophoric nickel is formed. Iron and cobalt are deposited by electro-
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Iytic process from their salt solutions as very fine suspensions on mercury
cathodes. The iron and cobalt so deposited possess pyrophoric pro-
perties."”

Chromium, molybdenum, and uranium have also been described as
pyrophoric, and Remy® mentions that chromiun, obtained in a finely
divided state from the amalgam by distilling off the mercury, is pyro-
phoric in air. A recent (1964) Russian article '** refers to pyrophoric
manganese and manganese nitride, made from manganese amalgam.
The metal is obtained after removal of the mercury through vacuum
distillation, the nitride when the removal is accomplished under
nitrogen.

Evidence for the high reactivity of uranium and some uranium com-
pounds is found in the report by Hartman, Nagy and Jacobson'” that
uranium metal in thin layers ignites at room temperature within a few
minutes after exposure, as do uranium hydride (UH,) and thorium hyd-
ride (ThH,).

Katz and Rabinowitch ™~ call the powdered uranium "usually
pyrophoric,” UO, (from uranium and water) "pyrophoric,” and UH,
"often pyrophoric and ignitible on moistening.”

Recently, processes have been invented to produce metal powders
in "ultrafine" condition, i.e. below 0.1y particle size. The fuel-type
metals such as aluminum, of an average size of 0.03 u, are pyrophoric
and must be kept under a hydrocarbon.'*>'"**'""’

Cerium, thorium, and zirconium can be made truly pyrophoric by
alloying. Cerium amalgams, the alloys of cerium and mercury, become
solids if the cerium content exceeds 2%. At 8—10% cerium content,
these amalgams are spontaneously flammable in air.”>* Thorium and
zirconium, when alloyed with silver, copper, or gold, become much
more ignitible, bursting into flame on rubbing. Thorium-silver alloys
in approximately a 1:1 proportion are actually self-igniting. = These
alloys of 40—60 % thorium with silver, made by a sintering process of
powders, are described by Raub and Engels.'” They also describe the
alloys of thorium with copper or with gold as "less pyrophoric."
Alloys of zirconium with silver, copper, or gold require a rubbing
action in order to exhibit self-ignition, and the alloys of titanium with
silver, copper, or gold are stable.

Brief mention will be given to some self-flammable lower oxides of
active metals. This curious fact—that even lower oxides of elements
can exhibit a strong enough tendency to further oxidation so as to be-
come spontaneously flammable—has been mentioned by Ephraim”™
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for indium oxide (InO) made by hydrogen reduction; chromous oxide
(CrO) made by oxidation of the amalgam of the metal; and vanadium
sequioxide (V203).  Ferrous oxide (FeO) has been mentioned above.

Fricke and Rihl*® have described pyrophoric, pure white ferrous
hydroxide, Fe(OH),, forming Fe,Os when it had free access to air, but
Fex0, on dow oxidation. The ferrous hydroxide is not stable even in
absence of oxygen.

A pyrophoric iron sulfide made from hydrated iron oxide and
hydrogen sulfide under gasoline has been described recently. ™

The easy flammability of some carbonized organic matter (tinder)
iswdl known and can be increased when organic substances are heated
with various additives in the absence of air. Such pyrophoric or semi-
pyrophoric carbon had some practical uses in the past. Portable, sdf-
flammable carbon-containing mixtures in sealed glass tubes are men-
tioned in the literature as late as the second half of the last century
under the name of "the pyrophorus," a word that today is as good as
forgotten.

Crass® in his description of the precursors of the modern match,
goss into some detail on these mixtures. They included "Homburg's
pyrophorus," a roasted mixture of alum, flour, and sugar, hermetically
seded, which was essentially an activated charcoal; and "Hare's pyro-
phorus" similarly made from Prussian blue heated to redness and
immediatdy seded. In 1865 Roeding patented a similar substance
thet, "packed in air-tight vessels," was to be sprinkled on the bowl of a
pipe and brought to red heat by suction, thus lighting the pipe.

Up to this point, al pyrophoric behavior has been reported as tak-
ing place under ambient conditions, meaning the normal atmospheric
pressure. When circumstances are such that a metal is exposed to
an active gas such as oxygen under greatly increased pressure, some
metds may ignite at room temperature even in massve state. This
has been reported for "cleaned” zirconium a oxygen pressures of 300
Ib/in? or higher and for Zircaloy-2 under certain conditions.™



chapter 8

Mechanically-Induced Pyrophoricity

If ambiguity is to be avoided, the term "pyrophoric" should be used
only when ignition occurs completely spontaneously on exposureto air.
However, we have seen in the previous chapters that sometimes a mod-
icum of energy input makes the difference between mere rapid oxida-
tion and flaming or glowing. This energy may do no more than renew
the surface of a liquid or it may simply bring fresh, nonvitiated (i.e.
of normal oxygen content) air to solid surfaces, intensifying therate
of reaction in both cases.

When we read however, that an aloy of copper, zinc, and barium
metal is described as "pyrophoric, stable in air"'? we readlize that a
second meaning, that of " producing sparks when ground or abraded,"***
is attached to the word pyrophoric, causing a need for clarification
where the word pyrophoric is used without further amplification.
Metals and metal aloys of the spark-producing category—Dborderline
cases both of pyrophoric behavior and of pyrotechnic interest—are
the subject of this chapter.

The ancient method of striking together flint and sted or flint and
pyrites not only requires considerable effort, but it produces relatively
"cool" sparks that ignite tinder or black powder but not liquids such
as alcohol, benzene, or gasoline. These liquid fuds are easily ignited,
however, by the very hot sparks from alloys of cerium.

Cerium, a rare-earth metal of low ignition temperature (160°C),
is a prodigious producer of white-hot sparks when scratched, abraded,
or struck with a hammer. Most of its aloys share this property. In
practice, the basis for spark-producing "flints" as used in pocket
lighters is a mixture of about 50% cerium with 25% lanthanum, 16%
neodymium, and smaler amounts of other rare earth metals. It is
cdled misch metal (from the German Mischmetall meaning metal
mixture); its ignition temperature has been given as 150°C. The com-
plex composition derives from the nature of its raw material, the mona-
zite sand.
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Lighter flint dloys contain additions of iron (up to 30%) for great-
er chamicd and physica resistance. The properties of cerium and its
dloysare described in some detail in the major inorganic encyclopedias
and textbooks.

Misch metal, ground under xylene in small bal mills and incorpo-
rated into bridgewire sensitive ignition mixtures and also in some delay
fomulas, was still in use in Germany during World War 11.* It seems
to be quite unsuitable for items that have to be stored for a consider-
ddetime

Zirconium/lead aloys in a wide range of proportions spark or catch
fire on impact and have been proposed for use as impact igniters for
incendiary bullets, or as tracers that mark the impact of a projectile
by the light effect.* Similar aloys mixed with organic fues are claim-
edinaU. S. patent as self-igniting incendiaries.™™

Alloys of either cerium or zirconium with soft metals such as lead or
tin have been described as prodigious spark producers.®”*'® Very hot
sparks are aso obtained by abrading uranium metal .’

As afina contribution to the use of sparking metal, it should be
mettioned that prior to the invention of Davy's safety lamp in 1815,
devices seam to have been used that continuously created sparks to
provide some illumination in mines. Mencken™ quotes: "Life is as
the current spark on the miner'swhed of flint; while it spinneth there is
light; stop it, al is darkness." However, the only reference this writer
coud find on the subject, and a meager one, was by Beyling-Drekopf,*°
where the devices are called Lichtmihlen (“light-mills'). May one
speculate that it was recognized that such sparks were safer than rush-
lights, candles, or oil lamps because they might have prevented the
explosions caused by firedamp? Biringuccio® speaks only of oils and
resns as illuminants in mines. His famous contemporary, Agricola,
dd not mention the subject at all in his De Re Metallica.™'"



chapter 9

Spontaneous Ignition of Common
Materials

Fires and explosions in factories and shops, and more rarely in
homes, may be caused by spontaneous ignition. It is important to
know the circumstances under which such events may take place so that
safety precautions can betaken. This knowledge will also help in differ-
entiating between an intentionally caused fire or explosion and true
accidents. Aswe shall see, it is also possible to engender a seemingly
accidental "spontaneous" fire and, not quite as easily, an "explosion
without an explosive.”

The oxidation of unsaturated oils such as linseed ail in ambient air
is a strongly exothermic (heat evolving) reaction. Rags used in "wash-
ing up" of printing presses or in cleaning painting utensils are some-
times left in heaps or bundles under conditions where air has access
but cannot circulate fredy enough to carry away the heat of autoxida-
tion. Such oil-soaked rags may get hotter and hotter in a few hours,
begin to smolder, and when a temperature of about 350°C is reached
(or less when other easily ignitible materials are present) open flaming
may occur. Commercia oils can be roughly divided as to potentia
hazard on the basis of the degree of chemica unsaturation in the mol-
ecule. A measure of this property is the so-called iodine number. A
high iodine number of 170to 190 means high unsaturation and is found
in tuna, linseed, Chinawood, perilla, menhaden, bodied linseed, sun-
flower, corn, herring, salmon, codliver, and walnut oils. Intermediate
or low are sardine, olive, peanut, and castor oils; lowest are palm,
cottonseed, and cocoanut oils. The hazardousness extends aso to
substances naturally impregnated with these oils such as fish meal, fish
scrap, or peanut meal M8

A person understanding the principles of this mechanism can deliber-
ately st a fire that not only leaves no incriminating evidence but also
has a delayed action feature that can be determined experimentally be-
forehand with some degree of accuracy and that depends on the ambient
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temperature; the type, amount, and dispersion of the oil; contact with
other combustibles; and the control of air access in a pecific arrange-
ment. Such systems are depicted in a recent technical manual .*

Morris and Headlee'®® have described a laboratory experiment
that is a model of the above-described phenomenon. The relation of
the diameter of spherical piles of various materials to their saf-ignition
tendencies has been studied.”®  Other authors'?*'® have discussed
gmilar situations of spontaneous combustion of oiled textiles such as
frehly made il cloth.

Linoleic and linolenic acid are the oxygen acceptors in the linseed
oil. The heat of oxidation of linolenic acid was given to the author™®*
as 172 ca/g, which ties in with the figures of about 53 kcal/g mole for
ethyl linoleate or linolenate of 308.51 and 306.49 m. w.'® The heat of
polymerization of linseed oil has been reported as 230 cal/g.**®

When certain fabricated organic products are stored while still hot
from the manufacturing process and without a chance for rapid dis-
spdtion of the heat, destructive exothermic decomposition reactions
that are sdlf-accelerating may occur. This has been observed for piles
of fiber-boards. % K. N. Smith'® has studied this salf-heating that
gdartsat 325°F and is said to be proportional to the percentage of mater-
id extractable by a mixture of alcohol and benzene. This is mainly
the natural wood resin in the cellulosic fibers.

When wet hay is piled up, bacterial action takes place with sdf-
heating when a high relative humidity is maintained (95—97 %). These
biologicd processes may raise the temperature to 70 °C, at which time
the bacteria become the victims of their own metabolism and further
exothermic bacterial action is stopped. However, chemica reaction
mey take over from here on and eventualy lead to ignition.”®

Ancther hardly ever considered source of heat, under circumstances
sgmilar to the above-described ones, is hygroscopicity, Cellulosic fibers
axh as paper or cotton normally contain about 5—12% water in
equilibrium with the humidity in the surrounding atmosphere. When
auch moisture is removed by heating, the fibers absorb water from the
ar as vigoroudy as the best chemica drying agents; this absorption
isagrongly exothermic process. |In the paper industry, it may lead to
charring, and since some papers tend to be overdried when leaving the
paper machine, the precaution is taken to retain or readmit at least
5% water before winding.™**

A few years ago, in the suburban community of Ferguson in St
Louis County, Missouri, where the author lives, the fire department
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was called to a home with smoke pouring out. A basket filled with
warm laundry just removed from an automatic clothes dryer had been
set on a bed and had started to smolder. On emptying the basket, its
contents burst into flame. It was impossible to determine what speci-
fically caused the accumulation and production of additional heat, but
similar cases have been reported esewhere, showing how close to home
spontaneous exothermic reactions may occur.

In addition to these ignition reactions in air, there are occasional
hazards from fuel/oxidizer contacts that cause fires and explosions.
By classification, they would belong in the next chapter, but as hazards
in normal civilian life, their description follows here.

The increased use of calcium hypochlorite bleaching powder,
Ca(OCl),, for disinfection of swimming pools has led to unexpected
accidents. While ordinary solid bleaching powder consisting of chlori-
nated lime, CaCl(OCl), with half the oxidizing power can cause spon-
taneous flaming, the hazards of the newer hypochlorite are much more
severe. A mixture of calcium hypochlorite and an organic fungicide
has caused a destructive fire and a trailer containing both soap powder
and the bleaching powder in bags has been reported to have exploded.**?

Not so very long ago, the slaking of burnt lime was an impressive
little spectacle wherever the old-fashioned building mortar was prepared
from hydrated lime and sand. It was known in antiquity that a moist-
ened mixture of quicklime and an easily flammable material such as
naphtha or sulfur created enough heat to ignite the fue-type material.
Partington* quotes various reports of this process being used or sus-
pected of being used either for incendiary purposes or for pretended
magic with religious overtones. We shall meet the heat-producing pro-
perties of lime once more in Chapter 26.

Undoubtedly, the intrusion of more and more highly-reactive
chemicals into everyday life will further increase the danger of firesand
explosions of seemingly obscure origin.

A quite different hazard from spontaneous ignition that is of great
concern where finely powdered combustible substances are produced or
handled is the destructively explosive combustion of dusts. It concerns
the pyrotechnics manufacturer because of his handling of finely powder-
ed metals of great susceptibility to accidenta ignition.

In the realm of common dust explosions, we move along the farther
borderline of pyrotechnics, but a fev remarks are not amiss because the
phenomena, except for their industrial safety aspects, fal into a no-
man's land. They are not treated in the literature of explosives and do
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not exactly belong in pyrotechnics.

Dug explosions resemble gas explosions because of the enormous
force that both exert on structural parts. Roofs are blown into the air
and building wals burst apart. In gas explosions, we have a gaseous
hydrocarbon mixed with air and the progression of combustion is thus
ableto proceed with the speed of an explosive deflagration.  In dust
explosions, the conditions are quite similar, each fud particle being
surrounded by air. It isin the nature of such explosions that they exert
a condgderable pressure for a longer period (long by the standard of
explogive action, i.e. of milliseconds) on large surface areas, which ex-
plains the force and extent of their destructiveness. In contradistinc-
tion, a properly st off high explosive such as dynamite sticks or blocks
of plastic explosives detonate with a much more shattering force, but
their effets are more local as long as relatively small amounts are
involved. Thus, the unfortunate acts of terrorism in civilian life, per-
formed mostly with stolen dynamite, generdly dolittle damage, whereas
ages lesk followed by lighting of a match may completely erase a build-
ing.

