
CHAPTER I

PROPERTIES OF EXPLOSIVES

Definition
An explosive is a material, cither a pure single substance or

a mixture of substances, which is capable of producing an ex-
plosion by its own energy.

It seems unnecessary to define an explosion, for everyone
knows what it is—a loud noise and the sudden going away of
things from the place where they have been. Sometimes it may
only be the air in the neighborhood of the material or the gas
from the explosion which goes away. Our simple definition makes
mention of the one single attribute which all explosives possess.
It will be necessary to add other ideas to it if we wish to describe
the explosive properties of any particular substance. For exam-
ple, it is not proper to define an explosive as a substance, or a
mixture of substances, which is capable of undergoing a sudden
transformation with the production of heat and gas. The pro-
duction of heat alone by the inherent energy of the substance
which produces it will be enough to constitute the substance an
explosive. Cuprous acetylide explodes by decomposing into cop-
per and carbon and heat, no gas whatever, but the sudden heat
causes a sudden expansion of the air in the neighborhood, and
the result is an unequivocal explosion. All explosive substances
produce heat; nearly all of them produce gas. The change is in-
variably accompanied by the liberation of energy. The products
of the explosion represent a lower energy level than did the ex-
plosive before it had produced the explosion. Explosives com-
monly require some stimulus, like a blow or a spark, to provoke
them to liberate their energy, that is, to undergo the change
which produces the explosion, but the stimulus which "sets off1'
the explosive does not contribute to the energy of the explosion.
The various stimuli to which explosives respond and the mannci>
°i their responses in producing explosions provide a convenient
basis for the classification of these interesting materials.
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2 PROPERTIES OF EXPLOSIVES

Since we understand an explosive material to be one which is
capable of producing an explosion by its own energy, we have
opened the way to a consideration of diverse possibilities. An
explosive perfectly capable of producing an explosion may
liberate its energy without producing one. Black powder, for
example, may burn in the open air. An explosion may occur
without an explosive, that is, without any material which con-
tains intrinsically the energy needful to produce the explosion.
A steam boiler may explode because of the heat energy which
has been put into the water which it contains. But the energy is
not intrinsic to water, and water is not an explosive. Also, we
have explosives which do not themselves explode. The explosions
consist in the sudden ruptures of the containers which confine
them, as happens in a Chinese firecracker. Fire, traveling along
the fuse (note the spelling) reaches the black powder—mixture
of potassium nitrate, sulfur, and charcoal—which is wrapped
tightly within many layers of paper; the powder burns rapidly
and produces gas. It burns very rapidly, for the heat resulting
from the burning of the first portion cannot get away, but raises
the temperature of the next portion of powder, and a rise of tem-
perature of 10°C. more than doubles the velocity of a chemical
reaction. The temperature mounts rapidly; gas is produced
suddenly; an explosion ensues. The powder burns; the cracker
explodes. And in still other cases we have materials which them-
selves explode. The molecules undergo such a sudden trans-
formation with the liberation of heat, or of heat and gas, that
the effect is an explosion.

Classification of Explosives
I. Propellants or low; explosives are combustible materials,

containing within themselves all oxygen needful for their com-
bustion, which burn but do not explode, and function by produc-
ing gas which produces an explosion. Examples: black powder,
smokeless powder. Explosives of this class differ widely among
themselves in the rate at which they deliver their energy. There
are slow powders and fast powders for different uses. The kick
of a shotgun is quite different from the persistent push against
the shoulder of a high-powered military rifle in which a slower-
burning and more powerful powder is used.

II. Primary explosives or initiators explode or detonate when
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they are heated or subjected to shock. They do not burn; some-
time? they do not even contain the elements necessary for com-
bustion. The materials themselves explode, and the explosion re-
sults whether they are confined or not. They differ considerably
in their sensitivity to heat, in the amount of heat which they
give off, and in their brisance, that is, in the shock which they
produce when they explode. Not all of them are brisant enough
to initiate the explosion of a high explosive. Examples: mercury
fulminate, lead azide, the lead salts of picric acid and trinitro-
resorcinol, m-nitrophenyldiazonium perchlorate, tetracene, nitro-
gen sulfide, copper acetylide, fulminating gold, nitrosoguanidine,
mixtures of potassium chlorate with red phosphorus or with vari-
ous other substances, the tartarates and oxalates of mercury and
silver.

III. High explosives detonate under the influence of the
shock of the explosion of a suitable primary explosive. They do
not function by burning; in fact, not all of them are combustible,
but most of them can be ignited by a flame and in small amount
generally burn tranquilly and can be extinguished easily. If
heated to a high temperature by external heat or by their own
combustion, they sometimes explode. They differ from primary
explosives in not being exploded readily by heat or by shock, and
generally in being more brisant and powerful. They exert a
mechanical effect upon whatever is near them when they explode,
whether they are confined or not. Examples: dynamite, trinitro-
toluene, tetryl, picric acid, nitrocellulose, nitroglycerin, liquid
oxygen mixed with wood pulp, fuming nitric acid mixed with
nitrobenzene, compressed acetylene and cyanogen, ammonium
nitrate and perchlorate, nitroguanidine.

It is evident that we cannot describe a substance by saying
that it is "very explosive." We must specify whether it is sensi-
tive to fire and to shock, whether it is really powerful or merely
brisant, or both, whether it is fast or slow. Likewise, in the dis-
cussions in the present book, we must distinguish carefully be-
tween sensitivity, stability, and reactivity. A substance may be
extremely reactive chemically but perfectly stable in the absence
°f anything with which it may react. A substance may be ex-
ploded readily by a slight shock, but it may be stable if left to
itself. Another may require the shock of a powerful detonator
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to make it explode but may be subject to spontaneous decom-
position.

The three classes of explosive materials overlap somewhat, for
the behavior of a number of them is determined by the nature
of the stimuli to which they are subjected and by the manner
in which they are used. Black powder has probably never been
known, even in the hideous explosions which have sometimes
occurred at black powder mills, to do anything but burn.
Smokeless powder which is made from colloided nitrocellulose,
especially if it exists in a state of fine subdivision, is a vigorous
high explosive and may be detonated by means of a sufficiently
powerful initiator. In the gun it is lighted by a flame and func-
tions as a propellant. Nitroglycerin, trinitrotoluene, nitroguani-
dine, and other high explosives are used in admixture with
nitrocellulose in smokeless powders. Fulminate of mercury if
compressed very strongly becomes "dead pressed" and loses its
power to detonate from flame, but retains its power to burn, and
will detonate from the shock of the explosion of less highly com-
pressed mercury fulminate. Lead azide, however, always explodes
from shock, from fire, and from friction.

Some of the properties characteristic of explosives may be
demonstrated safely by experiment.

A sample of commercial black powder of moderately fine granulation,
say FFF, may be poured out in a narrow train, 6 inches or a foot long,
on a sheet of asbestos paper or a wooden board. When one end of the
train is ignited, the whole of it appears to burn at one time, for the
flame travels along it faster than the eye can follow. Commercial black
powder is an extremely intimate mixture; the rate of its burning is
evidence of the effect of intimacy of contact upon the rate of a chemical
reaction. The same materials, mixed together as intimately as it is
possible to mix them in the laboratory, will burn much more slowly.

Six parts by weight of potassium nitrate, one of sulfur (roll brim-
stone), and one of soft wood (willow) charcoal are powdered separately
and passed through a silk bolting-cloth. They are then mixed, ground
together in a mortar, and again passed through the cloth; and this
process is repeated. The resulting mixture, made into a train, burns
fairly rapidly but by no means in a single flash. The experiment is most
convincing if a train of commercial black powder leads into a train of
this laboratory powder, and the black powder is ignited by means of a
piece of black match leading from the end of the train and extending
beyond the edge of the surface on which the powder is placed. The
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black match may be ignited easily by a flame, whereas black powder on
a flat surface is often surprisingly difficult to light.

Black match may be made conveniently by twisting three or four
strands of fine soft cotton twine together, impregnating the resulting
cord with a paste made by moistening meal powder1 with water, wiping
off the excess of the paste, and drying while the cord is stretched over
a frame. A slower-burning black match may be made from the labora-
tory powder described above, and is satisfactory for experiments with
explosives. The effect of temperature on the rate of a chemical reaction
may be demonstrated strikingly by introducing a 12-inch length of black
match into a 10-inch glass or paper tube (which need not fit it tightly);
when the match is ignited, it burns in the open air at a moderate rate,
but, as soon as the fire reaches the point where the tube prevents the
escape of heat, the flame darts through the tube almost instantaneously,
and the gases generally shoot the burning match out of the tube.

Cuprous acetylide, of which only a very small quantity may be pre-
pared safely at one time, is procured by bubbling acetylene into an
ammoniacal solution of cuprous chloride. It precipitates as a brick-red
powder. The powder is collected on a small paper filter and washed with
water. About 0.1 gram of the material, stHl moist, is transferred to a
small iron crucible—the rest of the cuprous acetylide ought to be de-
stroyed by dissolving in dilute nitric acid—and the crucible is placed
on a triangle over a small flame. As soon as the material has dried out,
it explodes, with a loud report, causing a dent in the bottom of the
crucible.

A 4-inch filter paper is folded as if for filtration, about a gram of
FFF black powder is introduced, a 3-inch piece of black match is in-
serted, and the paper is twisted in such manner as to hold the powder
together in one place in contact with the end of the match. The black
match is lighted and the package is dropped, conveniently, into an
empty pail. The powder burns with a hissing sound, but there is no
explosion for the powder was not really confined. The same experiment
with about 1 gram of potassium picrate gives a loud explosion. All
metallic picrates are primary explosives, those of the alkali metals being
the least violent. Potassium picrate may be prepared by dissolving
potassium carbonate in a convenient amount of water, warming almost
to boiling, adding picric acid in small portions at a time as long as it
dissolves with effervescence, cooling the solution, and collecting the
crystals and drying them by exposure to the air. For safety's sake,

Corning mill dust, the most finely divided and intimately incorporated
black powder which it is possible to procure. Lacking this, black sporting
powder may be ground up in small portions at a time in a porcelain
niortar.
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quantities of more than a few grain? ought to be kept under water, in
which the substance is only slightly soluble at ordinary temperatures.

About a gram of trinitrotoluene or of jncric acid is heated in a por-
celain crucible. The substance first melts and gives off combustible
vapors which burn when a flame is! applied but go out when the flame
is removed. A small quantity of trinitrotoluene, say 0.1 gram, may
actually be snblimed if heated cautiously in a test tube. If heated
quickly and strongly, it decomposes or explodes mildly with a "zishing"
sound and with the liberation of soot.

One gram of powdered picric acid and as much by volume of litharge
(PbO) are mixed carefully on a piece of paper by turning the powders
over upon themselves (not by stirring). The mixture is then poured in
a small heap in the center of a clean iron sand-bath dish. This is set
upon a tripod, a lighted burner is placed beneath it, and the operator
retires to a distance. As soon as the picric acid melts and lead picrate
forms, the material explodes with an astonishing report. The dish is
badly dented or possibly punctured.

A Complete Round of Ammunition
The manner in which explosives of all three classes are brought

into use will be made clearer by a consideration of the things

Driving band
Propelling charge \ Booster Detonator

i s N B u r s t i n g charge | JBIack powder1

Fuze

Time-train rings

F I G U R E 1. D i a g r a m of a n A s s e m b l e d R o u n d of H i g h - E x p l o s i v e A m m u -

n i t ion . T h e p i c tu r e is d i a g r a m m a t i c , for t h e p u r p o s e of i l lus t ra t ing t h e

funct ions of t h e v a r i ous pa r t s , a n d does n o t co r r e spond exac t ly t o a n y

p a r t i c u l a r p iece of a m m u n i t i o n .

w h i c h h a p p e n w h e n a r o u n d o f H . E . ( h i g h - e x p l o s i v e ) a m m u n i -

t i o n i s fired. T h e b r a s s c a r t r i d g e c a s e , t h e s t e e l s h e l l w i t h i t s

c o p p e r d r i v i n g b a n d a n d t h e f u z e s c r e w e d i n t o i t s n o s e a r e r e p r e -

s e n t e d d i a g r a m m a t i e a l l y i n t h e a c c o m p a n y i n g s k e t c h . N o t e t h e

s p e l l i n g o f f u z e : a fuze i s a d e v i c e f o r i n i t i a t i n g t h e e x p l o s i o n o f

h i g h - e x p l o s i v e s h e l l s o r o f b o m b s , s h r a p n e l , m i n e s , g r e n a d e s , e t c . ;

a fuse i s a d e v i c e f o r c o m m u n i c a t i n g fire. I n c a s e s w h e r e t h e s h e l l

i s e x p e c t e d t o p e n e t r a t e a r m o r p l a t e o r o t h e r o b s t r u c t i o n , a n d

n o t t o e x p l o d e u n t i l a f t e r i t h a s p e n e t r a t e d i t s t a r g e t , t h e n o s e
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f the shell is pointed and of solid steel, and the fuze is screwed
• to the base of the shell—a base-detonating fuze. The fuze
which we wish here to discuss is a point combination fuze, point
because it is at the nose of the shell, and combination because it
is designed to explode the shell either after a definite interval of
flight or immediately on impact with the target.

The impact of the firing pin or trigger upon the primer cap in
the base of the cartridge case produces fire, a quick small spurt
of flame which sets fire to the black powder which is also within
the primer. This sets fire to the powder or, in the case of bagged
charges, to the igniter—and this produces a large hot flame which
sweeps out into the chamber of the gun or cartridge, sweeps
around the large grains of smokeless powder, and sets fire to them
all over their surface. In a typical case the primer cap contains
a mixture of mercury fulminate with antimony sulfide and potas-
sium chlorate. The fulminate explodes when the mixture is
crushed; it produces fire, and the other ingredients of the com-
position maintain the fire for a short interval. The igniter bag in
our diagram is a silk bag containing black powder which takes
fire readily and burns rapidly. The igniter and the bag contain-
ing the smokeless powder are made from silk because silk either
burns or goes out—and leaves no smoldering residue in the bar-
rel of the gun after the shot has been fired. For different guns
and among different nations the igniters are designed in a variety
of ways, many of which are described in the books which deal
with guns, gunnery, and ammunition. Sometimes the igniter
powder is contained in an integral part of the cartridge case. For
small arms no igniter is needed; the primer ignites the propellant.
For large guns no cartridge case is used; the projectile and the
propelling charge are loaded froin the breech, the igniter bag
being sewed or tied to the base end of the bag which contains
the powder, and the primer being fitted in a hole in the breech-
block by which the gun is closed.

Ihe smokeless powder in our diagram is a dense, progressive-
burning, colloided straight nitrocellulose powder, in cylindrical
grams with one or with seven longitudinal perforations. The
name from the igniter lights the grains, both on the outer surfaces
which commence to burn inward and in the perforations which
commence to enlarge, burning outward. The burning at first is

ow. As the pressure increases, the projectile starts to move,
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The rifling in the barrel of the gun bites into the soft copper
driving band, imparting a rotation to the projectile, and the rate
of rotation increases as the projectile approaches the muzzle
As heat accumulates in the chamber of the gun, the powder burns
faster and faster; gas and heat and pressure are produced for
some time at an accelerated rate, and the projectile acquires
acceleration continuously. It has its greatest velocity at the
moment when it leaves the muzzle. The greatest pressure, how-
ever, occurs at a point far back from the muzzle where the gun is
of correspondingly stronger construction than at its open end. The
duration of the burning of the powder depends upon its web thick-
ness, that is, upon the thickness between the single central
perforation and the sides of the cylindrical grain, or, in the
multiperforated powders, upon the thickness between the per-
forations. The powder, if properly designed, is burned com-
pletely at the moment when the projectile emerges from the
muzzle.

The combination fuze contains two primer caps, and devices
more or less free to move within the fuze, by which these may
be fired. When the shell starts, to move, everything within it
undergoes setback, and tends to lag because of its inertia. The
fuze contains a piece of metal with a point or firing pin on its
rearmost end, held in place by an almost complete ring set into
its sides and in the sides of the cylindrical space through which
it might otherwise move freely. This, with its primer cap, con-
stitutes the concussion element. The setback causes it to pull
through the ring; the pin strikes the cap; fire is produced and
communicates with a train of slow-burning black powder of spe-
cial composition (fuze powder) the length of which has been pre
viously adjusted by turning the time-train rings in the head of
the fuze. The powder train, in a typical case, may burn for any
particular interval up to 21 seconds, at the end of which time
the fire reaches a chamber or magazine which is filled with ordi«
nary black powder. This burns rapidly and produces a large
flame which strikes through to the detonr tor, containing mercury
fulminate or lead azide, which explodes and causes the shell to
detonate while it is in flight. The head of the fuze may also be
adjusted in such manner that the fire produced by the concussion
•element will finally burn to a dead end, and the shell in that case
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11 explode only in consequence of the action of the percussion
dement when it hits the target.