The term "static electricity” is understood to mean a high-voltage
low-current electrical discharge in the form of often visible sparks caus-
ed by contact and separation of dissimilar nonconductors and aso of
insulated conductors of electricity. It is nowadays in constant evid-
ence in connection with synthetic "plastic" films and fibers and aso
with wool and slk used in clothes, carpets, upholstery materials, etc.
In the case of dusts, static electricity is created by the movement of the
particles, and certain sensitive metal powders can ignite by being poured
from a sheet of paper or plastic film. Low relative humidity favors
buildup of static electricity.

Normally, the cause of a dust explosion will remain unknown,
espedidly in a factory where sparking electrical contacts, hot surfaces
from steam lines, clandestine smoking, and other ignition sources may
have exiged but no proof or evidence could be found under the rubble.

The National Fire Protection Handbook™®* furnishes interesting
daigtics on the extent and variety of dust explosions in the United
Saes throughout the firgt fifty nine years of the century. Of 1110
mgor accidents of this type, the most damaging and most injurious to
life have been those affecting grain elevators and processing plants for
starches, flour, wood, feed, and cereals. Metds are frequently involv-
ed, cod dust much less than might be thought. Cork, sugar, sulfur,
plagtics, bark, cotton, coffee and spices—al have caused loss of life and
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property through dust explosions.

Fieldner and Rice'’* and Hartmann and Greenwald'” have rated
numerous fine metal powders and commercial products as to suscepti-
bility to accidental ignition and explosion. Kalish'*® has brought the
hazard into a somewhat different focus by relating it to the settling rate
of metal powders in air: Particles of 100 u size settle at about 60 ft/min;
of 50u at 10 ft/min; and of 10 4 at'/2 ft/min. Because of nondirectional
turbulent flow of air in a room of about 25 ft/min, fine metal powders
will disperse readily and float for prolonged times if given an opportuni-
ty to escape from their container during scooping, etc."*”"**

A recent U. S. Bureau of Mines report also rates the metal powders,
with the rather surprising result that aluminum dust is classed with
seemingly more hazardous metal powders such as magnesium and
thorium in the most susceptible group.'” Another report discusses
the prevention of such ignition by the use of powdered additives with
inerting properties.'"’

Accidents involving flammable dusts occur frequently in two stages
—an initial "blow" that in turn disperses more material, which then
may also explode. Systems have been devised that claim to be able to
sense within ten milliseconds the heat and pressure from a dust or gas
explosion and counteract it by discharge of water or inert gas. Thus, an
incipient accident can be effectively suppressed.

A relatively small explosion with high explosives can be arranged
in such a manner that it provokes a sizable dust explosion. This was
done during World War Il in semi-military sabotage activities. Opti-
mum conditions for dispersion and ignition of materials in ships or
warehouses are rather difficult to achieve, and studies on the subject
may be found in certain reports and manuals that fortunately are not
accessible to the general public.
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chapter 10
Sdf-Igniting Fue-Oxidizer Systems

The spontaneous or easily induced incandescent reactions involving
afud and an oxidizer other than air comprise an array of dissimilar
pars of reactants and numerous modes of activation. They will be
presented in the following order:

1. Haogens and halogen compounds with fuels;

2. Water-activated systems in which the water is either the oxidant
itsdf or acts indirectly through hydrolytic reaction or as a
physca medium;

3. Liquid oxidizers and fuds and the closdy related acid-activated
fud-oxidizer mixtures;

4. Spontaneous reactivity of solid oxidizers with solid fuels.

The free halogens fluorine and chlorine gas, liquid bromine, and
lid iodine form a series with decreasing reactivity with increase of
atomic weight. Fluorine was discovered by Henri Moissan (1886) who
teded its reactivity extensively. At ordinary temperatures this gas
combines in incandescent reaction with al but the noble metals but
only superficidly with those that form a protective coating on the solid
surface—magnesium, zinc, copper, tin, nickel, bismuth, and lead. The
direct combination with carbon under glow is remarkable, as is an in-
candescant reaction with dlica (SIO,) of large surface area. Many
organic substances are ignited on contact with fluorine gas; ordinary
protective clothing may catch fire when hit by a stream of the gas.
Conversdly, some organic substances such as sugar and mannite are
curioudy unreactive.

Moissan's often-cited assertion that liquid hydrogen and solid
fluorine will combine explosively aa —253°C has been refuted by
Aoyama and Kanda'*? Other modern investigators (Bodenstein,
1934; Grosse, 1955) have found that the reaction of hydrogen and fluo-
rine a very low temperatures depends on the presence of catalytic
agents and impurities and even on the choice of container.

Chlorine gas combines with flame or glow with powdered arsenic,
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antimony and bismuth, and with copper, magnesium, zinc, and sed
wool. White phosphorus explodes with liquid chlorine.  The reaction
of hydrogen gas with chlorine has found much interest, and aroused
speculation during the nineteenth century, because it proceeds in pro-
portion to the amount of absorbed visible or ultraviolet radiation.
Thus, if the two gases are mixed in the dark in a transparent container,
the mixture will be quite stable but will react explosively when irradiated
by burning magnesium. Based on this reaction, Draper invented an
actinometer in 1843, later improved by Bunsen and Roscoe.

Bromine reacts with incandescence with white phosphorus, arsenic,
and antimony, but is generally less reactive than chlorine. lodine, in
turn, is gill less reactive than bromine and some of its flaming reactions
require increase of intimate contact by pressure because it is a solid.
In the case of aluminum powder and iodine, the presence of water pro-
motes intimacy of surface contacts, causing flaming reaction.®*

The effects of the halogens on the akali metals vary with tempe-
rature, dryness, and other conditions and consequently the reported
phenomena, especialy in secondary references, are sometimes con-
tradictory. Coating of the metal surface with a least a temporarily
impervious layer of the halide may stop progression of the reaction.

The interhal ogen compounds are highly reactive substances, especial-
ly those containing fluorine*® Chlorine trifluoride (CIFs) of b.p.
11 °Cisin many respects more reactive than fluorine and flames instan-
taneously not only with many organic substances but even with alum-
inum oxide and magnesium oxide. Similar in behavior is bromine
trifluoride (BrFs) of m.p. 8.8°C and b.p. 135°C. Other interhalogen
compounds, al very reactive, are CIF, BrF, BrFs, IFs, and IF;. More
recently discovered was the compound chlorine pentafluoride (CIFs) of
m.p. approximately —103°C and a b.p. of —18.1°C.

Chlorine trifluoride seems to have been considered as an incendiary
material in World War Il by the Germans, who built a 1000-ton plant
for its manufacture. A welding and cutting torch for copper using
chlorine trifluoride and hydrogen has been described.”’

Even more reactive and called one of the strongest oxidizers in
existence is the compound ozone difluoride (OsF,),*"** which, how-
ever, already decomposes aa — 153°C. Other highly active com-
pounds are OF; and O,F,, and the explosive compounds O,NOF and
O3CIOF, both derivatives of a hypothetical hypofluoric acid.

Many of the above-named haogen compounds have found use, at
least experimentally, as high-energy components of propellant systems;
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others are useful for the synthesis of organic compounds.

Because of the high heat of formation of many metal halides, the
other halogens, especialy chlorine, may play a part in some quite un-
expected spontaneous reactions even though the chlorine compound
involved is seemingly unreactive and, unfortunately, unsuspected of
ay possble mischief.

Sodium-potassium alloys have been reported to detonate on contact
with dlver halides. The word "detonate” seems to be used fredy in
the generd literature to emphasize violently-explosive reactions without
spadific reference to a measurement of high-order detonation velocity.
However, the reaction of the sodium-potassium alloys with organic
hadogen compounds such as carbon tetrachloride (CCl,) has been speci-
fically reported as high-order detonation, able to initiate substances
that are difficult to detonate. It has been stated that the shock sens-
tivity of this combination is two hundred times as great as that of
mercury fulminate®  Similarly, one finds explosive reactions of the
snge akai metds with carbon tetrachloride, chloroform (HCCI5),
and diiodomethane (CH.l,).5%°

Snce many of our thought processes and ensuing convictions and
attitudes (posing as "sound common sense") are based on mere anal-
ogies and jumping to ill-founded conclusions, it is understandable
that carbon tetrachloride, the popular nonflammable solvent and clean-
ing fluid, has been wrongly endowed with the property of inertness.
As shown above, it is a most hazardous oxidizer in combination with
resctive fuds  Triethylaluminum has been reported®® as exploding
violently with this solvent when a cooled mixture reached room tem-
perature.

Lindeijer*”” reports a fatal accident from the explosion of powdered
duminum with carbon tetrachloride, and van Hinte**® describes a case
of spontaneous ignition of clothing, apparently contaminated with
auminum dust, while being degreased with trichloroethylene.

The ingtability of organic chlorine compounds in the presence of
zinc and moisture is of interest in pyrotechnic smokes (see Chapter 18).

Water is the oxidizer in flaming reactions with potassium, rubidium,
or cesum metal, which explosively burst into flame on contact. A plum-
szed piece of potassium thrown into water "as a joke" was said to
have killed a German university student in the early part of the century.
Sodium will not burst into flame when thrown onto cold water as long
as the piece of metal can skim fredy over the surface of the water. The
moment it attaches itsdf to the wall of the vessd or is purposely held
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in one place, it will burst into flame, ignite the developed hydrogen if
accumulated, and often will disintegrate explosively. The same occurs
if the water is thickened by some colloid, such as starch paste, if the
water temperature exceeds 40°C, or if the metd is porous or finely
divided.®® This increased activity of the alkali metals can be used for
ignition by water of gasoline gelled with napalm if as little as 2% of
dispersed sodium or potassium (in xylene) are admixed to the gd.

Lithium is the least active of the alkali metals but a dispersion of it
will ignite if thrown on water.**°

That the flaming reactions of the akali metals and water need no
air may be shown by the fact that sodium (and after some delay, lithium)
ignites in an atmosphere of steam and argon, and a lithium dispersion
will ignite in liquid water under argon.™>

Even if we disregard the element lithium whose behavior at the top
of the vertical column in the periodic system tends to resemble that of
the dements of the second column (Ca, Sr, Ba), thereis no coordination
between spontaneous flaming and heat output from the reaction with
water, though there may be a connection with the melting point of the
metals when we keep in mind the influence of renewal of the surface on
reactivity. Table 3 shows these relations. In calculating enthalpies in
pyrochemically unusua cases of this kind, one must clearly state if
the water is included as a reactant and aso if the considerable heat
of solution plays a part. In the cited study,™ the heats of formation
of the hydroxides dissolved in an infinite amount of water were given,
rather than the true heats of reaction, which may have been inten-
tional.

Table3
Reactions of Alkali Metalsand Water*
Li Na K Rb Cs

Molar Heat of Reaction (kcal) 48.13 33.67 33.46 30.6 28.9
Me(s) + HxO(1) —> MeOH(s) + 1/2H,

same per Me .9 15 0.9 0.4 0.2
Me(s)-EHz(g(l —>MeOH (aq inf.) 53.19 42.92 46.68 45.6 459
same per g Me 77 19 12 0.5 04
M.p. of metal°C 180.5 97.8 63.6 38.8 29.7
B.p. of metal°C 1370 883 775 680 700

* Figurestaken, expanded, and modified from Reference 150.

The hazardous practice of using the reactions of the alkali metals
with water to perform a practical joke has been described by H. Allen
Smith.”**  Henley® mentions a magic trick whereby drinking water
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is "ignited" when it is poured into a brass bowl onto a small piece of
potassum covered with ether. Aside from such unusual practices, the
reectivity of alkali metal and water has limited use. Certain Navy
incendiary bombs contain an igniter loaded with white phosphorus for
ignition on land or filled with sodium for use over water, such as the
Igniter AN-MO (formerly called Igniter E2) or Igniter M15* A burster
cters the sodium, which ignites or continues to burn on contact with
water, and will ignite the incendiary filler of the bomb. Sodium and
mehyl nitrate in separate compartments and brought together by
breskege under gressure were used in aland mine by the Germans in
Wald War 11.**  Methyl nitrate, called "Myrol" was regarded as an
explosve more powerful than nitroglycerine.

In ordnance design in general, highly reactive components of fue-
oxidizer systems are a poor choice as long as a similar effect can be
ahieved with less-active substances. One must consider not only
the difficulties of handling such materials prior to loading but aso the
consequences of leakage during storage of the finished item. Damage
or inaufficent sealing may cause a best inerting through influx of air
or moidure and at worst a premature reaction and destruction of the
unit and its surroundings.

On the other hand, the number of highly reactive chemicals that
advance from the stage of laboratory curiosities to commercia items is
condantly increasing, Some of these are sodium hydride (NaH),”
lithium aluminum hydride (LiAIH,),? lithium borohydride (LiBH,),™
duminum and beryllium borohydride, Al(BH,); and Be(BH.),,*** the
dum st of nitromethane “sodium methane nitronate” or if one
pefes "sodium nitro methanate” (H,CNO,Na),***** and barium
cabide (BaC,),™ al of which can flame on contact with water. Again,
it mug be stressed that particle size and other conditions of exposure
mey determine whether there is flaming or merely a violent reaction on
expodure to water, air, or both.

In a somewhat different manner, the hydrolytic and heat-forming
influence of water prevails in some fuel-oxidizer systems that are reac-
tive in the common manner of pyrotechnical combinations, but will
a9 be brought to an intensely-hot flaming reaction by the addition of
grdl amounts of water. Most of these combinations contain sodium
peoxide as the oxidizer. Aluminum and magnesium, mixed with
sodum peroxide, have been recommended as igniters for the thermite
mixtures described later. The magnesium/sodium peroxide can even
be initiated by carbon dioxide. The high reactivity of these combi-
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nations makes such ignition mixtures quite perishable, especialy when
exposed to ambient air, which is never completely devoid of moisture.