When the shell strikes any object and loses velocity, every-
thing within it still tends to move forward. The percussion ele-
ment consists of a metal cylinder, free to move backward and
forward through a short distance, and of a primer cap, opposite
the forward end of the cylinder and set into the metal in such
fashion that the end of the cylinder cannot quite touch it. If this
end of the cylinder should carry a firing pin, then it would fire
the cap, and this might happen if the shell were dropped acci-
dentally—with unfortunate results. When the shell starts to move
in the gun, the cylinder lags back in the short space which is
allotted to it. The shell rotates during flight. Centrifugal force,
acting upon a mechanism within the cylinder, causes a firing pin
to rise up out of its forward end. The fuze becomes armed. When
the shell meets an obstacle, the cylinder rushes forward, the pin
strikes the cap, fire is produced and communicates directly to
the black powder magazine and to the detonator—and the shell
is exploded forthwith.

FIGURE 2. Cross Section of a 155-mm. High-Explosive Shell Loaded
with TNT.

The high explosive in the shell must be so insensitive that it
J"11 tolerate the shock of setback without exploding. Trinitro-

Uiene (TNT) is generally considered to be satisfactory for all
1 ^ ^ Purposes, except for armor-piercing shells. The explosive

ties 1 tightly p a c k e d w i t h i n t h e she11- T h e r e must b e n o c a v i "
the' t h C S e t b a c k c a u s e t h e explosive to move violently across
the r P T * 1 0 e x p l o d e Prematurely while the shell is still within
dp+« a f ° f t h e g u n ' o r a s i s m o r e likely, to pull away from the
detonator and fail to be exploded by it.

mitrotoluene, which melts below the boiling point of water,
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is generally loaded by pouring the liquid explosive into the shell
Since the liquid contracts when it freezes, and in order to pre-
vent cavities, the shell standing upon its base is supplied at its
open end with a paper funnel, like the neck of a bottle, and the
liquid TNT is poured until the shell and the paper funnel are
both full. After the whole has cooled, the funnel and any TNT
which is in it are removed, and the space for the booster is bored
out with a drill. Cast TNT is not exploded by the explosion of
fulminate, which, however, does cause the explosion of granular
and compressed TNT. The explosion of granular TNT will ini-
tiate the explosion of cast TNT, and the granular material may
be used as a booster for that purpose. In practice, tetryl is gen-
erally preferred as a booster for military use. It is more easily
detonated than TNT, more brisant, and a better initiator.
Boosters are used even with high explosives which are detonated
by fulminate, for they make it possible to get along with smaller
quantities of this dangerous material.

Propagation of Explosion

When black powder burns, the first portion to receive the fire
undergoes a chemical reaction which results in the production of
hot gas. The gas, tending to expand in all directions from the
place where it is produced, warms the next portion of black pow-
der to the kindling temperature. This then takes fire and burns
with the production of more hot gas which raises the tempera-
ture of the next adjacent material. If the black powder is con-
fined, the pressure rises, and the heat, since it cannot escape,
is communicated more rapidly through the mass. Further, the
gas- and heat-producing chemical reaction, like any other chem-
ical reaction, doubles its rate for every 10° (approximate) rise
of temperature. In a confined space the combustion becomes ex-
tremely rapid, but it is still believed to be combustion in the sense
that it is a phenomenon dependent upon the transmission of heat.

The explosion of a primary explosive or of a high explosive,
on the other hand, is believed to be a phenomenon which is de-
pendent upon the transmission of pressure or, perhaps more prop-
erly, upon the transmission of shock.2 Fire, friction, or shock,

2 The effects of static pressure and of the rate of production of the
pressure have not yet been studied much, nor is there information con-
cerning the pressures which occur within the mass of the explosive while
it is exploding.
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ting upon, say, fulminate, in the first instance cause it to
nderg0 a r aPid chemical transformation which produces hot

and the transformation is so rapid that the advancing front
of the mass of hot gas amounts to a wave of pressure capable of
initiating by its shock the explosion of the next portion of ful-
minate. This explodes to furnish additional shock which explodes
the next adjacent portion of fulminate, and so on, the explosion
advancing through the mass with incredible quickness. In a
standard No. 6 blasting cap the explosion proceeds with a veloc-
ity of about 3500 meters per second.

If a sufficient quantity of fulminate is exploded in contact with
trinitrotoluene, the shock induces the trinitrotoluene to explode,
producing a shock adequate to initiate the explosion of a further
portion. The explosive wave traverses the trinitrotoluene with a
velocity which is actually greater than the velocity of the initiat-
ing wave in the fulminate. Because this sort of thing happens,
the application of the principle of the booster is possible. If the
quantity of fulminate is not sufficient, the trinitrotoluene either
does not detonate at all or detonates incompletely and only part
way into its mass. For every high explosive there is a minimum
quantity of each primary explosive which is needed to secure its
certain and complete denotation. The best initiator for one high
explosive is not necessarily the best initiator for another. A high
explosive is generally not its own best initiator unless it happens
to be used under conditions in which it is exploding with its maxi-
mum velocity of detonation.

Detonating Fuse

Detonating fuse consists of a narrow tube filled with high ex-
plosive. When an explosion is initiated at one end by means of
a detonator, the explosive wave travels along the fuse with a
high velocity and causes the detonation of other high explosives
which lie in its path. Detonating fuse is used for procuring the
almost simultaneous explosion of a number of charges.

Detonating fuse is called cordeau detonant in the French lan-
guage, and cordeau has become the common American designa-
tion for it. Cordeau has been made from lead tubes filled with
trinitrotoluene, from aluminum or block tin tubes filled with pic-
n c acid, and from tubes of woven fabric filled with nitrocellulose
o r with pentaerythrite tetranitrate (PETN). In this country the
Ensign-Bickford Company, at Simsbury, Connecticut, manufac-
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tures Cordeau-Bickford, a lead tube filled with TNT, and Prima-
cord-Bickford,3 a tube of waterproof textile filled with finely
powdered PETN. The cordeau is made by filling a large lead
pipe (about 1 inch in diameter) with molten TNT, allowing to
cool, and drawing down in the manner that wire is drawn. The
finished tube is tightly packed with finely divided crystalline
TNT. Cordeau-Bickford detonates with a velocity of about 5200
meters per second (17,056 feet or 3.23 miles), Primacord-Bickford
with a velocity of about 6200 meters per second (20,350 feet or
3.85 miles). These are not the maximum velocities of detonation
of the explosives in question. The velocities would be greater if
the tubes were wider.

Detonating fuse is fired by means of a blasting cap held snugly
and firmly against its end by a union of thin copper tubing
crimped into place. Similarly, two ends are spliced by holding
them in contact within a coupling. The ends ought to touch each
other, or at least to be separated by not more than a very small
space, for the explosive wave of the detonating fuse cannot be
depended upon to throw its initiating power across a gap of much
more than % inch.

When several charges are to be fired, a single main line of
detonating fuse is laid and branch lines to the several charges
are connected to it. The method by which a branch is connected
to a main line of cordeau is shown in Figures 3, 4, 5, 6, and 7.
The main line is not cut or bent. The end of the branch is slit in
two (with a special instrument designed for this purpose) and
is opened to form a V in the point of which the main line is laid—
and there it is held in place by the two halves of the slit branch
cordeau, still filled with TNT, wound around it in opposite direc-
tions. The connection is made in this manner in order that the
explosive wave, traveling along the main line, may strike the

3 These are not to be confused with Bickjord fuse or safety fuse manu-
factured by the same company, which consists of a central thread sur-
rounded by a core of black powder enclosed within a tube of woven
threads, surrounded by various layers of textile, waterproof material,
sheathing, etc. This is miner's fuse, and is everywhere known as Bickford
fuse after the Englishman who invented the machine by which such fuse
was first woven. The most common variety burns with a velocity of about
1 foot per minute. When the fire reaches its end, a spurt of flame about
an inch long shoots out for igniting black powder or for firing a blasting
cap.
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branch line squarely against the length of the column of TNT,
and so provoke its detonation. If the explosive wave were travel-
mg from the branch against the mam line (as laid), it would

FIGURES 3, 4, 5, 6, and 7 Method of Connecting a Branch to a Main
Line of Cordeau (Courtesy Ensign-Bickford Company) FIGURE 3 Slit-
ting the Branch Line FIGURE 4 The Slit End Open FIGURE 5 The Main
Line m Place FIGURL 6 Winding the Splice FIGURE 7. The Finished
Junction

strike across the column of TNT and would shatter it, but would
be less likely to make it explode For connecting a branch line of
Primacord, it is satisfactory to make a half hitch of the end
around the main line.