Sodium peroxide will aso ignite organic matter such as sawdugt,
paper, and numerous organic compounds, e.g. hexamethylene tetra-
mine, when the mixture is moistened. Since sodium metal burning in
air forms sodium peroxide, it is not enough to let accidentally ignited
sodium burn itself out. The newly formed peroxide becomes a second-
ary fire hazard and must be destroyed. Moreover, if a larger pool of
sodium burns, a part of the metal tends to stay unburnt, since nodules
of the peroxide form that enclose unreacted metal.™’

Water may cause spontaneous ignition in some fuel-oxidizer sys
tems without taking part in any chemical reaction at al. In the case
of mixtures of aluminum powder and iodine mentioned earlier, it
appears to be smply a matter of promoting contact. In a different
manner, a mixture of magnesium powder and finely crushed slver
nitrate will burst into flame with a dazzling flash on moistening. The
water causes electrochemical exchange between the magnesium and the
silver ion, due to their respective positions in the electromotive series.
The heat of reaction of this exchange provokes the pyrochemical effect.
This remarkable, often violent reaction seems to have escaped even
such diligent compilators as Gmelin and Méellor, perhaps for the good
reason that it never has been described in the scientific literature. A
somewhat similar but far less spectacular exchange reaction (and, in
fact, difficult to produce) takes place between cupric nitrate and genuine
tin foil* and is said to produce flaming or sparking after intimate con-
tact. Cupric nitrate will also ignite paper spontaneously on prolonged
contact.

An Italian patent™® refers to an “incendiary mixture activated by
water drops" of powdered magnesium, anhydrous copper sulfate,
ammonium nitrate, and potassium chlorate. The water permits both
the exothermic reaction Mg+Cu*™*—>Mg""+Cu and the metathetical
reaction of the salts, which produces the unstable ammonium chlorate.
The latter then reacts with excess magnesium. While it is claimed that
"little heat is produced in moist air," this mixture is undoubtedly un-
stable and hazardous. There is a possibility of spontaneous ignition
whenever a chlorate and an ammonium salt are present, though in some
formulas they appear to be harmlessly combined.

Sdlf-ignition under the influence of moisture has another and more
complex aspect, which often has plagued fireworks manufacturers in
the past. In fireworks formulas with chlorate and sulfur, the oxidation
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of the sulfur in the presence of moisture can lead to acidification of the
sydem. In the absence of neutralizers, chlorine dioxide (ClIO,) or (at
dightly elevated temperature) chlorine and oxygen gas are evolved.
Thesg, in turn, act as strong oxidizing agents. If the rate of the initial
reaction, induced by gradual infiltration of moisture, is dow, nothing
worse than decay of the composition will result, but it can readily be
s that the decay can become self-accelerating to the point of sdf-
ignition.

Under ordinary conditions, the alkali chlorates will ignite or explode
spontaneoudy or nearly spontaneously only when in combination with
the mogt reactive fuels, such as white or red phosphorus, powdered
arsenic, or selenium. The chlorates of the alkaline earth metals and of
other heavy metals are even more reactive and spontaneous ignition can
ooccur quite readily with a number of fuds and in the presence of mois-
ture.

Amid™ has studied the reactivity of the alkaline-earth and heavy-
med chlorates with sulfur in the presence of a little water and has
found that below 50—60°C, chlorine dioxide is liberated, but that above
these temperatures, chlorine and oxygen are evolved. This leads to
occadond flaming in the presence of organic matter. Amid aso
reports incandescent reactions between selenium and alkali chlorate.

Taradoire*™® reports that wet sulfur, and barium or lead chlorate,
flame spontaneoudy during drying, but that no flaming occurs with
potassum chlorate. However, potassium chlorate has caused deterio-
ration when used commercidly in such items as railroad fusees. These
examples show the relative instability of chlorate-containing systems in
the presence of moisture. However, in matches where chlorate, sulfur,
and organic binders are combined and exposed to the atmosphere,
decomposition is virtualy unknown. This shows that proper formulat-
ing with inclusion of acid-neutralizing substances can successfully break
the chain of gradually destructive oxidation-reduction reactions.

The strong oxidizing power of the free chloric acid can easly be
demondtrated by saturating filter paper or linen cloth with the 40% acid,
whereupon the organic substances will catch fire with some delay.

Fuming nitric acid has the ability to oxidize many organic com-
pounds vigoroudy and instantaneously under incandescent reaction.
This characteristic is of great practical importance. The reactions not
only furnish heat and flame, but produce only gaseous reaction pro-

*Not Tabadoire as misspelled in C. A.. 28 (1934).
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ducts; therefore they have found use as self-starting, so-called hyper-
golic rocket propellant combinations. The system of nitric acid and
aniline with nitromethane added is an example of such areaction system.
Other oxidizers in hypergolic systems are nitrogen tetroxide and te-
tranitromethane, or concentrated (80%) hydrogen peroxide, in com-
bination with hydrazine, water, and methanol. Highly active oxidizers
such as chlorine trifluoride or fuels such as triethyl auminum have
been considered in hypergolic propellant or propellant-ignition sys
tems but the field is really outside strictly pyrotechnical aspects if we
discount the possibility of using such technically rather complex sys
tems as "liquid flares* or incendiaries.

Severd acid derivatives have very strong oxidizing power and some
of them have been tried as igniters for hydrocarbons in flame throwers.
Such compounds are chromium trioxide (CrOs) and chromyl chloride
(CrO.Cl;)—the anhydride and chloride respectively of chromic acid,
and manganese heptoxide (Mn,O;)—the anhydride of permanganic
acid (HMnO,).***

Other extremely reactive low-boiling substances, dl discovered
fairly recently, are: chromyl fluoride (CrO,F,):*%>'% chromyl nitrate,
CrO,(NO5),:*** permanganyl fluoride (MnOsF):**® chloryl fluoride
(CIO.F); perchloryl fluoride (CIOsF); and a number of active
nitrogen-fluorine compounds'® such as NFs;, N,F,, NsF, HNF,,
HoNF, CINF;, NOF, NO,F, and NOsF. To these might be added
the well-known and stable compound, nitrosyl perchlorate.'®’

In contradistinction to these substances that are difficult to handle
and for pyrotechnic purposes overly reactive, there are combinations
that are noncorrosive and relatively harmless in themselves. They can
be reliably brought to flaming by the addition of the corrosive, but
otherwise easily manageable, concentrated sulfuric acid that liberates
the active acid from its salt. Most often used is potassium chlorate with
sugar or nitrobenzene. Dry mixtures will burst into flame on the addi-
tion of a few drops of sulfuric acid, or will explode if mercury fulminate
is present. They have been frequently employed as incendiaries for
sabotage and in bombs. Their advantage as incendiaries lies in the
fact that the reaction can be delayed for hours, days, or weeks by mak-
ing use of the corrosive action of the acid to work its way through some
barrier.

In another setup, the acid gains in volume by absorbing moisture
from the air. This leads eventually to a siphoning action into the active
material. The diluted acid will react with the chlorate though more
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domMy than it does in the concentrated state. Similar contraptions
utilize tilting and spilling or breakage to bring acid, afud such as
gasdling, and chlorate together.

The use of the chlorate and sugar or nitrobenzene mixtures for
purposes of political assassination and sabotage as in "partisan mix-
tures,” and their modifications to produce delayed reaction mixtures
arh as "Molotov Cocktails' are described by Stettbacher.’” He
attributes the death of Tsar Alexander Il of Russiain 1831 and the
Irish baggage explosions in London in 1938 to bombs containing such
ingredients.  The author also quotes in this book articles by himsalf
about chemical ignition. 1%

For more gentedl uses, the reaction between chlorate and sulfuric
add was used early in the nineteenth century for a type of match that
will be described in Chapter 12.

Acid-activated prime ignition fails with perchlorates because of the
oregter stability of the perchloric acid. However, the free, anhydrous
perchloric acid reacts explosively with combustible substances such as
charcod, paper, wood, ether, and even with phosphorus pentoxide.
In the latter case, the effect is due to the formation of the explosive
and unstable chlorine heptoxide (Cl,05), a volatile oily liquid.

A severdy destructive explosion in Los Angdes in 1947 was caused
by a mixture of 68—72% perchloric acid with acetic anhydride used
for ectropolishing of aluminum plates*™ In general, the perchlo-
ric acid as usualy encountered, in concentrations of 70% or less in
waer, is rather harmless aside from the fact that it is a very strong acid.
However, if it should be soaked up accidentally in combustible mater-
id, it would greatly aggravate an existing fire.

A Safety Data Sheet'™ on perchloric acid gives excellent advice
about the handling of the acid at different concentrations. This s par-
ticularly difficult in a case where the hazard is conditional rather than
graightforward, asisthe case with the 70 % perchloric acid. It isclear-
ly stated that spillage of this acid on organic matter may become hazard-
ous under the following conditions: additional heat, an exigting fire,
or presence of strong dehydrating agents.

In contradistinction to the perchlorates, the oxidative power of the
permanganates surpasses that of the chlorates. Glycerine brought
together with dry crystals of potassium permanganate will burst into
flame within 8—10 seconds after contact. Because of the high viscosity
of the glycerine and the consequently dow wetting of the permanganate,
this reaction is improved by a dight dilution of the glycerine with water.
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On the other hand, a more reactive and thinner organic fluid such as
dimethyl sulfoxide, (CH3),SO, and findy powdered potassium per-
manganate will flash instantaneoudly.

The reaction of permanganate and glycerine is mentioned by
Stettbacher.’”  Rathsburg and Gawlich'” describe analogous reactions
in which the glycerine is replaced by substances such as ethylene glycol,
acetaldehyde, or benzaldehyde.

The stability of the salts of acids containing easily reacting oxygen
decreases with increase in the valence of the cation. Consequently,
cacium permanganate is even more reactive than the potassium per-
manganate. It can ignite alcohol, paper, and cotton.

When a permanganate and concentrated sulfuric acid are combined,
the highly reactive manganese heptoxide (Mn,O;) and some ozone
(by decomposition of the anhydride) are formed—both powerful ox-
idizers that easily cause flaming reaction with many fud-type subs
tances. The manganese heptoxide itsdf tends to explosive decom-
position at somewhat elevated temperatures. Therefore, a potentialy
hazardous condition may exist when potassium permanganate is placed
in a desiccator where sulfuric acid is the drying agent.

All the previoudly described mixtures contain at least one gaseous or
liquid component, or liquid is added in order to increase intimacy of
contact. Otherwise, as in the case of iodine, pressure has to be exert-
ed with some solid fuds to produce flaming.

One combination of two solids exists in which a flaming or even ex-
plosive reaction may take place on merely pushing the powders toward
each other or on exertion of very light pressure. This reaction occurs
when the powdered components are completely dry and the fud is not
superficidly oxidized. The two materials are red phosphorus and
potassium chlorate and a demonstration of their reactivity should be
performed only with a few milligrams of each component. When the
phosphorus has been kept for some time in an ordinary reagent bottle,
the spontaneity of the reaction may not be so obvious, but the fina
effect may bejust as disastrous, as has been shown many times when
high school students have appropriated and mixed together the two
chemicds.

This reaction is undoubtedly the most fascinating, and perhaps
theoretically the most interesting, solid reaction. It has been ingenious-
ly tamed in the modern safety match, which will be treated extensively
in the twelfth and final chapter on primary ignition.

Red phosphorus and chlorate can be mixed in comparative safety
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in the presence of a liquid vehicle, provided both reactants are thor-
oughly moistened by the vehicle before they come into contact. Using
an agueous binder solution, small dabs of such a mixture form the ex-
plosve ingredients of toy caps. If alcohol or ether is used as the vehicle,
itis possble to load larger amounts of the mixturein specialy designed
containers, so constructed as to allow the liquid to evaporate. The
cgruleis then converted into a formidable antipersonnel mine, because
dight pressure will explode the device**’

The above-described combinations of red phosphorus, potassium
chlorate, and a binder are called Armstrong's mixture. Its preparation
and application has been described by Davis.®

Toy caps are caled amorces in Germany and sometimes in England
from the identical French word meaning a percussion primer or prim-
ing mixture. While the word is neither in Webster's Dictionary™” nor
in the Oxford English Dictionary,'* it appears without comment in
the title and text of a World War Il British Intelligence Objectives Sub-
Committee (BIOS) report.'” The Germans used toy caps in World
Wa |l as hand-grenade primers because of a shortage of mercury
fuminae The two formulas given in the report as wel as the formula
from Davis book (Formulas 1, 2, and 3) will be found, with al the
falowing, in Chapter 47.

The phosphorus/chlorate/binder combinations are at the borderline
betwean spontaneous reaction and manageable, easily initiated, but
gable systems of reactive fuds and oxidizers. Those that have practical
goplication will be treated in the following chapter on primers. At
this juncture, mention will be made merely of some highly sensitive
solid-solid combinations of little or no practical value, though of course
odd mixtures may some day be useful agents for the fulfillment of new
requirements.

Red phosphorus forms mixtures that burst into flame or explode
on mild friction or impact, not only with chlorates but also with per-
manganates, lead dioxide (PbO,), perchlorates, and other active ox-
idizers such as dlver nitrate. Chlorates form friction- and impact-
sengtive mixtures with most pyrotechnic fues, in particular with sulfur
and thiocyanates. Chlorates are not only sensitive with arsenic but it
hes been reported® that arsenic (111) oxide, As,0s, is sdf-flammable
with sodium chlorate. Mélor® quotes an old German reference'™

*A variation of this item using small amounts of the mixture has been proposed as
an anti-infiltration device, causing flash and sound but no injury.
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according to which sublimed arsenic* when triturated with an excess
of dlver nitrate "takes fire immediately when shaken out on paper.”

*In German, the word Arsenik refers exclusively to the compound As,03, while the
element bears the name Arsen. It is possible that the identity of "arsenic" might in
some places get lost in the translation.



chapter 11

Primers

Spontaneous ignition, as previoudy described, has only a few legiti-
mate uses other than in hypergolic propellant systems. The exposure
to air or the bringing together of liquids and solids are actions that are
rarly suitable for quick, reliable, and easily performed ignition—not
to speak of the design, loading, surveillance, and safety aspects of
ach sysems. On the other hand, if we provide a certain defined
smdl energy input acting on an often minute quantity of a solid, stable,
but sensitive mixture or compound, we can produce instantaneous and
rdiable flash and flame. In certain cases, as will be shown later in
this chapter in discussing electric primers, even relatively insensitive
mixtures can be employed as prime ignition charges.

Primers fal into two categories according to the mode of activation
—by impact or by electricity. Impact-initiated primers can in turn be
divided into stab primers (detonators) and percussion primers. Electri-
cd initiation is generally performed by means of a heated resistor that
in most cases is a short piece of very fine resistance wire.  The items
ae cdled electric matches, eectric primers, squibs, actuators, etc.

Snce priming devices are merely subordinate components of pyro-
chemicd systems, such as flares, guns, rocket motors, and blasting
cgps, an extensive and fully detailed treatment is not attempted in this
book.

The sdient points have been taken from the Ordnance Explosive
Train Designers Handbook,® recently declassified, and some other
sources, such as NavOrd Report 6061'" and the AMC Pamphlet Ex-
plosive Trains™® Commercial catalogs,***® which have aso been
consulted, modtly let the customer guess as to actual compositions,
though the magjor ingredients may be indicated. Percussion primers
ae dways standardized and commercialy available mass-produced
units that change little except by adaptation of formulas to modern
requirements for greater stability and heat resistance; in contradistinc-
tion, the field of eectrical initiation isin constant flux, with energy input

53
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requirements and the choice of active materials changing from year to
year.

Sab igniters are the most sensitive mechanically-actuated primers
used where the available mechanical energy is small. Because of this
sensitivity requirement, the priming mixture contains a large percentage
of prime explosive such as lead azide or, in older formulas, mercury
fulminate. Consequently, the effect is one of high brisance (shattering).
Stab primers (mostly called stab detonators) are used mainly for initiat-
ing detonations, though ignition and mechanical action (secondary
actuation of a percussion primer or breaking of a glass via) can be
performed by some mixtures. The firing pin is a sharply pointed cone
or pyramid and numerous fine details of geometry, shape, and material
of the striker must be observed, since stab primers are merely tubular,
explosivefilled cylinders closed with flat disks on the ends and mostly
do not contain an "anvil."

It may be mentioned in passing that strike-anywhere type ("kitch-
en") match tips and formulations based on these (see Chapter 12) can
be initiated by stab primer pins. Again, the difference between proper
functioning and mere splitting of the match tip may depend on the
profile and roughness of finish of the pins, as was experienced in World
War Il in connection with the M1 Delay Firing Device ("delay pen-
cil")*® about which more will be said later.

The basis of stab primer mixtures is the primary explosive lead
azide. Potassium chlorate with either black antimony sulfide or lead
thiocyanate (synonym sulfocyanate, also called—rarely in the United
States—rhodanate or rhodanide) furnishes additional explosive potent-
id and hot gases and particles. Deviating somewhat from this scheme
is the formulation NOL-130, which uses barium nitrate in lieu of the
chlorate. The addition of tetracene controls sensitivity. Typical mix-
tures—PA-100, NOL-130, and the older No. 74—are shown in For-
mulas 4, 5, and 6. They are used in a number of different stab pri-
mers (detonators) such as the M26 (Army) that can be used as an
igniter, while the M41 that also contains an intermediate charge of
lead azide and a base charge of tetryl qualifies definitely as a detonat-
ing device; the M45 with PA-100 mix and ignition powders as inter-
mediary and base charges; and the tiny Navy Primer Mk 102 Mod 1,
which uses the NOL-130 mix, thus replacing the No. 74 mix of the
Mk 102 Mod 0. Mercury fulminate mixtures are disappearing even
from civilian uses.

Percussion primers are small metal cups that are dented but not
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peaforated by a blunt firing pin. This prevents escape of the gaseous
products of reaction, a containment of great importance in the now pre-
valling obturated (confined) devices. The confinement of the gases not
anly increases eficiency of fire transfer but is indispensable for repro-
dudble functioning of pyrotechnical delay-timing columns indepen-
dat of ambient conditions, be it a ground level or under vacuum at
high dtitude. (It is, of course, necessary than the unit as a whole be
lesk-proof, eg. that the percussion primer is sedled into the larger unit
in such a way that no gases can escape even under considerable pres-
aure buildup.) The primer cup contains a curved metal insert called
an avil, which promotes the exertion of a crushing force between cup
and anvil when the cup is dented by the firing pin.  Again, numerous
mechanicd details apply to the shape of the firing pin, force, thickness
of cup, loading pressure of the explosive, etc. Primers enclosed in a
rimmed outer cup are called battery cup primers.

Snce percussion primers are used for initiation of explosives as
wal asignition of propellants in small guns and gas cartridges, and also
for purdy pyrotechnical initiation such as of pressed delay trains and
gedion charges, the formulations vary with the purpose, though some
formulas are said to be equally applicable to detonation or ignition. In
other cases, low-violence and low-gas formation are claimed to make
the primer especidly useful for pyrotechnic ignition.

A number of impact-sensitive inorganic compounds have been used
or recommended as prime ignition materia in the past. They are
nitrogen sulfide, nitrogen selenide, and certain chlorites. The pro-
paties of chlorites are described by Levi™  Anhydrous sodium
chlorite, remarkably, explodes by itsef on impact. Severa heavy-
med chlorites exist, also cationic complex salts. Lead and slver
chlorites combined with sulfur explode on touch with a glass rod,
aocording to Millon,®® and these and similar mixtures can become
spontaneoudy  explosive™  The apparently more tractable combi-
nations of chlorites with sugar have been tried for primers. The ex-
plosve behavior of cationic complex salts will be briefly discussed in
the Note to this chapter. In the literature, one finds also molecular
compounds of lead nitrate and hypophosphite,’® and of styphnates
and hypophosphites of lead™™® or of iron.*®

The mogt frequently used modern percussion primer mixtures,
as soown in Formulas 7—11, are combinations of a not too brisant
prime explosive salt such as lead styphnate (normal or basic) contain-
ing inorganic fuels and oxidizer salts for increased heat output.
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Useful for pyrotechnical fire transfer are the M39 (Army) mixture,
Formula 7; mixture PA-101, Formula 8, said to be particularly well-
suited for the ignition of delay compositions; FA-70, Formula 9, usd
in numerous pyro primers such as the M29 and in commercial amdl
arms ammunition primers, eg. Winchester # 8-1/2; NOL-60,
Formula 10; and FA-959, Formula 11. Red phosphorus in combina
tion with barium nitrate and other materials has been used in severd
formulas in percussion primer mixtures and is also the subject of a
patent.’®’

The requirement for stability at and functionality after exposure
to temperatures of 400—600°F has led to new formulations that in-
clude a patented high explosive’® named Tacot (du Pont) that neither
melts, degrades, or decomposes up to 375°C (about 700°F).

Percussion primers may be integral components of an item such as
a gas-producing cartridge, the outer shell of signa star assemblies,
and of small flares. The latter are fired from a specia firing device or
pistol. On the other hand, the primer and the spring-loaded firing pin
mechanism may form a discrete unit that in the field is connected to
a safety fuse or detonating cord or is screwed in a canister or other
container for pyrotechnical material. Such firing devices are described
in the manual on booby traps® and other places. They are actuated by
pull (M1 and M2 Weatherproof Fuse Lighters)*, pressure (MIA1 Pre-
ssure-Type Firing Device), release of tension (M3 Pull Release Firing
Device, will aso fire on increased tension), or release of pressure (M5
Pressure Release Firing Device). These are suited for operation by
lanyard, trip-wires and a great variety of nasty arrangements of the
harassment type linked to the opening of a door, picking up of a"bait,"
etc. Such applications would all be explosive. Pyrotechnic munitions
use a well-known type of hand grenade fuze of the pressure release type,
described later in connection with specific devices.

Other military prime ignition devices that a'so operate by mechani-
cal force, but which are based on the two-component safety match
principle, will be discussed in the following chapter on matches.

Electrical ignition of prime explosives or of prime ignition mixtures
has numerous advantages and some disadvantages over mechanical
initiation. The advantages:

Absence of moving parts;

Instantaneous action, and hence possibility of multiple, smultane-
* Also M60 Fuse Lighter and various similar items with built-in delay action.
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ous, or accurately timable firings, important in commercia blast-
ing and demolition work of numerous charges as well as in control
or destruction of spacecraft;

Ignition in small, remote spaces with the eectrical impulse instant-
aneoudy relayed, eg. from a current-creating impact to the tail
fuze of a bomb;

Capability of using extremely small energy (below 100 ergs and as
low as 10—20 ergs) and, conversely, capability of dispensing with
prime ignition materials altogether where relatively high currents
ae available

Reative ease of hermetic sealing by having the eectrical leads cast
into molten glass ("glass-to-meta seal") in ceramic ("ceramic-to-
metd seal"), or embedded into thermosetting plastic;

Achievement of highest reliability and, in line with it, ability to be
subjected to partial nondestructive testing such as continuity
(integrity of bridgewire and connections).

Some of the disadvantages:
The need for some kind of electrical power source;

A requirement for electrical circuitry and connectors creating possi-
ble sources of failure;

The ddlicate operations in affixing a tiny bridgewire to the base plug
by welding or soldering;

Accidentd firing of the more sensitive types by stray currents, radio
frequency (RF), or body "static."

Itis obviousthat in small individua units such as hand-held or hand-
thrown sgnals, percussion priming will be the preferred means of
initiation. On the other hand, the delivery of photoflash cartridges
from adigpenser on an airplane, the initiation of numerous (though not
dl) types of gas cartridges and of many delay-timing and switching
devices is most often performed by an electrica impulse. Also, dl
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blasting caps that are not exploded by the flame of safety fuses are
electricaly set off.

Carbon bridges, consisting of nothing more than a dab of water-
based colloidal carbon black between two closely-set conductive areas
in amolded plastic plug, are the resistors in the most sensitive eectric
primers and they use one of the most heat-sensitive, stable prime ex-
plosives, i.e. normal lead styphnate with some lacquer, as in the Elec-
tric Fuze Primer Mk 121.

The mgjority of electric primers, squibs, and actuators use acylindri-
cal base plug ("header"), which contains one or two wire leads (some-
times more for a redundant system) molded into an insulating plug
material made of a thermosetting plastic or a low melting glass.  If
the latter, the glass bead is fused into a metal cylinder, and meta dloy
and glass are carefully matched in thermal expansion properties to
assure perfect bonding.  After grinding the surface of the plug, the
resistance wire is dfixed by soldering or welding. This flat surface per-
mits pressing-on of the pyrochemicals. In other arrangements, the
bridgewire is dfixed to protruding conductive leads in such a way that
it is possible to surround the resistance wire by a bead of priming
material. The latter arrangement is also used in so-caled eectric
matches in which the priming bead and successive layers of ignition
materials form a small bulb resembling a matchhead.

In order to avoid the tedious bridging of the plug, attempts have
been made to replace the wire with a conductive path created by
sprayed on metal and more recently by forming a metal layer through
vacuum depositing.  On the other hand, it is now possible to perform
wirebridging in continuous automatic operation.*®

Electric primers are often characterized by the amount of current
that may safely pass through the bridgewire without setting off the
priming charge, aswédl as by the current that will reliably firethe charge.
The no-fire current, if applied in nondestructive testing, may do nothing
to alter the dl-fire characteristics of the item, but in other cases it can
degrade the priming charge and thus cause irreversible changes by a
"cooking-off" (chemicaly degrading) of the chemica adjacent to the
heated wire. The higher the dl-fire charge is above the minimum
stated amount, the quicker is the action. Again, since the electric
primers are subordinate components of pyrotechnical devices, only a
few typical items and formulas will be presented here*

* This is afield that is in constant flux and some of the information that follows
may already have been superseded, but it isincluded at least as genera information
rather than as a catalog of extant systems.
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Electric Matches'’ are small resin-impregnated paper strips on

which conductive brass strips are laminated with a wire loop affixed
over one end. Two layers of priming material—Formula 12—follow-
ed by a chlorate/charcoal/lacquer mixture for flame and fire transfer
and protective coatings of clear lacquer form a bulb resembling a book-
match tip. Ignition is achieved by a current of 500 mA for a minimum
of 50 msec. This is only one example out of a series of electric matches,
which are manufactured to various current input requirements and also
with different chemical compositions.

The M59 is a plastic molded button-shaped electric igniter used for
the ignition of the propellant powder expulsion charge in the M112
and M 123 photoflash cartridges. The pyrotechnic mixture—Formula
13—will tolerate a no-fire current of 1.3 A for 60 sec and will fire
with 19 A in 50 msec.

The Mk 1 Mod 0 Squib is a relatively new rocket igniter and all-
purpose squib (MIL-S-17923 NOrd) designed to permit firing at all al-
titudes and under wide extremes of temperature and humidity, as well
as after prolonged severe exposure. It fires with 2.5 A dc in 0.2 msec
with minimum brisance and excellent flame output and is nonfunction-
ing at 0.2 A dc or with a condenser voltage of 25 V and 4 uF. Its igni-
tion charge is given in Formula 14. A black powder charge (AS)
furishes the fire transfer capability.

The older M1A1 Squib uses a combined priming and flame-forming
composition (Formula 15) basically identical with the charges in the
Mk 1. Tt is somewhat lower in sensitivity and will not withstand ex-
tensive temperature and humidity cycling tests.

The Mk 3 Actuator, as well as related and derivative items, is a
typical completely sealed electric actuator with a flush-mounted resis-
tance wire on which the prime explosive charge—in this case pure
milled normal lead styphnate—is pressed. It is used among others in
the Mk 35 Mod 0 Explosive Switch, the purpose of which is the opening
of a normally closed circuit and the closing of another circuit. Its firing
characteristics are: no-fire at 100 mA for 5 min and all-fire at 580 mA
for 2 msec. The actual firing current is a condenser discharge of 3.75
uF at 40 V. The prime explosive together with a small pressure-sus-
taining ball powder charge performs the mechanical action—in the
case of explosive switches—of moving a piston.

These few examples of typical electric primers could be extended to
the sizable number of squibs, igniters, or actuators found in commercial
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catalogs, in data sheets, and in commercial or military compilations of
the latest designs of devices used for the prime ignition of rocket igniters,
fuse trains, etc.””""

The tendency to move up to higher and higher firing (and no-fire)
currents has brought out the fact that pyrotechnic fuel-oxidizer mix-
tures, not normally considered as prime ignition charges, can supersede
prime explosives or chlorate mixtures where safety considerations de-
mand such relative inertness and where adequate current is available.
There is, of course, nothing surprising in the fact that compositions of
zirconium with the more active oxidizers respond to relatively small
current inputs.”*'” The next step is indicated in two patents. One"
claims formulas of boron, barium chromate, and potassium perchlorate;
another'” rather unorthodox mixture of magnesium, tellurium, and
tellurium dioxide emphasizes a high ignition temperature and the appli-
cation of 3—5 A or higher firing currents. The latter is in line with a
"one ohm, one watt, no-fire" squib with an all-fire current of 4.5 A as
demanded in recent years. Even higher no-fire/all-fire currents can be
useful with a great variety of pyrochemical combinations in which
materials of low ignition temperature or low decomposition tempe-
rature are omitted. If, however, more active materials are preferred,
while relatively high and prolonged no-fire currents are prescribed,
then a heat-dissipating design arrangement and choice of materials
must be resorted to. Replacing a bridgewire by a vacuum-deposited
layer of chromium or gold tends to dissipate heat from a no-fire current
input. It has the additional advantage that the tedious technique of
affixing the bridgewire is omitted. @A header made from beryllium
oxide and coated with a metal film has been claimed to permit exposure
of lead azide to 10 A or 10 W of continuous exposure without firing
while being charged from a 1 uF charged capacitor.” Beryllium oxide
has the remarkable property of being a ceramic insulator with a (re-
latively) very high heat conductivity.