A circle of detonating fuse around a tree will rapidly strip off
a belt of heavy bark, a device which is sometimes useful in the
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control of insect pests. If the detonating fuse is looped succea
sively around a few blocks of TNT or cartridges of dynamite
and if these are strung around a large tree, the tree may be felle<
very quickly in an emergency. In military operations it may b
desirable to "deny a terrain to the enemy" without occupying |
oneself, and the result may be accomplished by scattering mustar<
gas over the area. For this purpose, perhaps during the night, (
long piece of Primacord may be laid through the area, loopei
here and there in circles upon which tin cans of mustard gai
(actually a liquid) are placed. The whole may be fired, whej
desired, by a single detonator, and the gas adequately dispersed

Velocity of Detonation

If* the quantity of the primary explosive used to initiate thf
explosion of a high explosive is increased beyond the minimuia
necessary for that result, the velocity with which the resulting
explosion propagates itself through the high explosive is corre-
spondingly increased, until a certain optimum is reached, depend-
ing upon the physical state of the explosive, whether cast oi
powdered, whether compressed much or little, upon the width oi
the column and the strength of the material which confines it
and of course upon the particular explosive which is used. B j
proper adjustment of these conditions, by pressing the powdered
explosive to the optimum density (which must be determined by
experiment) in steel tubes of sufficiently large diameter, and by
initiating the explosion with a large enough charge of dynamita
or other booster (itself exploded by a blasting cap), it is possible
to secure the maximum velocity of detonation. This ultimata
maximum is of less interest to workers with explosives than the
maximum found while experimenting with paper cartridges, and
it is the latter maximum which is generally reported. The physical
state and density of the explosive, and the temperature at which
the determinations were made, must also be noted if the figures
for the velocity of detonation are to be reproducible.

Velocities of detonation were first measured by Berthelot and
Vieille,4 who worked first with gaseous explosives and later with
liquids and solids. They used a Boulenge chronograph the pre-
cision of which was such that they were obliged to employ long

4 Berthelot, "Sur la force des matieres explosives," 2 vols., third edition,
Paris, 1883, Vol. 1, p. 133. Cf. Mem. poudres, 4, 7 (1891).



FIGURE 8. Pierre-Eugene Marcellin Berthelot (1827-1907) (Photo by P.
Nadar, Paris). Founder of thermochemistry and the science of explosives.
He synthesized acetylene and benzene from their elements, and alcohol
from ethylene, studied the polyatomic alcohols and acids, the fixation of
nitrogen, the chemistry of agriculture, and the history of Greek, Syriac,
Arabic, and medieval chemistry. He was a Senator of France, Minister
°f Public Instruction, Minister of Foreign Affairs, and Secretary of the
Academy of Sciences, and is buried in the Pantheon at Paris.
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columns of the explosives. The Mettegang recorder now com-
monly used for these measurements is an instrument of greater
precision and makes it possible to work with much shorter
cartridges of the explosive materials. This apparatus consists
essentially of a strong, well-turned and balanced, heavy cylinder
of steel which is rotated by an electric motor at a high but exactly
known velocity. The velocity of its smoked surface relative to a
platinum point which almost touches it may be as much as 100
meters per second. The explosive to be tested is loaded in a
cylindrical cartridge. At a known distance apart two thin copper
wires are passed through the explosive at right angles to the axis
of the cartridge. If the explosive has been cast, the wires are
bound tightly to its surface. Each of the wires is part of a closed
circuit through an inductance, so arranged that, when the circuit
is broken, a spark passes between the platinum point and the
steel drum of the chronograph. The spark makes a mark upon the
smoked surface. When the explosive is now fired by means of a
detonator at the end of the cartridge, first one and then the other
of the two wires is broken by the explosion, and two marks are
made on the rotating drum. The distance between these marks is
measured with a micrometer microscope. The duration of time
which corresponds to the movement of the surface of the rotating
drum through this distance is calculated, and this is the time
which,was required for the detonation of the column of known
length of explosive which lay between the two wires. From this,
the velocity of detonation in meters per second is computed
easily.

Since a chronograph is expensive and time-consuming to use,
the much simpler method of Dautriche,5 which depends upon a
comparison of the unknown with a standard previously measured
by the chronograph, finds wide application. Commercial cordeau
is remarkably uniform. An accurately measured length, say 2
meters, of cordeau of known velocity of detonation is taken, its
midpoint is marked, and its ends are inserted into the cartridge
of the explosive which is being tested, at a known distance apart,
like the copper wires in the absolute method (Figure 9). The
middle portion of the loop of cordeau is made straight and is laid
upon a sheet of lead (6-8 mm. thick), the marked midpoint being

6 Mem. poudres, 14, 216 (1907); Comp. rend., 143, 641 (1906).
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placed upon a line scratched in the lead plate at right angles to
the direction of the cordeau. When the detonator in the end of
the cartridge of explosive is fired, the explosive wave first en-
counters one end of the cordeau and initiates its explosion from
this end, then proceeds through the cartridge, encounters the
other end of the cordeau, and initiates its explosion from that
end. The explosive waves from the two ends cf the cordeau meet
one another and mark the point of their meeting by an extra-
deep, sharp furrow in the lead plate, perhaps by a hole punched

Point where explosive waves meet Mid point of cordeau

Lead plate

Explosive under tes1

FIGURE 9. D a u t r i c h e M e t h o d of M e a s u r i n g Ve loc i ty of D e t o n a t i o n . F r o m

the po in t A t h e explosion p roceeds in t w o d i r e c t i o n s : (1) a long t h e

cordeau (of k n o w n v e l o c i t y of d e t o n a t i o n ) , a n d (2) t h r o u g h t h e ca r t r idge

of explosive which is be ing t e s t e d a n d t h e n a l o n g t h e co rdeau . W h e n t h e

two waves in t h e cordeau m e e t , t h e y m a k e a m a r k in t h e lead p l a t e u p o n

which t h e cordeau is r e s t ing .

t h r o u g h i t . T h e d i s t a n c e o f t h i s p o i n t i s m e a s u r e d f r o m t h e l i n e

w h e r e t h e m i d p o i n t o f t h e c o r d e a u w a s p l a c e d . C a l l t h i s d i s t a n c e

d. I t i s e v i d e n t t h a t , f r o m t h e m o m e n t w h e n t h e n e a r e n d o f t h e

c o r d e a u s t a r t e d t o d e t o n a t e , o n e e x p l o s i v e w a v e t r a v e l e d i n

t h e c o r d e a u f o r a d i s t a n c e e q u a l t o o n e - h a l f t h e l e n g t h o f t h e

c o r d e a u p l u s t h e d i s t a n c e d, w h i l e t h e o t h e r e x p l o s i v e w a v e , d u r -
l n g t h e s a m e i n t e r v a l o f t i m e , t r a v e l e d i n t h e e x p l o s i v e u n d e r

e x a m i n a t i o n a d i s t a n c e e q u a l t o t h e d i s t a n c e b e t w e e n t h e i n s e r t e d

e n d s o f c o r d e a u , t h e n i n t h e c o r d e a u a d i s t a n c e e q u a l t o o n e - h a l f

i t s l e n g t h m i n u s t h e d i s t a n c e d. T h e t i m e s r e q u i r e d f o r t h e p a s s a g e

° f t h e e x p l o s i v e w a v e s i n t h e c o r d e a u a r e c a l c u l a t e d f r o m t h e

k n o w n v e l o c i t y o f d e t o n a t i o n o f t h e c o r d e a u u s e d ; t h e n c e t h e

t i m e i - e q u i r e d f o r t h e d e t o n a t i o n o f t h e c o l u m n o f e x p l o s i v e w h i c h
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stood between the ends of the cordeau; thence the velocity of
detonation in meters per second.

Velocities of detonation have recently been measured by high-
speed photography of the explosions through a slit, and by other
devices in which the elapsed times are measured by means of a
cathode-ray oscillograph.

The Munroe Effect
The mark which explosive waves, traveling toward each other

on the same piece of cordeau, make at the point where they meet
is evidently due to the fact that they spread out sideways at the
point of their encounter. Their combined forces produce an effect
greater than either alone could give. The behavior of jets of
water, shot against each other under high pressure, supplies a
very good qualitative picture of the impact of explosive waves.
If the waves meet at an angle, the resultant wave, stronger than
either, goes off in a direction which could be predicted from a
consideration of the parallelogram of forces. This is the explana-
tion of the Munroe effect.