The principle of using an electrically conductive prime ignition
mixture and thus eliminating the provision for a resistor wire or coating
of the base plug can be achieved in two ways: by the addition of con-
ductive powders such as acetylene black or of a noble metal powder to
lead azide in varying percentages;”” and by the use of mixtures con-
taining at least 20 % of lead dioxide that make the pyrotechnic com-
position moderately conductive. This latter scheme has been the sub-
ject of patents by Ciccone™ and Peet and Gowen.'” The former
claims a combination of fine and of coarser grained zirconium with
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barium nitrate and lead dioxide. Where the mixture is to provide a
fom of propulsion rather than ignition (or perhaps both), PETN
(pentaerythritol tetranitrate) is added as a gas-former. The second
paent is similar but claims that the additional use of zirconium hydride
(ZrH,) acts as a desenditizer in a conspicuous manner causing an in-
creese from a firing energy of only 2000 ergs to a nonfiring energy of
800000 ergs when part of the zirconium is replaced by the hydride
(Formulas 16, 17, and 18).

In this connection, the problem of prevention of accidental firing
by means other than selection of highly insensitive chemicals can only
be touched upon. It consists in the use of "filters," shielding, or use of
integrl attenuators in the form of special composition headers”® made
from phosphatized carbony! iron powder. None of the proposed sys
tams of protection is satisfactory in al respects.

Mainly of interest in the explosives field is another approach to the
problem—namdy, the avoidance of primary explosives or mixtures
dtogether. By igniting secondary explosives under high confinement,
the enormous pressure buildup can lead to shock-wave formation.
Thisis enhanced by creation of a gap or change of continuity of some
kind between parts of the explosive column.  Space between two
charges may be filled with uncompressed or porous explosive. These
designs have been the subject of a patent®®* and of other research effort.
Note to Chapter 11

In this chapter, the use of certain cationic coordination compounds,
dso summarily called "complex salts,” was mentioned and some
additiond remarks on the pyrochemica behavior of such compounds
mey bein order.

Notwithstanding the extensive specid literature on complex salts,
axch as the books by Sutherland®? and Bailar® and the constant flow
of current information, the explosive properties of their pyrochemicaly
adtive compounds are rarely or only casualy mentioned and come to
light in the generdly available publications mainly on the occasion of
smious accidents®  The hazardousness is obviously quite general,
though there are degrees of explosive behavior or of violence of mere
deflagretion, but it is not always redlized that such substances may be
sendtive primary explosives or powerful high explosives.

The compounds in question contain the cations cobalt and chromi-
um, bath in the trivalent state; bivalent copper; bi- or trivalent iron
and others such as in the later-discussed alkaline earth compounds. At
leedt, these are the most stable ones besides those of platinum and
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palladium, which are of lesser technical interest for obvious reasons.

The anions that furnish the oxygen for the pyrochemical action are
nitrate, perchlorate, iodate, and periodate, and—exceptionally—
chlorate, nitrite, and permanganate.

Complexing compounds (also called ligands or coordinating groups)
are ammonia and ethylenediamine, urea, the thiocyanate group, hydro-
xylamine, and hydrazine. The last two yidd the most active and ex-
plosive compounds, while urea is probably the least active. Coordina-
ting groups may enter the molecule in mixtures together with pyro-
chemicdly inert ones, so that a great number of variations is possible.
How many groups enter the molecule and how their nature affects the
number of anions present is al well-known to the chemist but of little
interest here. Pyrochemically, itisclear that larger organic ligands such
as pyridine, though they may form stable complex cations, are of little
use since they will make the compound too underbalanced in oxygen.
There are no more than twelve active oxygen atoms present in a per-
chlorate of a trivalent metal and less if an acidic ion such as a halogen
or the thiocyanate ion enters the complex.

The pyrochemically active complex sdts have three interesting
properties. they can "stabilize" an otherwise deliquescent metal per-
chlorate by making it nonhygroscopic, as will be shown for colored
flame later; they can yied high explosives and even primary explosives
"tailor made" to specia requirements; and they can introduce a cata-
Iytically active metal salt or oxide in nascent stage in a pyrochemical
system such as a solid propellant while being exothermically decom-
posing by themselves, thus contributing rather than detracting from the
energy output.

Amiel®® suggested in 1934 the use of bis- or trisethylenediamine
copper chlorates or perchlorates for usein primers. Tomlinson et al.*®
probably made the first fairly systematic study of the explosive pro-
perties of certain chromium (111) and cobalt (I11) complex salts. Mé-
dard and Barlot®® concentrated on the di- and trihydrazine metal (1)
nitrates, especidly of nickel, as primary explosives. Use of complex
salts as low detonation pressure explosives, reported by Abegg and
Meikle®® and performed by Fronabarger, Hoppesch, and Rittenhouse
of UMC Industries was based on the authors' suggestions, aswas earlier,
classfied work for Picatinny Arsenal whose subject was the increase of
the burning rate of a solid propellant by admixture of such compounds.

The properties of the heavy-metal chlorates and perchlorates con-
taining hydrazine, and their unusual sensitivity, were studied as early as
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1910 by Salvadori,®® later by Friederich and Vervoorst,”® and more
recently by Maissen and Schwarzenbach.?*

lodates and periodates, largely unknown quantities in pyrochemical
reactions with few highly specialized exceptions, seem to have attracted
much more interest outside of the United States as one can see by perus-
ing the ligt of references in Supplement | to Mellor, Volume Il. Ex-
plosve sdts containing these anions have been described in Russia by
L obanov.”

Sability at elevated temperature and difficulty of preparation of
many of these compounds are problems with explosive and other
pyrochemicdly active complex salts.



chapter 12

M atches

There was one day in the year—among the Romans it was the first of
March—when it was the duty of every family to put out its sacred fire, and
light another immediately. But to procure this new fire, certain rites had
to be scrupuloudy observed. Especidly they must avoid using flint and
gtedl for this purpose. The only processes allowed were to concentrate the
solar rays into a focus, or to rub together rapidly two pieces of wood of a
given sort.

Fustel de Coulanges, 19562

History of Matches

The story of firemaking culminating in the development of the
modern match might well fill a small book by itsdf, including such
topics as the sacred fire on the hearth, the varieties of primitive methods
of fireemaking by different ethnic groups in the world,? the numerous
devices of chemica and pyrochemica nature developed in the 18th and
19th centuries, the abolition of white phosphorus matches, etc. The
salient points of these developments are treated in quite some detail in
the genera and technical encyclopedias and in a limited number of
specia articles,?*?™ the finest and most detailed ones being the d-
ready-cited series by Crass.”

Only an extremely condensed history of matches will be given in this
chapter. It appears to be least confusing to separate the art of fire-
making into three branches: mechanical (to which may be added chemi-
ca but not pyrochemical methods), developing into the flint lighter;
phosphorus-based devices culminating in the modern SAW match; and
finally, chlorate-based mixtures leading to the present day safety match.

Here is a quotation from The Voyage of the Beagle,®® a work of the
young Charles Darwin, till interesting and enjoyable:

They then proceeded to make a fire, and cook our evening mea. A
light was procured, by rubbing a blunt-pointed stick in a groove made in
another, as if with intention of deepening it, until by the friction the dust
became ignited. A peculiarly white and very light wood (the Hibiscus
tilaceus) is alone used for this purpose: it is the same which serves for poles
to carry any burden, and for the floating outriggers to their canoes. The

64
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fire was produced in a few seconds: but to a person who does not under-

sand the art, it requires, as | found, the greatest exertion; but at last, to

my grest pride, | succeeded in ignitingthedust. The Gaucho in the Pampas
usss a different method; taking an elastic stick about eighteen inches long, he

presses one end on his breast and the other pointed end into ahole in a piece

gf wood, and then rapidly turns the curved part, like a carpenter's centre-
it.

The scene is Tahiti and the year 1835, which shows that fire-making
then (and throughout the greater part of the 19th century) was dtill
primitive over large areas of the globe. In variations of the cited me-
thods, the drill may aso be turned by a string around it and the latter
moved with a bow by a sawing motion or in pumping fashion. The
buning lens was used in antiquity and played arole in ceremonia fire-
meking for relighting the sacred fire on the hearth,”® as did a concave
mirror in the form of a gold cup used by the priests of the Incas in Peru.
Suhfirewas "purer” than the one created for ordinary purposes by
sparks from hitting stone (flint) against stone, later steel against pyrites,
ad finally stled against flint, letting the spark fal on easily ignitible
tinder, sulfur, or carbonized linen. The only practical survivor of the
latter method is the modern “flint" lighter with its much hotter spark,
which will ignite a gasoline drenched wick or a dry wick impregnated
with anitrate. But it took along time until the tinder box, and corres-
pondingly, the flint lock on a gun were replaced by match and percus-
gon primer.

In parts of India, fire was made by adiabatic compression of air
in a "fire pump"—wooden tubes with a wooden piston that contained
metinder in a hollow at its end—Dbasically identical with the ignition
in the modern diesdl engine.

We may add here the Feuerzeug (lighter) of Johann W. Doébereiner
(2823), which was a bulky hydrogen generator (zinc block dipped in
alfuric acid) with a piece of platinum sponge attached, which, by
catdytic action, first became bright red-hot and then ignited the gas.
Smilar devices appear here and there on the market utilizing methanol
and ameta screen coated with platinum catalyst, which becomes hot
enough to light a cigarette pressed against it when air carrying methanol
vapor is sucked through the grid. The use of semipyrophoric subs-
tances, which had gained some popularity during the 19th century as
"pyrophorus’ and mentioned in Chapter 7, is another unorthodox
gpproach to fire-making.

The red story of matches starts in 1680 with the laborious manu-



66 MILITARY AND CIVILIAN PYROTECHNICS

facture of white phosphorus by Hankwits in London and the appli-
cation by Robert Boyle of the then enormoudy expensive material to
ignite a sulfur tipped wood splint. Between 1780 and 1830, humerous
contrivances approaching the shape of an individua match were intro-
duced, especidly in Franceand Italy. They lead eventually, from about
1835 on, to real matches as we know them now. These were caled
"Congreves' in England after the inventor of the war rocket and "loco
focos" in America—both names suggestive of the untamed and hazard-
ous character of the early matches. By reduction of the phosphorus
content from 20% to 5Y/2% and adjusting the amounts of the other
ingredients such as sulfur or rosin, chlorate, variousfillers, and a binder,
the quality of these matches was greatly improved, though no basic
change in formulation had taken place by the time the phosphorus
match encountered its decline toward the end of the 19th century.
However, the obnoxious sulfur in the splint was later replaced by
beeswax and findly by paraffin.

The poisonous qualities of white phosphorus matches showed
themsalves rarely in use except when the tips were chewed up by child-
ren or swalowed by people wishing to commit suicide.  According
to the U. S. Dispensatory,?’ an infant was killed by eating the heads of
only two of such matches.

Workers exposed during the manufacture of the matches to the
fumes of white phosphorus, which entered the body mainly through
defective teeth, were subjected to an incurable destruction of the jaw
bones, the so-caled phosphorus necrosis. With the awakening of socid
conscience in the protection of workers, al civilized countries either
eventually prohibited use of white phosphorus in matches or taxed
them out of existence as was done in Russiain 1892 and more stringently
in 1905. The United States followed the latter example with an interna
revenue tax of two cents per one hundred matches, which became law
in April 1912, effective on 1 July 1913.

While it was possible to make a match that ignited by friction on any
solid surface without use of white phosphorus, none could equal the
ease of handling of the phosphorus match. A combination of potassi-
um plumbate and red phosphorus with binder and filler called Schwie-
niger Masse; mixtures of a sulfophosphite with potassium chlorate;
scarlet phosphorus—nonpoisonous but more reactive than regular red
phosphorus—and other materials appeared between 1890 and 1905 to
replace white phosphorus in friction matches or "strike-anywhere"
(SAW) matches as they are cdled today. The problem was finaly
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vl satisfactorily by an invention of two French chemists, Henri
Sévéne and Emile David Cahen, whose U. S. patent (1898)*° was
acquired by an American manufacturer, William A. Fairburn, and
dfaed to other companies for the production of safe, nonpoisonous
SAW matches. Their significant ingredient is the nontoxic compound,
tetrgphosphorus trisulfide (P,S3), caled "sesquisulfide' in the trade.
Origindly, a sngletip bulb was used, but this was later changed to the
double-dipped (tipped) head described below.

We come now to the most important types of matches, the ones
besad essentidly on the discovery of potassium chlorate by Berthollet*
ca 1786. What might be caled the first two-component pyrochemical
fireemaking device was based on the property of chlorate to produce a
flame in the presence of afud when moistened with strong sulfuric acid.
Chancd'sinstantaneouslight box or briquet oxygéné (1805) consisted of
amatch tip of potassum chlorate, sulfur, binder, and other ingredients
on a wooden splint.  Pressed against asbestos saturated with con-
centrated sulfuric acid in a glass vial, this device furnished a flame,
aften accompanied by sputtering and spraying of acid to the detriment
of cathing, if not worse. However, the invention in one form or ano-
ther dayed popular for many years. For a variant of this tyé)e, the
invention of Samuel Jones (1828), we again let Charles Darwin™® speak,
with a description of his visit to a Brazilian plantation in July 1832
during the early months of his famous, long circumnavigation of the
world:

| carried with me some promethean matches, which | ignited by biting;
it was thought so wonderful that a man should strike fire with his teeth,
that it was usud to collect the whole family to see it: | was once offered a
daller for a single one.

This match consisted, according to other sources of information,
of agmadl glass capsule containing somewhat diluted and blue-colored
alfuric acid and coated with a sugar/chlorate/binder mixture, the
whdle wrapped compactly into a three-inch-long piece of paper. For
the less courageous, breaking the vial with pliers was recommended
and a kit sometimes contained such pliers.

The true friction match—the immediate precursor of the safety
metch (though in fact a recalcitrant strike-anywhere match without

* Claude Louis Berthallet (1748-1822) must not be mistaken for another important
French chemigt, Marcdllin Pierre Eugene Berthelot (1827-1907). Both were inter-
eded in gunpowder and explosives, which adds to the possibility of confusion.
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phosphorus)—was the invention of John Walker (England, 1826 or
1827). It contained chlorate and antimony sulfide and could be ignited
with some skill with a piece of folded "glass paper." More sengtive
lucifers followed, which contained an addition of sulfur. But soon
after the discovery of red phosphorus (1844), dl this changed. Pasch
in Sweden and Bottger (1845) in Germany prepared striking surfaces
containing the new nontoxic material, but the world-wide acceptance
of the system started with the availability of purer materials and im-
proved formulas by J. E. Lundstrom in Jonk&ping, Sweden (1855).
Strangely, the United States was dow in accepting the safety match.
The big kitchen match, which could be taken out of the pocket and
struck with ease with one hand on a shoe sole or on one's trousers,
was more suited to the American temperament and was perhaps less
hazardous in use at a period when other matches tended to be hard
striking, explosive, and sparking.

The find mgor step in safety matches was the invention of the
paper match, now called book match, ascribed to Joshua Pusey (1892).
Somewhat more difficult to handle than the wood stick match, these
inexpensive, advertising-carrying matches only gradually gained accep-
tance, but now dominate the American match industry as will be seen
in the following sections of this chapter.

Economics

In 1958, the latest year for which a census of manufacturers has
been published,™ the value of al matches made in the United States
was $135 million, a figure ten times the value of al fireworks items
produced in this country. This makes the match industry the largest
pyrotechnical producer and the only economically significant one.
Even if nowadays matches fulfill a dual role as flame producers and as a
vehicle for advertising, there is every reason to regard them as pyro-
technical items representing the most intricate and interesting type of
pyrochemical action.

About three-quarters of the 400 billion (400,000,000,000) matches
made in 1958 in this country were of the cardboard variety, the safety-
type book match.* Because of their highly mechanized high-speed
manufacturing methods and the tie-in with advertising, book matches
are the cheapest and most popular form of flame producers in this coun-
try. Since they cost as little as one cent per one hundred lights, they

* According to an unofficia release, production of book matches in 1964 as report-
ed by 14 companies was 311 hillion lights against 287 billion in 1958.
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are often given away as a service and in connection with their advertis-
ing message on the cover.  When the price is higher, the only differ-
ence in what the customer gets is a better quality of paper and a more
eaborate art work and printing effort on the cover.

- Book matches that are sold in markets or are given away with
cigarettes are in part paid for by large-scale advertisers who themselves
have nothing directly to do with the distribution of these so-called resde
matches. Similarly, alarge company will absorb part of the cost of the
advertisng on those books that bear a distributor's name and address,
ach as a savice station or an automobile dealer. Banks, hotels,
trucking lines, and many other businesses (not to omit the commissary
of a certain state penitentiary!) will contract for matches with individual
desgns of their own, or sometimes a very small establishment will be
didfied with a standardized "stock design" on which name and address
ae imprinted.

While paper matches became cheaper to manufacture and more and
more accepted by the increasing number of smokers, wood for match
splints has become very expensive and the wooden match is faling into
disue

The large "strike-anywhere" (SAW) or "kitchen" match has retained
some of its popularity longest, but with the prevalence of thepilot light
in gas stoves, and the electric stove in rural eectrification and in city
use, mainly the little guild of pipe smokers appreciates its virtues.
Manufacturing Procedures

Book matches are punched from 0.038-in-thick, lined chipboard in
rips of one hundred splints of 0.125-in. width each. In an eight hour
<hift, a single machine can produce about 20 million match splints and
ddiver them haf an hour later as completed, strikable matches, ready
for cutting and stapling into "books." In this haf hour, the tips of the
punched-out splints are first immersed in molten paraffin wax, without
which no persstent flame and fire transfer is possible.  Immediately,
the tip composition is afixed by dipping the ends of the strips into a
thick but smooth fluid suspension carried on a cylinder rotating in a
rdaivey smdl tank at the same speed as the match strips move in the
damps of an endless chain.  While an evenly rounded match tip is
formed, cold air is blown against the matches, which then enter a dryer.
There, however, the main object is not so much the speedy removal of
the water in the match composition as the prior congealing of the
matchhead, which takes place at about 75°F and a relative humidity of
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45—559%. More about this curious way of drying will be given bdow
in the discussion of the formulas.

The matchcover board is an 0.015-in.-thick coated or lined chipboard
or sometimes a fancy grade of a variety of decorative and more expen-
sive boards. It is provided with a striking strip, printed on by a roller-
coating process from a thin slurry of a composition described beow.
The cover is printed with an advertising message. It establishes the
curious relation of the merchandising of an item of great intrinsic
utility and of a paid message.

Wooden matches can be made by a veneering method whereby aspen
wood is "peeled" off a section of alog and cut into splints that have a
square cross section of 0.10—0.15 in. depending on the length of the
match. The aternate method consists of cutting rows of round splints
from selected blocks of white pine wood by means of individua dies
that resemble somewhat a large darning needle of which the eye is the
cutter.* The wood blocks for this operation must be free from dl
knots, as straight-grained as possible, and hand-fed in a certain direc-
tion into the splint-cutting machine, all of which addsto the cost both of
material and labor. These match splints are circular in cross section
except for two adjoining concave grooves caused by an overlap in the
cutting action, which not only prevents formation of useless splinters
but aso aids in the fire transfer to the splint at the acute edges. The
splints in both types of operation are forced into holes in cast iron
plates and are thus transported through the various dipping operations.
For quick access in case of fires, which are not infrequent (though eesily
controlled) with the strike-anywhere type of match, the chains are not
enclosed in dryer compartments, but rather the whole room is tempe-
rature and humidity controlled.

A third type of commercial match popular in Latin countries is the
wax "vesta" with a center of cotton threads or a rolled and compressed
thin and tough paper surrounded by and impregnated with wax, each
match a miniature candle of long burning time (about one minute).
Similar in performance but approaching a wooden splint in physica
strength is a wax-impregnated paper match invented by the author®®
that, however, cannot quite compete economically with the plain book
match.

Two processes precede the dffixing of the matchheads on wood or
paper splints. Thefirst one is glow-proofing of the splint by impregna-

* Collier's Encyclopedia® has an excellent photograph showing this operation.
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tion with ammonium phosphate or a mixture of it with boric acid.
(In paper matches, this impregnation is conveniently done during the
febrication of the paper.) This suppresses continuation of glowing of
the carbonized splint after discard and prevents the burned part with
ill hot tip from falling off and singeing clothing. The second impreg-
naion is the soaking up of paraffin wax into the stem for a certain
length to assure flame forming and fire transfer to the wood. Head
formation is similar to the process described for book-matches, except
thet for SAW matches a second, smaller tip is afixed to the larger bulb.
Therdllersin the dipping tank over which the splints travel are grooved,
the first roller deeply for the base tip, the second roller shallow-grooved
for the SAW tip. The same equipment, simply leaving out the second
dipping, can be used for safety matches. Immersion of the tips in
diluted formadehyde solution (sometimes also employed with paper
meatches) aids in congealing and subsequent proper drying of the match-
heed.

All wooden matches are packaged in rectangular boxes either of the
the larger sze for kitchen matches or in the "penny box" for safety
meatches, which in Europe are made from wood veneer, but in this coun-
try from thin cardboard. Depending on the type of match, the boxes
are d@ther provided with a striking strip like the book matches or with a
plan "sand-line" consisting of an adhesive line on which abrasive
materid is superficidly applied or (lately) a homogeneous mixture is
usad.

Non-Standard and Military Matches

Because match manufacture is a series of high-speed and highly
mechenized operations, any variation that involves dimensiona or pro-
cedurd changes is a mgjor undertaking warranted only if a continuous
high production is forthcoming. Thus, a customer may be accommo-
dated (for a price!) if he desires an unusual shade of color of the tip or
even of the striking strip, but major variations in the formulas and,
espedidly, in the size of heads, cannot be tolerated. Hence, specialties,
which occasiondly appear on the market, must be classed as fireworks
or gpecid production items, made laboriously and at relatively high cost
(s much as five cents per single match) by hand-dipping with very
limited mechanization. Such matches produce a colored flame, give off
peafume or fumigating vapors, or furnish a persistent glow or flame for
the purpose of. burning in a strong draft. In order to do these things
effectivdy, an enlarged elongated bulb is preferred.  Matches burning
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with a colored flame, popular as harmless fireworks items, were and
probably ill are manufactured in Germany on a fairly large scale and
are caled "Benga Matches."'”> During World War |1, the facilities
were used for diesdl oil igniters made on the same equipment. A high
content of gas-forming fuels and especialy the added effect of a smal
amount of phosphorus sesquisulfide make matches wind resistant. A
match with a sizable amount of powdered charcoal will burn
without flame but with strong glow if properly formulated and
designed. Such a match would be commercialy unacceptable
because of the fire hazard but is excelent for igniting safety fuse.

An interesting variation of the regular match is the "pull-match."
It is a paper match, considerably thinner and narrower than a regular
book match, since it needs very little giffness when being used. The
tip part of the match is enclosed in a strip of corrugated paper glued
to aflat cardboard (such as a box of cigarettes) and the inside of the
corrugated board is covered with striking material.  On pulling the
match fast enough out of the corrugation, the tip passes and engages
the striker and becomes lit.

A match that has aroused interest because of the exaggerated claims
for its performance and that has become somewhat of a hardy perenn-
ia in journalism is the "eternal match." Based on the patents by
Rezsd Konig and Zoltdn Foldi and numerous followers?* this re-
peatedly ignitible item consists of a small pencil-like rod, the center
part of which is a safety-match composition, while the outer layer con-
sists of a dow and cool-burning mixture whose essential, effective
ingredient is always metaldehyde (sometimes combined with other
volatile organic substances). These are expensive chemicals to burn
as flame-former in lieu of paper or wood and paraffin; in addition,
they evaporate in storage. Repeated striking of the pre-used match
fouls the striking strip so that the ignition becomes progressively more
difficult.

The fact that a prime ignition device can be blown out and re-ignited
is a remarkable phenomenon for the collector of odd pyrotechnical
facts, but otherwise the item is in no way competitive with normal
match production.

A variation of the pull-match is the commercia Pull-Wire Fuse
Lighter?? that also has the military designation M1 Friction-Type Fuse
Lighter,*38 in which, however, the role of striker and match is reversed.

* Even though there are enough integers in the decima counting system to number
every piece of hardware in the world unequivocally, the military persists in starting
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The maich mixture is located in a metal cup, and a length of wire,
corrugated and covered with striking mixture near the end, is threaded
through a hole in the cup, with a handle for pulling the wire through it.
The match cup is enclosed in alength of giff paper tubing for insertion
of adday fuse held in fixed position in the tube by a metal ferrule with
shap protrusions.  On removal of the wire with a fast pull, this cheap
device will fairly reliably produce a spit of flame within the tube and
trander the fire to the fuse train.

In the Portable Flame Thrower, the original eectrical ignition has
been replaced by a mechanicaly actuated safety-type match. The
fire-producing mixture (Formula 19) isin atiny metal cup and isactuat-
ed by ablunt sted pin coated with phosphorus mixture, which is pushed
by alever action into the cup.

Match buttons, ignited by hand with a striker such as the one on the
wooden top of a railroad fusee or on a separate strip under the lid in
the M1 Fire Sarter,® are formulated smply according to MIL-STD-
556 (Formula 20), and the striker according to MIL-STD-537 (For-
mua 27), though fusee manufacturers also use other proprietary for-
mulas. A hot and relatively dow and intense flame, affording transfer
of the fire to the substratum into which the match button is embedded,
isthe am of this arrangement and formula. Such formulas sometimes
contain a nonhydrophilic binder such as shellac or nitrocellulose (For-
mua 22). However, in one case, a match of this kind made with an
unsaturated polyester as binder developed explosive properties in
dorage, the reason not being ascertainable.

Exceptionaly, there may be a requirement in which a match mixture,
dter being hit by a phosphorus-coated striking pin, disintegrates into
hot sparks.  For this type of firetransfer, alow binder, low ash formula
(Formula 21) is indicated.

A borderline item between a commercial match and a speciaty
item is the "sdlf-lighting” cigarette. The idea of combining a"smoke"
with its integral ignition source goes back to 1835 when "loco foco or
sHf-lighting segars'? were sold; since then, various patents have been
isuad for sdf-lighting cigarettes, several distinguished mainly by their
amateurish claims to the use of theoretically possible but most imprac-
ticd ignition mixtures. The latest and fairly workable item solves the
problem by use of a very small dab of tip composition applied to a
potassium nitrate impregnated circular paper strip.”** A recent (1966)

each category of items with the number 1, hence the confusing array of M1 or Mk
1 items—squibs, fire starters, flares, etc..
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U. S. patent appears to follow a quite similar approach.?*

Formulations for Commercial Matches

While the above-mentioned formulas are smple and effective for
their specific purposes, the commercia match requires a complex,
very carefully compounded and balanced formula for both the striking
strip and the matchhead. Formulas for book matches and wooden
matches are quite similar and so are the formulas used by different com-
panies. There are no secret formulas anymore. Knowledge of a great
many details and experience in adapting and improving a formula in
the face of small changes in materials and external conditions with the
am of producing a superior and nearly perfectly uniform match is the
real secret of a match company.

In order to understand the chemistry of safety matches and hence
some of the finer points of their formulation, it must first be realized, as
has been pointed out in Chapter 10, that the reaction between potassium
chlorate and red phosphorus, which is the basis of its prime ignition
action, is extremely hazardous and unpredictable. Their separation in
match tip and striking strip is therefore not only abrilliant piece of
inventive creation, but requires great ingenuity to strike a baance
between effective action and safe action.  The next point to consider is
that the prime ignition in its entirety must be confined and followed by
orderly progression of aflame and that any kind of flashing or dropping
of glowing particles must be avoided. This latter task fdls to the vari-
ous sliceous ingredients in the matchhead, which form asintered residue
containing al the nonvolatile residues from the reaction. Similarly,
the phosphorus in the striker must be prevented from burning off and
causing a shower of sparks. Thisis done by choosing the proper grade
of binder and its right ratio to the phosphorus. Since ease of ignition,
spark-forming, and excessive wear of the striking stripal go together,
while a more adhesive or stronger grade of binder decreases wear and—
literally—tears and desensitizes the act of ignition, head and striker
formulas must be not only "just right" in themseves but matched in
behavior. The addition of finely powdered glass adds to the resistance
toward "striking through" and burning off of the striking strip.