Charles Edward Munroe,6 while working at the Naval Torpedo
Station at Newport, discovered in 1888 that if a block of gun-
cotton with letters countersunk into its surface is detonated with
its lettered surface against a steel plate, the letters are indented
into the surface of the steel. Similarly, if the letters are raised
above the surface of the guncotton, by the detonation they are
reproduced in relief on the steel plate, embossed and raised above
the neighboring surface. In short, the greatest effects are pro-
duced on the steel plate at the points where the explosive material
stands away from it, at the points precisely where explosive
waves from different directions meet and reinforce each other.
Munroe found that by increasing the depth of the concavity in
the explosive he was able to produce greater and greater effects
on the plate, until finally, with a charge which was pierced com-
pletely- through, he was able to puncture a hole through it.7 By
introducing lace, ferns, coins, etc., between the flat surface of a

6 For biographical notice by C. A. Browne, see /. Am. Chem. Soc, 61,
731 (1939).

7 Cf. article by Marshall, "The Detonation of Hollow Charges," /. Soc.
Chem. Ind., 29, 35 (1920).



FIGURE 10 Charles Edward Munroe (1849-1938) Leader in the develop-
ment of explosives in the United States Invented mdunte, a variety of
smokeless powder, and discovered the Munroe effect Professor of chemis-
try at the U S Naval Academy, Annapolis, Maryland, 1874-1886, chemist
at the Naval Torpedo Station and Naval War College, Newport, Rhode
Island, 1886-1892, professor of chemistry at George Washington Univer-
S1ty, 1892-1917, and chief explosives chemist of the U S Bureau of Mines
in Washington, 1919-1933 Author and co-author of many very valuable
Publications of the Bureau of Mines
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block of explosive and pieces of armor plate, Munroe was able U
secure embossed reproductions of these delicate materials. Sev.
eral fine examples of the Munroe effect, prepared by Munroi
himself, are preserved in a fire screen at the Cosmos Club it
Washington.

The effect of hollowed charges appears to have been redi*
covered, probably independently, by Egon Neumann, who claimed
it as an original discovery, and its application in explosive tech-
nique was patented by the Westfalisch-Anhaltische Sprengstoff.

FIG. 11 FIG. 12
FIGURES 11 and 12. Munroe Effect. (Courtesy Trojan Powder Company)

FIGURE 11. Explosive Enclosed in Pasteboard Wrapper. Note that th«
letters incised into the surface of the explosive are in mirror writing, likq
words set in type, in order that the printing may be normal. A steel plats
after a charge like that pictured was exploded against it, the incised sur»
face being next to the plate. FIGURE 12. A section of steel shafting afta
a charge like that represented in FIGURE 11 had been exploded upon it
the incised surface of the explosive being next to the steel.

A. G. in 1910.8 Neumann, working with blocks of TNT having
conical indentations but not complete perforations, found that
such blocks blew holes through wrought-iron plates, whereaa
solid blocks of greater actual weight only bent or dented them-

It has been recommended that torpedoes be loaded with charges
hollowed in their forward ends. Advantage is taken of the Munroe
effect in the routine blasting of oil wells, and, intentionally or
not, by every explosives engineer who initiates an explosion by
means of two or more electric blasting caps, fired simultaneously,
at different positions within the same charge.

8Ger. Pat. Anm. W. 36,269 (1910); Brit. Pat. 28,030 (1911). Neumann,
Z. angew. Chemn 2238 (1911); Z. ges. Schiess- u. Sprengstoffw., 183 (1914).
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Sensitivity Tests
Among the important tests which are made on explosives are

the determinations of their sensitivity to impact and to tempera-
ture, tha t is, of the distance through which a falling weight
must drop upon them to cause them to explode or to inflame, and
of the temperatures at which they inflame, explode, or "puff"
spontaneously. At different places different machines and appa-
ratus are used, and the numerical results differ in consequence
from laboratory to laboratory.

For the falling weight or impact or drop test a 2-kilogram
weight is generally used. In a typical apparatus the explosive
undergoing the test is contained in a hole in a steel block, a steel
plunger or piston is pressed down firmly upon it, and i t is directly
upon this plunger tha t the weight is dropped. A fresh sample is
taken each time, and material which has not exploded from a
single impact is discarded. A drop of 2 to 4 cm. will explode
mercury fulminate, one of about 70 to 80 cm. will cause the
inflammation of black powder, and one of 60 to 180 cm. will cause
the explosion of T N T according to the physical state of the
sample.

For determining the temperature of ignition, a weighed amount
of the material is introduced into a copper capsule (a blasting
cap shell) and this is thrust into a bath of Wood's metal previ-
ously heated to a known temperature. If no explosion occurs
within 5 seconds (or other definite interval) , the sample is re-
moved, the temperature of the bath is raised 5° (usually), and a
fresh sample in a fresh copper capsule is tried. Under these con-
ditions ( that is, within a 5-second interval) , 4F black powder
takes fire a t 190° ± 5 ° , and 30-caliber straight nitrocellulose
smokeless powder a t 3 1 5 ° ± 5 ° . In another method of carrying
out the test, the capsule containing the explosive is introduced
urto the metal bath a t 100°, the temperature is raised a t a steady
and regulated ra te , and the temperature a t which the explosive
decomposition occurs is noted. When the temperature is raised
more rapidly, the inflammation occurs a t a higher temperature,
a s indicated by the following table.9 The fact tha t explosives are
m o r e sensitive to shock and to friction when they are warm is
doubtless due to the same ult imate causes.

van Duin, Dissertation, Utrecht, 1918, p. 89. The experiments were
carried out with 0.1-gram samples in glass tubes.
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TEMPERATURE OF IGNITION
Heated from 100°

at 20° per minute at 5° per minute
Trinitrotoluene 321° 304°
Picric acid 316° 309°
Tetryl 196° 187°
Hexanitrodiphenylamine 258° 250°
Hexanitrodiphenyl sulfide 319° 302°
Hexanitrodiphenyl sulfone 308° 297°

Substances like trinitrotoluene, picric acid, and tetryl, which
are intrinsically stable at ordinary temperatures, decompose
slowly if they are heated for considerable periods of time at tem-
peratures below those at which they inflame. This, of course, ia
a matter of interest, but it is a property of all samples of tha
substance, does not vary greatly between them, and is not madfl
the object of routine testing. Nitrocellulose and many nitria
esters, however, appear to be intrinsically unstable, subject to a
spontaneous decomposition which is generally slow but may be
accelerated greatly by the presence of impurities in the sample.
For this reason, nitrocellulose and smokeless powder are regu-
larly subjected to stability tests for the purpose, not of establish-
ing facts concerning the explosive in question, but rather for
determining the quality of the particular sample.10

10 The routine tests which are carried out on military explosives art
described in U. S. War Department Technical Manual TM9-2900, "Mili-
tary Explosives." The testing of explosives for sensitivity, explosive power,
etc., is described in the Bulletins and Technical Papers of the U. S. Bureau
of Mines. The student of explosives is advised to secure from the Super-
intendent of Documents, Washington, D. C, a list of the publications of
the Bureau of Mines, and then to supply himself with as many as may
be of interest, for they are sold at very moderate prices. The following
are especially recommended. Several of these are now no longer procur-
able from the Superintendent of Documents, but they may be found in
many libraries.

Bull. 15. "Investigations of Explosives Used in Coal Mines," by Clar-
ence Hall, W. O. Snelling, and S. P. Howell.

Bull. 17. "A Primer on Explosives for Coal Miners," by Charles E,
Munroe and Clarence Hall.

Bull. 48. "The Selection of Explosives Used in Engineering and Mining
Operations," by Clarence Hall and Spencer P. Howell.

Bull. 59. "Investigations of Detonators and Electric Detonators," by
Clarence Hall and Spencer P. Howell.

Bull. 66. "Tests of Permissible Explosives," by Clarence Hall and Spen-
cer P. Howell.
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Tests of Explosive Power and Brisance
For estimating the total energy of an explosive, a test in the

manometric bomb probably supplies the most satisfactory single
indication. It should be remembered that total energy and actual
effectiveness are different matters. The effectiveness of an ex-
plosive depends in large part upon the rate at which its energy is
liberated.

The high pressures developed by explosions were first meas-
ured by means of the Rodman gauge, in which the pressure
caused a hardened-steel knife edge to penetrate into a disc of
soft copper. The depth of penetration was taken as a measure of
the pressure to which the apparatus had been subjected. This
gauge was improved by Nobel, who used a copper cylinder placed
between a fixed and a movable steel piston. Such crusher gauges
are at present used widely, both for measuring the maximum
pressures produced by explosions within the confined space of the
manometric bomb and for determining the pressures which exist
in the barrels of guns during the proof firing of powder. The
small copper cylinders are purchased in large and uniform lots,
their deformations under static pressures are determined and
plotted in a chart, and the assumption is made that the sudden
pressures resulting from explosions produce the same deforma-
tions as static pressures of the same magnitudes. Piezoelectric
gauges, in which the pressure on a tourmaline crystal or on discs
of quartz produces an electromotive force, have been used in
work with manometric bombs and for measuring the pressures
which exist in the chambers of guns. Other gauges, which depend

Bull. 80. "A Primer on Explosives for Metal Miners and Quarrymen,"
by Charles E. Munroe and Clarence Hall.

Bull. 346. "Physical Testing of Explosives at the Bureau of Mines Explo-
sives Experiment Station, Bruceton, Pa.," by Charles E. Munroe and J. E.
Tiffany.

Tech. Paper 125. "The Sand Test for Determining the Strength of De-
tonators," by C. G. Storm and W. C. Cope.

Tech. Paper 234. "Sensitiveness of Explosives to Frictional Impact," by
s- P. Howell.

011 this subject the book "Testing Explosives'' by C. E. Bichel, English
translation by A. Larnsen, London, 1905, will be found of value, as will
*> the book of Berthelot, already cited, and many important papers in
emorial des poudres and Zeitschrift jur das gesamte Schiess- und Spreng-

Moffwesen.
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upon the change of electrical resistance of a conducting wire, are
beginning to find application.

The manometric bomb is strongly constructed of steel and has
a capacity which is known accurately. In order that the pressure
resulting from the explosion may have real significance, the
density of loading, that, is, the number of grams of explosive per
cubic centimeter of volume, must also be reported. The pressures
produced by the same explosive in the same bomb are in general
not directly proportional to the density of loading. The tempera-
tures in- the different cases arc certainly different, and the com-
positions of the hot gaseous mixtures depend upon the pressures
which exist upon them and determine the conditions of the
equilibria between their components. The water in the gases can
be determined, their volume and pressure can be measured at
ordinary temperature, and the temperature of the explosion can
be calculated roughly if the assumptions are made that the gas
laws hold and that the composition of the cold gases is the same
as that of the hot. If the gases are analyzed, and our best
knowledge relative to the equilibria which exist between the com-
ponents is assumed to be valid for the whole temperature range,
then the temperature produced by the explosion can be calculated
with better approximation.

Other means of estimating and comparing the capacity of
explosives for doing useful work are supplied by the tests with the
ballistic pendulum11 and by the Trauzl and small lead block
tests. The first of these is useful for comparing a new commercial
explosive with one which is standard; the others give indications
which are of interest in describing both commercial explosives
and pure explosive substances.

In the Trauzl lead block test (often called simply the lead
block test) 10 grams of the explosive, wrapped in tinfoil and
stemmed with sand, is exploded by means of an electric detonator
in a cylindrical hole in the middle of a cylindrical block of lead,
and the enlargement of the cavity, measured by pouring in water
from a graduate and corrected for the enlargement which is
ascribable to the detonator alone, is reported. For the standard
test, the blocks are cast from chemically pure lead, 200 mm. in
height and 200 mm. in diameter, with a central hole made by
the mold, 125 mm. deep and 25 mm. in diameter. The test is

11 U. S. Bur. Mines Bull. 15, pp. 79-82.
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op only to explosives which detonate. Black powder and
other explosives which burn produce but little effect, for the gases
blow out the stemming and escape. The test is largely one of
brisance, but for explosives of substantially equal brisance it
gives some indication of their relative power. An explosive of
great brisance but little power will create an almost spherical
pocket at the bottom of the hole in the block, while one of less
brisance and greater power will enlarge the hole throughout its

FIGURE 13. Lead Block Tests (above), and Trauzl Tests (below). (Cour-
tesy U. S. Bureau of Mines.)

length and widen its throat at the top of the block. The form of
the hole, then, as shown by sectioning the block, is not without
significance. The Trauzl test does not give reliable indications
with explosives which contain aluminum (such as ammonal) or
wrth others which produce very high temperatures, for the hot
gases erode the metal, and the results are high.

A small Trauzl block is used for testing commercial detonators.
Another test, known as the small lead block test, is entirely a

test of brisance. As the test is conducted at the U. S. Bureau of
Mines/a a ieacj cylinder 38 mm. in diameter and 64 mm. high is

upright upon a rigid steel support; a disc of annealed steel
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38 mm. in diameter and 6.4 mm. thick is placed upon it; a strip
of manila paper wide enough to extend beyond the top of the
composite cylinder and to form a container at its upper end is
wrapped and secured around it; 100 grams of explosive is placed

FIGURE 14. Small Trauzl Tests of Detonators. (Courtesy Western Cartridge
Company.)

in this container and fired, without tamping, by means of an
electric detonator. The result is reported as the compression of
the lead block, that is, as the difference between its height before
and its height after the explosion. The steel disc receives the
force of the explosion and transmits it to the lead cylinder. With-

I B

FIGURE 15. Aluminum Plate and Lead Plate Tests of Detonators. (Courtesy
Atlas Powder Company.)

out it, the lead cylinder would be so much deformed that its
height could not be measured.

In the lead plate test of detonators, the detonator is fired while
standing upright on a plate of pure lead. Plates 2 to 6 mm. thick
are used, most commonly 3 mm. A good detonator makes a clean-
cut hole through the lead. The metal of the detonator case is
blown into small fragments which make fine and characteristic
markings on the lead plate radiating away from the place where
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the detonator stood. With a good detonator, the surface of the
lead plate ought to show no places where it has been torn roughly

FIGURE 16. Effect of Detonator on Lead Plate 10 cm. Distant from Its End.
The diameter of the hole is about 1% times the diameter of the detonator
which was fired. The lead has splashed up around the hole in much the
same fashion as placid water splashes when a pebble is dropped into it.
Note the numerous small splashes on the lead plate where it was struck
by fragments of the detonator casing.

by large fragments of the case. Similar tests are often carried out
with plates of aluminum.



CHAPTER II

BLACK POWDER

- The discovery that a mixture of potassium nitrate, charcoal,
and sulfur is capable of doing useful mechanical work is one of
the most important chemical discoveries or inventions of all
timev It is to be classed with the discovery or invention of pottery,
which occurred before the remote beginning of history, and with
that of the fixation of nitrogen by reason of which the ecology
of the human race will be different in the future from what it has
been throughout the time that is past. Three great discoveries
signalized the break-up of the Middle Ages: the discovery of
America, which made available new foods and drugs, new natural
resources, and new land in which people might multiply, prosper,
and develop new cultures; the discovery of printing, which made
possible the rapid and cheap diffusion of knowledge; and the
discovery of the controllable force of gunpowder, which made
huge engineering achievements possible, gave access to coal and
to minerals within the earth, and brought on directly, the age of
iron and steel and with it the era of machines and of rapid trans-
portation and communication. It is difficult to judge which of
these three inventions has made the greatest difference to man-
kind.
< Black powder and similar mixtures were used in incendiary

compositions, and in pyrotechnic devices for amusement and fo*
war, long before there was any thought of applying their energy
usefully for the production of mechanical work.-The invention
of guns—and it seems to be this invention which is meant when
"the discovery of gunpowder" is mentioned—did not follow imme-
diately upon the discovery of the composition of black powder.
It is possible that other applications antedated it, that black
powder was used in petards for blowing down gateways, draw-
bridges, etc., or in simple operations of blasting, before it was
used for its ballistic effect.

28
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Berthold Schwarz
The tradition that the composition of black powder was dis-

covered and that guns were invented about 1250 (or 1350 or even
later) by Berthold Schwarz, a monk of Freiburg i. Br., in Ger-
many, is perpetuated by a monument at that place. Constantin
Anklitzen assumed the name of Berthold when he joined the
Franciscan order, and was known by his confreres as der
schwarzer Berthold because of his interest in black magic. The
records of the Franciscan chapter in Freiburg were destroyed or
scattered before the Reformation, and there are no contempo-
raneous accounts of the alleged discovery. Concerning the absence
of documents, Oesper1 says:

If he is a purely legendary inventor the answer is obvious.
However, history may have taken no interest in his doings
because guns were said to be execrable inventions and their
employment (except against the unbelievers) was decried as
destructive of manly valor and unworthy of an honorable
warrior. Berthold was reputed to have compounded powder
with Satan's blessing, and the clergy preached that as a co-
worker of the Evil One he was a renegade to his profession
and his name should be forgotten. There is a tradition that
he was imprisoned by his fellow monks, and some say he
made his diabolic invention while in prison. According to
another legend, Berthold blew himself up while demonstrat-
ing the power of his discovery; another states that he was
executed.-

The lovers of fine points may argue over Berthold's exist-
ence, but it can be historically established that Freiburg in
the fourteenth and fifteenth centuries was a flourishing cen-
ter for the casting of cannon and the training of gunners.