A smilar but far more complex role is played by the binder in the
matchhead. The glue must be strong enough to bind the powdered
ingredients into a firm bulb, but its amount must be small enough to
permit easy abrasion, which precedes ignition. The amount of glueis
also limited by its pyrochemical function as a fuel: while the match is
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vadly underbalanced in fud versus oxidizer, a further excess of fud
beyond certain limits would prevent the tip from flaming altogether,
and the smouldering bulb would not reach the flame point of the wax
in the stem, so that the match tip simply fizzesout.

In modern high-speed match production, the type of binder in the
meatchhead is curioudly limited to one certain kind and to very few simi-
lar grades of it. High-grade animal-hide glue with the specific capabi-
lity of quickly forming a reversible gel on cooling below 85°F from its
more concentrated solutions will cause al components of the formula-
tion to say in their place once the dipping process is completed.
Shoud the binder instead have a chance to form a skin in the top layer
of the bulb, as happens with high molecular organic colloids in aqueous
solution, the resulting "case-hardening” can convert the matchhead
into a miniature bomb—the chlorate/sulfur/binder mixture can burn
explodvdy under the dightest confinement. Before temperature and
humidity control of the dryers of matches (or, with open machines, of
the room itself) came into general use, the—unintentionally!'—ex-
ploding match was no rarity. This was rarely the result of faulty for-
mulaion but mostly derived from matches made under hot and humid
conditions when the congealing of the matchhead at the start of the
drying process was delayed or never took place. The same might also
occur in winter with use of artificia heat, though under these circum-
dances the result is more likely a poorly lighting, "hesitating,” and
ingengtive match.

To continue with the specific functions of the chemica ingredients
in matches, we consider next the two purposes in the small percentage
of allfur in the head formula: It acts as an easily ignitible and hence
omewha sengitizing fud and flame-former, and its combustion pro-
duct is the pungent but harmless and not nauseating sulfur dioxide
(S0Oy,), which masks the much more unpleasant odor of burning glue.
Thus it is a "perfume” of sorts, whose place can also be taken by
powdered rosin.

Both matchhead and striker formulas contain an acid-neutralizing
but insoluble salt such as calcium carbonate (whiting, ground lime-
done). This aborts any tendency to destructive oxidation of the sulfur
in the head or of the red phosphorusin the striker. The latter process
can be greetly accelerated by catalytic influence of certain heavy metals,
egpedidly copper.®  Since copper-bronze powders are well liked as
decordtive components of the artwork on the cover of book matches,
improper formulation of the striking strip may lead to complete destruc-
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tion of the striker.

The least understood component of the matchhead formula is the
potassium dichromate once generoudy present in many formulas, if
some recipes in the literature can be trusted. It controls the burning
rate and facilitates the ignition following the "prime" reaction between
chlorate and phosphorus; even fractional percentages exert a noticeable
influence. It can be replaced by lead compounds (lead thiosulfate) and,
in general, by compounds that furnish finely divided oxides of metals
that can occur in severd valence states. This parallels the influence of
similar compounds on the lowering of the decomposition point of
molten chlorates, and we may cal these additives "catalysts' even
though their precise functioning is obscure.

Formula 23 is atypical, dightly generalized, commercial matchhead
formula on the basis of which anyone with a bit of experimentation and
adaptation can produce a well workable though not necessarily sdable
match. Not without good reason has the refreshingly blunt author of
the old National Bureau of Standards circular on matches™ said:
". . .ifthey [people who ask NBS about how to make matches] plan to
produce matches for sale, they are hereby advised to seek a more pro-
mising way of earning a living." However, since many older formulas
that have found their way into encyclopedias and books of recipes sseam
to be of dubious usefulness, some elaboration will be added in order to
guide manufacturers of fireworks or ordnance items who may be faced
with the task of using match formulas for some specia device.

Match glue used in the tip must be a high-quality animal (hide) glue
free of defoamer or only very dightly treated, so that during processing
of the match paste a somewhat aerated structure is created and preserv-
ed in thefinal head. The potassium chlorate must be finely powdered,
since coarser crystals would cause sputtering.  The sulfur should be
crystalling, finely ground "flour," not the commonly sold "flowers" of
sulfur, which is too active and acidic. The siliceous materials—aside
from the diatomaceous earth, which is nearly indispensable for "soak-
ing up" the molten potassium chloride residue—may be powdered
(bottle) glass only or a mixture of various siliceous materials, the cheap-
est of which is plain finely ground slica sand (SiO,).

Nothing has been said as yet about the gay colors of our American
(and some foreign) matches that are possible because the basic com-
position is nearly colorless. (The use of only fractional percentages of
potassium dichromate as a catalytic burning-rate regulator and sensiti-
zer creates some problem with white matchheads. To the distress of
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nontechnica supervisors, chemists are not smart enough to know how
to "bleach" dichromates.)* Soluble aniline dyes in fractional percent-
ages creete the standard colors—red, blue, green, or any other specia
shade

Formula 28 is the striker or "friction” formula for the commercial
sy match. Nowadays, the binder is aways insolubilized either by a
gedid hardening process®’ a formaldehyde treatment, or use of a
cadn solution in ammonia.  This prevents the staining formerly
expeienced when matchbooks were carried in shirt pockets and sub-
jected to perspiration or exposed to rain. The striking strip can aso be
mede with hydrophobic binders such as nitrocellulose or various plas-
tic emulsons, but the quality of such a very moisture-resistant striker
is generdly inferior as are all specia formulas designed to make the
griking strip adhere well to foil, plastic, metal, or other impervious
urfaces

It is not difficult to vary the color of the striker by omission of the
carbon black or charcoal and tinting or lightening it with various pig-
ments such as water-dispersible titanium dioxide, hydrated iron oxide,
etc. Even bolder colors are possible but not practical.

The typicd European match (Formula 24), because of its use of
dark oxide pigments, leaves no chance for esthetic variety, but there are
brightly colored matches outside the United States and matches from
the Far East are now often in delicate pastel colors or white. Formula
29isaEuropean striker formulaapparently for " penny box" application.
The large amount of antimony sulfide in the formula would be shunned
in this country, because antimony is somewhat of a srategict and
criticdlt materid, fairly expensive and tending to settle out because of its
spedific gravity. It can replace the red phosphorus in part because of
itslow ignition temperature and its reactivity with chlorates.

Formulas 25 and 26 are typical compositions for SAW matches,
but the two fulfill completely different functions: The tip, which is
eagly ignited by rubbing over any smooth or rough surface and aso by
scratching, stabbing, or (less reliably) breaking up (crushing), contains
a rather large amount of tetraphosphorus trisulfide (P,S3), familiarly
cdled "sesquisulfide" This is the easily ignitible agent in the tip.
The bulb is "loaded" with fuels that provide a billowing flame, and
(with the addition of some sesquisulfide) become the major contributor

* A true incident, Universd Match Corporation, ca. 1936!
T For these and other specid terms, see Glossary.
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to the moderate wind resistance of this type of match. If blown out
immediately after ignition, awell made, large SAW match should "come
back" with full flame once or twice. The chlorate content of the "base"
is kept deliberately low in order to desensitize the bulb. Since the large
SAW matches are packed severa hundred to a box and half of them,
facing in the same direction, touch each other, a heavy impact can cause
a sizable amount of friction, which might be sufficient to ignite a high
chlorate formula of this type.

Properties of Matches

Mechanism of Performance. The act of striking a safety match con-
ssts of bringing matchhead and striking strip in intimate contact by
rubbing so that the reaction between chlorate and phosphorus can take
place. It is not redly an act of creating heat by friction as is often
thought, though of courseit is open to argument whether the mechani-
cal action creates a minute "hot spot” from which the reaction spreads
out or it is mainly a matter of intimate contact of chlorate and phos-
phorus. When one rubs a match very lightly over the striker in com-
plete darkness, greenish sparks of burning phosphorus can be observed.
Such mechanical force would appear to be no stronger than necessary
to break through the surrounding glue layers. Normal, stronger rub-
bing will permit the tiny flash from the chlorate/phosphorus reaction to
ignite the glue/sulfur/chlorate system, aided by the catalytic influences
of the heavy-metal additives—dichromate, lead thiosulfate (in some
American matches), and manganese dioxide and others in European
matches.

Safety Aspects. Safety matches can be set off by impact or strong
friction. This in no way detracts from the safety aspect since it takes
great kill to ignite a safety match in the absence of a phosphorus striker.
Such ignition can be performed by rubbing the match over a glass plate
or a piece of fairly smooth and dense cardboard with just the proper
pressure to create enough heat to ignite the match mixture by friction
but without breaking up the fragile match tip. A blow with a hammer
will explode a safety match, and sulfuric acid will ignite it like other fud
/chlorate mixtures as discussed in Chapter 10.

On the other hand, considering that the safety-match tip mixture
has both explosive and prime ignition characteristics, matchesin normal
confinement (as in a matchbook) are extremely safe.  Experiments
have been performed in which matches in regular cardboard shipping
cases were ignited by setting off electricaly a single book in the standard
carton of 50 books, 50 cartonsto acase. In every instance, the flash
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fram the ignited book spread only to the other books in the same small
caton and often only to a few of these books! Neither is there enough
axygen present to propagate the initial fire, nor does the heat from al
the matchheads in relation to the large mass of paper amount to much.
The gory is different, however, when cut-off matchheads are accumu-
laed and st off in tight confinement, as many deplorable accidents
invalving young rocketeers have shown.

The question of heat output and flame temperature of a single
meatchhead is sometimes raised. According to the author's estimate,
a sngle matchhead, without involvement of paraffin or paper, should
fumish about 14 calories or 0.05 Btu. Arditti et al.?® give the heat of
combugion of matchheads of various provenience as 965 kcal/kg or
less, which, using the weight of the tip of an American paper match as
22 mg, comesto a somewhat higher figure than the author's.  In any
case this heat is only one-tenth or less of the heat of the burning paraffin,
nat induding the paper.  The same authors®®® have measured the
"initid" temperatures of severa foreign and domestic matches as be-
twen 1350° and 1930°C.

Clams concerning matches "going off" or "blowing up" spontane-
oudy can generaly be reduced to the fact that violent striking, ignition
of a cracked bulb, and careless or absentminded handling of the lit
metch caused ignition of the whole book. Also, if more than one single
book is carried in one pocket, interlocking may cause ignition under
unfavorable conditions.

Matches ignite spontaneously at 180—200°C when gradually heated
inan oven. A government specification® stipulates a minimum igni-
tion temperature of 170°C (338°F). Strike-anywhere matches ignite
under the same conditions at 120—150° (248—302°F), in line with a
self—ignition temperature of about 100°C for the phosphorus sesquisul-
fide™

Toxicity. Smadl children are inveterate explorers of objects in their
reech and apparently the dightly bitter and salty taste of matchheads is
no deterrent to their liking of chewing and sucking on matches. The
toxicity or innocuousness of matches thus becomes a frequent subject
of parenta concern and even the medical practitioner confronted with
a frantic parent may not always have the answer. While potassium
chlorate may cause disturbances if ingested in larger quantities, the
quantity contained in one match is very small (about 9 mg) and the
amount a smdl child can suck out of one or even a few books should be
bdow a toxic limit. Osol and Farrar®’ give 1 g as the maximum
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therapeutic dose of potassium chlorate for an adult. The other in-
gredients are either harmless, or present in such minute quantities that
they can be regarded as harmless. Therefore, while safety matches
cannot be recommended as part of a steady diet for infants, anxious
parents need not be unduly disturbed if they find that their child has
chewed up a book of matches.

Since the layman cannot easily understand that two different kinds
of phosphorus exig with entirely different physiologica effects, the
word "phosphorus' may evoke the spectre of phosphorus poisoning
where there is truly not the dightest need for concern. No book treat-
ing toxicol should nowadays include "Matches Containing Yelow
Phosphorus'“* except under historical aspects. Similarly, it is way
off the mark to characterize yellow phosphorus by "Odor. Like
matches."*® However, it is worth mentioni ng that as late as 1939, the
existence of white-phosphorus-containing matches was reported.

It is generaly agreed that red phosphorus is nonpoisonous, though
Osol and Farrar add the qudification "when pure." People have
handled daily for decades the red phosphorus in preparing striking mix-
tures without any ill effects where no precautions as to contact with it
are taken. This should be reason enough to doubt contrary statements
such as by Sax,* which should be reexamined.

Humidity Resistance. During World War |1, the armed forces of the
United States requested development of a match that would be igniti-
ble after submersion in water for 6 hours.>* This task was fulfilled by
partially coating kitchen matches with a nitrocellulose lacquer of ade-
guate thickness and proper flow characteristics so that the coating was
reasonably uniform and did not accumulate near the tip so as to make
striking difficult or explosive. The author, though by no means very
knowledgeable in this field, had no difficulty in producing his formula
WM-49 (Formula 30), which is an underplasticized NC solution to
which some cellulose acetate-butyrate was added for arresting the back-
flow because of the gelling properties of the latter. Millions of matches
characterized by a deep green coloring added to the lacquer were
manufactured during the second hdf of World War Il (by Universd
Match Corporation) and they withstood the water immersion at ambient
temperatures for aslong as 10 hours. Another company in this country
independently developed the same kind of match, and arelated develop-
ment seems to have taken place for the Canadian government® with a
match that can be "ignited in a rain or wind storm."

Actually, match tips cannot be made highly humidity resistant in
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themedves because of the eventual breakdown of the water-soluble
chlorate, the softening of the glue under prolonged extreme humidity,
and the relaively small amount of binder permitted in a matchhead
fomula By means of afew tricks, safety matches can be made to with-
dand a limited exposure to extreme conditions to comply with EE-M-
100H (Oct. 31, 1964).%® Thetest consists in exposing the matchbooks
inadrictly specified manner over water at 106°F for 8 hours. It is not
practicd to coat safety matches with a lacquer because of difficulty
in griking, which increases with the effectiveness of the coating.

There is an interesting seque to the lacquer-coating, waterproofing
business, which affords some glimpses into the whole problem of pro-
tection of moisture-sensitive items against severe ambient conditions:
All heavily-coated World War |1 kitchen matches eventually became
undrikable (after 5 to 10 years under ordinary indoors conditions in
S Louis, Mo. climate) because of decomposition of the SAW tip.
However, matches coated with a much thinner lacquer soon after
World War |1 (1946-47) are ill in good condition today (1965) after
about 18 years under identical storage conditions as with the heavily
coated ones. No deterioration of the lacquer coating itself and of the
bese composition took place in either case.