Boerhaave on Black Powder
Although black powder has done immeasurable good through

its civil uses, it has nevertheless been regarded as an evil dis-
covery because of the easy and unsportsmanlike means which it
Provides for the destruction of lifey Boerhaave, more than two
Centuries ago, wrote in the modern spirit on the importance of
chemistry in war and condemned black powder2 in a manner

^ r , /. Chem. Education, 16, 305-306 (1939).
Boerhaave, "A New Method of Chemistry," etc., trans. Peter Shaw,

London, 1753, Vol. I7 pp. 189-191. The quoted passage corresponds to the
t*tm of Vol. I, pp. 99-101, of the first edition of Boerhaave's "Elementa
Lhemiae," Leiden. 1732.
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similar to that in which some of our latest devices of warfare
have been decried in public print.

It were indeed to be wish'd that our art had been less in-
genious, in contriving means destructive to mankind; we
mean those instruments of war, which were unknown to the
ancients, and have made such havoc among the moderns.
But as men have always been bent on seeking each other's
destruction by continual wars; and as force, when brought
against us, can only be repelled by force; the chief support
of war, must, after money, be now sought in chemistry.

Roger Bacon, as early as the twelfth century,3 had found
out gunpowder, wherewith he imitated thunder and light-
ning; but that age was so happy as not to apply so extraor-
dinary a discovery to the destruction of mankind. But two
ages afterwards, Barthol. Schwartz* a German monk and
chemist, happening by some accident to discover a prodigious
power of expanding in some of this powder which he had
made for medicinal uses, he apply'd it first in an iron barrel,
and soon after to the military art, and taught it to the
Venetians. The effect is, that the art of war has since that
time turned entirely on this one chemical invention; so that
the feeble boy may now kill the stoutest hero: Nor is there
anything, how vast and solid soever, can withstand it. By a
thorough acquaintance with the power of this powder, that
intelligent Dutch General Cohorn quite alter'd the whole art
of fighting; making such changes in the manner of fortifica-
tion, that places formerly held impregnable, now want de-
fenders. In effect, the power of gun-powder is still more to be
fear'd. I tremble to mention the stupendous force of another

3 Bacon lived in the thirteenth century; we quote the passage as it is
printed.

4Shaw's footnote (op. cit., p. 190) states:
What evidently shews the ordinary account of its invention false, is,

that Schvmrtz is held to have first taught it to the Venetians in the year
1380; and that they first used it in the war against the Genoese, in a
place antiently called Fossa Caudeana, now Chioggia. For we find men-
tion of fire arms much earlier: Peter Messius, in his variae lectiones,
relates that Alphonsus XI. king of Castile used mortars against the
Moors, in a siege in 1348; and Don Pedro, bishop of Leon, in his chron-
icle, mentions the same to have been used above four hundred years
ago, by the people of Tunis, in a sea fight against the Moorish king of
Sevil. Du Cange adds, that there is mention made of this powder in
the registers of the chambers of accounts in France, as early as the
year 1338.
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powder, prepar'd of sulfur, nitre, and burnt lees of wine;6 to
say nothing of the well-known power of aurum fulminans.
Some person taking a quantity of fragrant oil, chemically
procured from spices, and mixing it with a liquor procured
from salt-petre, discover'd a thing far more powerful than
gun-powder itself; and which spontaneously kindles and

5 This is fulminating powder, made, according to Ure's "Dictionary of
Chemistry,'' first American edition, Philadelphia, 1821:

by triturating in a warm mortar, three parts by weight of nitre, two
of carbonate of potash, and one of flowers of sulfur. Its effects, when
fused in a ladle, and then set on fire, are very great. The whole of the
melted fluid explodes with an intolerable noise, and the ladle is com-
monly disfigured, as if it had received a strong blow downwards.
Samuel Guthrie, Jr. (cf. Archeion, 13, 11 ff. [1931]), manufactured and

sold in this country large quantities of a similar material. In a letter to
Benjamin Silliman dated September 12, 1831 (Am. J. Sci. Arts, 21, 288 ff.
[1832])7 he says:

I send you two small phials of nitrated sulphuret of potash, or yellow
powder, as it is usually called in this country. . . . I have made some
hundred pounds of it, which were eagerly bought up by hunters and
sportsmen for priming fire arms, a purpose which it answered most
admirably; and, but for the happy introduction of powder for priming,
which is ignited by percussion, it would long since have gone into
extensive use.

With this preparation I have had much to do, and I doubt whether,
in the whole circle of experimental philosophy, many cases can be found
involving dangers more appalling, or more difficult to be overcome,
than melting fulminating powder and saving the product, and reducing
the process to a business operation. I have had with it some eight or
ten tremendous explosions, and in one of them I received, full in my
face and eyes, the flame of a quarter of a pound of the composition,
just as it had become thoroughly melted.

The common proportions of 3 parts of nitre, 2 parts of carbonate of
potash and 1 part of sulphur, gave a powder three times quicker than
common black powder; but, by melting together 2 parts of nitre and 1
of carbonate of potash, and when the mass was cold adding to 4% parts
of it. 1 part of sulnhur—equal in the 100, to 54.54 dry nitre, 2757 dry
carbonate of potash and 18.19 sulphur—a greatly superior composition
was produced, burning no less than eight and one half times quicker
than the best common powder. The substances were intimately ground
together, and then melted to a waxy consistence, upon an iron plate of
one inch in thickness, heated over a muffled furnace, taking care to
knead the mass assiduously, and remove the plate as often as the bot-
tom of the mass became pretty slippery.

By the previously melting together of the nitre and carbonate of
potash, a more intimate union of these substances was effected than
could possibly be made by mechanical means, or by the slight melting
which was admissible in the after process; and by the slight melting of
the whole upon a thick iron plate, I was able to conduct the business
with facility and safety.

The melted mass, after being cold, is as hard and porous as pumice
stone, and is grained with difficulty; but there is a stage when it is
cooling in which it is very crumbly, and it should then be powdered
upon a board, with a small wooden cylinder, and put up hot, without
sorting the grains or even sifting out the flour.
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burns with great fierceness, without any application of fire."
I shall but just mention a fatal event which lately happen'd
in Germany, from an experiment made with balsam of sul-
phur terebinthinated, and confined in a close chemical vessel,
and thus' exploded by fire; God grant that mortal men may
not be so ingenious at their own cost, as to pervert a profit-
able science any longer to such horrible uses. For this reason
I forbear to mention'several other matters far more horrible
and destructive, than any of those above rehearsed.

Greek Fire
Fire and the sword have been associated with each other from

earliest times. The invention of Greek fire appears to have con-
sisted of the addition of saltpeter to the combustible mixtures
already in use, and Greek fire is thus seen as the direct ancestor
both of black gunpowder and of pyrotechnic compositions.

The Byzantine historian, Theophanes the Confessor, narrates
that "Constantine [Constantine IV, surnamed Pogonatus, the
Bearded], being apprised of the designs of the unbelievers against
Constantinople, commanded large boats equipped with cauldrons
of fire (tubs or vats of fire) and fast-sailing galleys equipped
with siphons." The narrative refers to events which occurred in
the year 670, or possibly 672. It says for the next year: "At this
time Kallinikos, an architect (engineer) from Heliopolis' of Syria,
came to the Byzantines and having prepared a sea fire (or marine
fire) set fire to the boats of the Arabs, and burned these with
their men aboard, and in this manner the Byzantines were
victorious and found (discovered) the marine fire."7 The Mos-
lem fleet was destroyed at Cyzicus by the use of this fire which
for several centuries afterwards continued to bring victory
to the Byzantines in their naval battles with the Moslems and
Russians.

Leo's Tactica, written about A.D. 900 for the generals of the
empire, tells something of the manner in which the Greek fire was
to be used in combat.

6 Shaw's footnote (op. cit., p. 191): "A drachm of compound spirit of
nitre being poured on half a drachm of oil of carraway seeds in vacuo;
the mixture immediately made a flash like gun-powder, and burst the ex-
hausted receiver, which was a glass six inches wide, and eight inches deep."