Snce the SAW tip is vulnerable to prolonged high humidity ex-
posure because of its P,S; content, the conclusion seems inevitable
tha where a certain water vapor transmission exists, no matter how
small, and where the exposure fluctuates, the "better" protection may
actudly prove to be disadvantageous since just as the influx of moisture
is dowed down, 0 is the reverse action—the drying out when low-
humidity conditions sat in.  Unfortunately, no plastic or wax-coating
hes a water vapor transmission of zero. But even hermetic sedling,
sy in aglass ampoule or a metal box welded or soldered together with
pafedt seding, may not protect a pyrotechnical item from destruction
by moisure. Chemicals, plastics, and especidly paper or fdt parts, al
contain some moisture in equilibrium with ambient air and when this
equilibrium is disturbed in the enclosed space by uneven heating of the
package, some vulnerable chemical component such as an igniter may
be damaged, the whole package virtually "stewing in its own juice."

To sum up this side-glance on the problem of climatic surveillance,
only an andyss of the problem of vulnerability, duration, periodicity,
and extremes of exposure can decide on the best protection.

Asfar as matches are concerned, a heat-sealed plastic envelope will
protect a book or box of matches from getting soaked in rain and
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during a prolonged though not excessive period of very high humidity.
Single SAW matches thus enclosed in a cartridge belt type plastic e+
velope can be torn off individually and struck without opening the en-
velope, a smple and efident though somewhat costly scheme.
Note to Chapter 12

Water-vapor transmission figures are given by a number of different
methods and units, one being the method ASTM D697, which expresses
g/24 hr/m?mm thicknesscm Hg a 25°C. Figures quoted in the
Modern Plastics Encyclopedia® for this method are in the first column
of Table 4. while the second column refers to g/100 in%/24 hr/mil accord-
ing to ASTME 96 taken from Material in Design Engineering.”*

Table 4
Water-Vapor Transmisson of Plastic Films

PoIYahylme 0.02 to 0.08 03 to 15
Cellulose acetate 14 to 88
Polyvinylchloride 0.35 to 20 0.5 to 0.7
Polgpropylene 0.06 025 to 10
FE fluorocarbon 0.002
Nylon 09 to 10
Cellophane, coated 02 to 10
Fluorocarbon CTFE 0.025*

* Also, Aclar (trademark) fluorocarbon resin 0.015 from an advertisement.

Other tables including data on permeability of nitrogen, oxygen,
and carbon dioxide, and conversion figures for the various permeability
units, appear in an article by Lebovits.?*

A caculation—and it is only a mathematical exercise—shows that
if a single matchbook is enclosed in a 2 mil (0.002 in.) thick envelope
of the best grade of polyethylene with 100 cm? total surface area and
exposed to 98% RH, assuming an average interior RH of 55% (1 cm
Hg of water vapor pressure differentid), the influx of moisture per
week would be 28 mg or 0.7% of the weight of the enclosed paper and
chemicals. This proves the above-raised point that prolonged, unin-
terrupted, severe exposure cannot be counteracted by plastic enclosure.

In practice, any lengthy extreme exposure would be in a warehouse
where the individual envelopes are packaged in larger units, thus greatly
diminishing influx of moisture. In conclusion, it might be said—and
this applies to a variety of items, not only to matches—that seding-in
in plastic film after removal of interior moisture, canning of the seded
units as few as practical per package, and protecting the cans from
chemical attack by humidity should be the best protection for small,
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moisture-sengitive pyrotechnical objects. Simpler and adequate for
many purposes is the use of so-called scrim bags, which consist of
laminates of metal foil and heat-sealable plastic and textile backing. In
this case, water-vapor transmission should be restricted to minute
pinhdles in the foil and to the heat-seal edges.
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Light



chapter 13

Underlying Phenomena

Spectacular light effects have been the chief aim of pyrotechnics
throughout the centuries. The "fire-art" was mostly the art of making
fireworks. While these have become less important as amusement, the
progress in techniques and the selection of more effective chemicals
have greatly improved pyrotechnic light production for military uses
as important means of signaling and illumination.

In order to understand the relations between pyrochemical reactions
and light, one can cite the laws of radiation as a starting point. But not
all the ramifications of light emission from solid particles or gases in
the complex entity of the flame from a flare or the fireball of a flash
are known. The phenomena of luminescence and of spectral emission
at high temperatures in complex flames are still rather obscure and even
the relatively well explored field of radiation from solids has only
sporadically yielded data at temperatures in the important 2000—3000°
C range. Many more figures are needed, e.g. emissivity at desirable
wavelengths or discrete ranges of the spectrum, visible and invisible—all
of greatest concern for the theoretical pyrotechnician.

It is gratifying to find evidence in a voluminous report Symposium on
Thermal Radiation of Solids™ of the large amount of work, both ex-
perimental and theoretical, on radiant emission of solids related to
space technology. But closer inspection of these informative reports
yields few applicable data for our specific area of investigation.

Thus, while optimal conditions of luminous efficiency or purity of
color cannot be achieved on the basis of calculations, the theories of
radiation might be a guiding factor—albeit as yet uncertain—in arriv-
ing at superior light sources.

By "light" we understand within the framework of modern pyro-
technics not only the narrow spectral range of radiation that constitutes
visible light (0.40—0.78 u wavelength) but also the spectrally adjoining
portions of the ultraviolet (UV) and—even more important—the
infrared (IR). Sensing devices that respond to invisible longer wave-
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length emission®® make it possible to utilize such radiation from a flare
for a variety of tactical uses.®’

Our consideration of the laws of radiation startswith the concept
of a "black body," defined as a solid that emits and absorbs (but does
not reflect) radiation of all wavelengths in certain proportions, the
absolute and relative amounts governed by the Stefan-Boltzmann Law,
Planck's Law, and Wien's Displacement Law. Even though the ided
black body is atheoretical concept, radiant emission from a hole in an
otherwise enclosed heated cavity, such as a tube furnace, and from cer-
tain dark substances, such as carbon, oxidized iron, and the metd
platinum, approximates the black body emission.

We can summarize the black body laws as follows: the total amount
of radiant energy emitted is proportional to the fourth power of the
absolute temperature. Coincidentally, the relative amounts of UV
and of visble radiation as a percentage of the total emission increase
with temperature. Thus, an emitter of visible light benefits twofold
from high temperature — the total increase in radiation with rise in tem-
perature, which is the dominant influence, and the relative increase in
shorter wavelength emission.

Table 5 indicates the visua impressions from heated solids, and
since measurements at high temperatures are often hard to perform with
pyrotechnic items, the melting points of some solids are juxtaposed.
They can be used occasionaly to give at least the minimum temperature
reached though they are, of course, no substitute for actual measure-

Table 5
Visual Temperature Phenomena of Solid Bodies
Subjective Color M.p. in °C of
°C Impression Various Materials
480 faint red glow Zinc 419.5
Tellurium 449.5
500-650 dark red Antimony 630.5
650-800 increasingly bright red Aluminum 658
800-1000 bright "salmon” red U.S. Silver Coin 890
Pure Silver 961
1000-1200 orange to light yellow Gold 1063
Copper 1083
1200-1300 white "Tophet" C Alloy 1350
1300-2500 brilliant white Nickel 1453
Platinum 1769
Aluminum Oxide 2400
Iridium 2430
2500-3000 dazzling white Tantalum 2850

Wolfram 3400
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ments. Since the radiation laws are within certain limits independent
of the nature of the radiating solid (or liquid), an experienced observer
can also estimate a temperature between 500 and about 1000°C quite
closdly by the color and intensity of the glow. However, it is hardly
possible to make vdid statements from mere viewing in the white light
regions.

An important fact to know is the smallness of the amount of visble
radiation in percent of the total radiant energy emitted. This is shown
in Table 6, which derives from rounded-off figures taken from a dide
rule type Radiation Calculator.® Thus, the very bright reddish glow
of apiece of coal at 800 °C represents actually only about 0.001 % of the
total emission of radiant energy, the rest being heat radiation. (The
amount of UV is even smaller than that of the visible) An exceedingly
bright object in the temperature ranges of the flames of flare candles
emits only a few percent in the visible range if the emission conformsto
black body radiation laws. Table 7 (from Table 13.1 in Shidlovsky's
book®) reveals somewhat different data on relations between tempera-
ture and visble radiation. Again, it should be noted that these are
gtrictly theoretical figures for a true black body.

Table 7
Brightness and Luminous Efficiency of a True
"Black Body" at High Temperatures

°K Brightness, stilbs* Luminous Efficiency, ImYW

1600 2 0.2
2000 44 15
2200 136 32
2300 223 4.4
2400 350 6.6
2600 779 94
2800 1552 139
3000 2872 192
3500 9432 34.7
4000 2.34x 10 50.3
5000 841x 10 74

6000 198 x 10° 84

* Brightness (luminance) of 1 stilb isemitted from asurface of 1 cm* with
an intensity of 1 cp.

Even before we enter the area of actual observations from flares,
it must be pointed out that as far as actual materials are concerned
the black body laws are riddled with deviations. The most common of
these is the grey body concept according to which a solid substance
emits energy in the same relative proportions as a black body, but in
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smaller amounts. The factor is called the emissivity, and an emissivity
of 0.10 or 0.33 would signify that the radiant energy is one-tenth or one-
third of that expected from a black body. This emissivity in turn
varies with the temperature and also with the wavelength, and Figure 1
fiom the above-quoted NASA report®”’ shows a typical "bundle" of
curves of emissivities vs. wavelengths. Table 8 (from Table 13.2,
Shidlovsky’) gives the emissivities of refractory oxides, important in
pyrotechnics, though much below the pyrotechnically more interesting
temperature level. It shows that in the shorter wavelength ranges,
emissivity can approach black body conditions.

S
4t
.3(
2t
2500° X
2000° K
Tr 1500°K
0 = 0 g S

1 2 3 4
Wavelength, u
Fig. 1 Spectral Emissivity of a Typical Refractory Metal

Table 8
Variations of Emissivity with Wavelength and Temperature

Tempera- Emissivi?/ expressed as % of black
ture, °’K [y for wavelength in mu

750 700 650 600 550 500 450
Aluminum oxide  ALO, 1600 24 25 31 40 90
) _ ’ 1900 31 33 38 50 65 89 99
Magnesium oxide ~ MgO 1500 — 23 35 05
1900 37 4 — 53 61 65 83

Material Formula
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Nichols and Howes”™ have studied the behavior of refractory oxides
and have found that certain oxides at specific temperatures emit vast
amounts of light in a limited spectral range (they clam as much as
85,000 times the expected amount!) and that such radiation depends on
previous heat treatment.

Some oxides of the rare earth metals show for solid bodies quite
an unusual behavior at elevated temperatures, which should be men
tioned here even though its applicability to pyrotechnic uses appears to
be remote:  Erbium oxide glows with a green light, thulium oxide emits
acarmine red glow when heated, but turns yellow and then almost white
at higher temperature, and yttrium oxide emits a deep red color between
900 and 1000°C.*’

The best known practically (though not pyrotechnically) significant
deviation from black (grey) body conditions, is the behavior of thorium
dioxide (ThO,) in combination with 1 % cerium dioxide (CeO,), which
is used in the Welsbach mantle. It permits the use of illuminating gas,
which in normal mixture with air in the Bunsen flame reaches only a
maximal temperature of 1600°C, as a good source of light—good at
least by the standards of the period when electric lighting wasjust com-
ing into its own. Prior to itsinvention by Auer von Welsbach (ca. 1880),
luminously burning gas flames, whose surface area was increased by
flattening the flame through emission from a narrow dit in a Sedtite
nozzle, furnished very poor illumination (by modern standards) of a
yellowish cast from the glowing carbon particles in a flame containing
those hydrocarbons that tend to luminous burning.

It has long been suspected that white light emission from pyrotech-
nic flames cannot be entirely attributed to black or grey body radiation,
but the scientific treatment of such flames seems to have been avoided
in the broader studies on flames, as shown by the scant evidence in the
book by Gaydon and Wolfhard®® It merely skirts the problem in a
chapter on the combustion of solid fuels. However, recent studies in
this country and observations cited by Shidlovsky point toward the role
that luminescence plays in pyrotechnic flames. Luminescence is the
emission of visible radiation caused by excitation of atoms or molecules
and their return to lower energy state if this process is not caused by
high temperature. Shidlovsky quotes Vavilov® as defining lumine-
scence as an excess over thermal radiation when this excess "has a defi-
nite duration, considerably exceeding the period of the luminous
oscillations.”

If such excitation of the atoms or molecules is the result of chemica
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reactions at ambient temperatures, we speak of chemiluminescence.
In recent years, an amazingly powerful chemiluminescent organic com-
pound has been developed at the Nava Ordnance Test Station and is
mow manufactured by the du Pont Company. On exposure to air, it
downs brightly enough to permit tactical application. The project
ooded "Tiara" is at present <till under security restrictions,®* but it has
ben distlosed that the most effective chemiluminescent material known
is a rdatively smple liquid aliphatic amine, which can be solidified
with the help of a waxy material.

Another luminescent phenomenon is electroluminescence. Novel
types of EL phosphors stimulated by minute electric currents glow
brightly in various colors.®”® These two examples are interpolated
here because they are potential competitors to pyrotechnic illumination
or sgnding.

While light measurement or any deeper involvement with the optical
agpadts of pyrotechnics is not contemplated in this book, a short review
of units of measurement is indicated. That the profusion and confusion
of units must be bewildering has been plaintively noted in the book
Middieton®* The books on optics by Sears’” and Hardy and Perrin,”
the discusson of the subject by Shidlovsky, and informative papers
ad tables from Temperature®® have been consulted.  Units of special
interest are;

The light intensity (1), called candlepower (cp), now based on the
rav candle (candela) and equal to 1/60 of the intensity of light obtained
fram a 1-at surface of a black body at the temperature of solidification
of platinum (2046.6°K). For practical purposes there is no difference
bewen the old and the new unit.

The unit of brightness (or luminance), the stilb (sb), isthe light emitt-
ed with an intensity of 1 cp from asurface of 1 cm? The same unit is
d applicable to the illuminance, i.e. the illumination referring to the
inddence of Iight on a material surface. Here the reader encounters
the lux (Im/m?), and the "phot" (Im/cm?), and the illogically termed
foot-cande, which is an illuminance of 1 Im/ft%,

Familiarity with these and other units is desirable for purposes of
photometry, i.e. the measurement of light intensity from a pyrotechnic
light source as well as of illumina