7 Quoted by N. D. Cheronis, article entitled "Chemical Warfare in the
Middle Ages. Kallinikos's Prepared Fire," J. Chem. Education, 14, 360
(1937).
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And of the last two oarsmen in the bow, let the one be the
siphonator, and the other to cast the anchor into the sea.
. . . In any case, let him have in the bow the siphon covered
with copper, as usual, by means of which he shall shoot the
prepared fire upon the enemy. And above such siphon (let
there be) a false bottom of planks also surrounded by
boards, in which the warriors shall stand to meet the on-
coming foes. . . . On occasion [let there be] formations
immediately to the front [without maneuvers] so, whenever
there is need, to fall upon the enemy at the bow and set
fire to the ships by means of the fire of the siphons. . . .
Many very suitable contrivances were invented by the an-
cients and moderns, with regard to both the enemy's ships
and the warriors on them—such as at that time the prepared
fire which is ejected (thrown) by means of siphons with a
roar and a lurid (burning) smoke and filling them [the
ships] with smoke. . . . They shall use also the other
method of small siphons thrown (i.e., directed) by hand from
behind iron shields and held [by the soldiers], which are
called hand siphons and have been recently manufactured
by oar state. For these can also throw (shoot) the prepared
fire into the faces of the enemy.8

Leo also described the use of strepta, by which a liquid fire was
ejected, but he seemed to have been vague upon the details of
construction of the pieces and upon the force which propelled the
flame, and, like the majority of the Byzantine writers, he failed
to mention the secret ingredient, the saltpeter, upon which the
functioning of the fires undoubtedly depended, for their flames
could be directed downward as well as upward.

The Byzantines kept their secret well and for a long time, but
the Moslems finally learned about it and used the fire against
the Christians at the time of the Fifth Crusade. In the Sixth
Crusade the army of Saint Louis in Egypt was assailed with
incendiaries thrown from ballistae, with fire from tubes, and with
grenades of glass and metal, thrown by hand, which scattered fire
on bursting. Brock8 thinks that the fire from tubes operated in
the manner of Roman candles. The charge, presumed to be a non-
homogeneous mixture of combustible materials with saltpeter,
"will, in certain proportions, if charged into a strong tube, give
intermittent bursts, projecting blazing-masses of the mixture to a

"Oheronis, op. cit., p. 362.
9 A. St. H. Brock, "Pyrotechnics: the History and Art of Firework

Making." London. 1922. p. 15.
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considerable distance. The writer has seen this effect produced in
a steel mortar of 5 ^ inches diameter, the masses of composition
being thrown a distance of upwards of a hundred yards, a con-
siderable range in the days of close warfare." There is no reason
to believe that the fire tubes were guns.

Marcus Graecus

In the celebrated book of Marcus Graecus, Liber ignium ad
comburendos hostes,10 Greek fire and other incendiaries are de-
scribed fully, as is also black powder and its use in rockets and
crackers. This work was quoted by the Arabian physician, Mesue,
in the ninth century, and was probably written during the eighth.

Greek fire is made as follows: take sulfur, tartar, sarco-
colla, pitch, melted saltpeter, petroleum oil, and oil of gum,
boil all these together, impregnate tow with the mixture, and
the material is ready to be set on fire. This fire cannot be
extinguished by urine, or by vinegar, or by sand. . . .

Flying fire (rockets) may be obtained in the following
manner: take one part of colophony, the same of sulfur, and
two parts of saltpeter. Dissolve the pulverized mixture in
linseed oil, or better in oil of lamium. Finally, the mixture is
placed in a reed or in a piece of wood which has been hol-
lowed out. When it is set on fire, it will fly in whatever direc-
tion one wishes, there to set everything on fire.

Another mixture corresponds more closely to the composition
of black powder. The author even specifies grapevine or willow
charcoal which, with the charcoal of black alder, are still the
preferred charcoals for making fuze powders and other grades
where slow burning is desired.

Take one pound of pure sulfur, two pounds of grapevine
or willow charcoal, and six pounds of saltpeter. Grind these
three substances in a marble mortar in such manner as to
reduce them to a most subtle powder. After that, the powder
in desired quantity is put into an envelope for flying (a
rocket) or for making thunder (a cracker). Note that the
envelope for flying ought to be thin and long and well-filled
with the above-described powder tightly packed, while the
envelope for making thunder ought to be short and thick,

10 Book of fires for burning the enemy, reprinted in full by Hoefer,
"Histoire de la chimie," second edition, Paris, 1866, Vol. 1, pp. 517-524,
and discussed ibid., Vol. 1, p. 309.
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only half filled with powder, and tightly tied up at both
ends with an iron wire. Note that a small hole ought to be
made in each envelope for the introduction of the match.
The match ought to be thin at both ends, thick in the mid-
dle, and filled with the above-described powder. The enve-
lope intended to fly in the air has as many thicknesses (ply)
as one pleases; that for making thunder, however, has a
great many.

Toward the end of the Liber ignium the author gives a slightly
different formula for the black powder to be used in rockets.

The composition of flying fire is threefold. The first com-
position may be made from saltpeter, sulfur, and linseed oil.
These ground up together and packed into a reed, and
lighted, will make it ascend in the air. Another flying fire
may be made from saltpeter, sulfur, and grapevine or wil-
low charcoal. These materials, mixed and introduced into a
papyrus tube, and ignited, will make it fly rapidly. And note
that one ought to take three times as much charcoal as sul-
fur and three times as much saltpeter as charcoal.

Roger Bacon

Roger Bacon appears to have been the first scholar in northern
Europe who was acquainted with the use of saltpeter in incen-
diary and explosive mixtures. Yet the passage in which he makes
specific mention of this important ingredient indicates that toy
firecrackers were already in use by the children of his day. In
the "Opus Majus," Sixth Part, On Experimental Science, he
writes:

For malta, which is a kind of bitumen and is plentiful in
this world, when cast upon an armed man burns him up. The
Romans suffered severe loss of life from this in their con-
quests, as Pliny states in the second book of the Natural
History, and as the histories attest. Similarly yellow petro-
leum, that is, oil springing from the rock, burns up whatever
it meets if it is properly prepared. For a consuming fire is
produced by this which can be extinguished with difficulty;
for water cannot put it out. Certain inventions disturb the
hearing to such a degree that, if they are set off suddenly at
night with sufficient skill, neither city nor army can endure
them. No clap of thunder could compare with such noises.
Certain of these strike such terror to the sight that the
coruscations of the clouds disturb it incomparably less. . . .
We have an example of this in that toy of children which is
made in many parts of the world, namely an instrument as
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FIGURE 17 Roger Bacon (c 1214-1292) Probably the first man in Latin
Europe to publish a description of black powder He was acquainted with
rockets and firecrackers, but not with guns.
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large as the human thumb. From the force of the salt called
saltpeter so horrible a sound is produced at the bursting of
so small a thing, namely a small piece of parchment, that we
perceive it exceeds the roar of sharp thunder, and the flash
exceeds the greatest brilliancy of the lightning accompany-
ing the thunder.11

A description in cypher of the composition of black powder in
the treatise "De nullitate magiae"12 which is ascribed to Roger
Bacon has attracted considerable attention. Whether Bacon wrote
the treatise or not, it is certain at any rate that the treatise dates
from about his time and certain, too, that much of the material
which it contains is to be found in the "Opus Majus." The author
describes many of the wonders of nature, mechanical, optical,
medicinal, etc., among them incendiary compositions and fire-
crackers.

We can prepare from saltpeter and other materials an ar-
tificial fire which will burn at whatever distance we please.
The same may be made from red petroleum and other things,
and from amber, and naphtha, and white petroleum, and
from similar materials. . . . Greek fire and many other com-
bustibles are closely akin to these mixtures. . . . For the
sound of thunder may be artificially produced in the air with
greater resulting horror than if it had been produced by nat-
ural causes. A moderate amount of proper material, of the
size of the thumb, will make a horrible sound and violent
coruscation.

Toward the end of the treatise the author announces his inten-
tion of writing obscurely upon a secret of the greatest importance,
and then proceeds to a seemingly incoherent discussion of some-
thing which he calls "the philosopher's egg." Yet a thoughtful
reading between the lines shows that the author is describing the
purification of "the stone of Tagus" (saltpeter), and that this
material is somehow to be used in conjunction with "certain parts
of burned shrubs or of willow" (charcoal) and with the "vapor of
pearl" (which is evidently sulfur in the language of the medieval

""The Opus Majus .of Roger Bacon," trans. Robert Belle Burke, Uni-
versity of Pennsylvania Press, Philadelphia, 1928, Vol. 2, p. 629.

12 Cf. "Roger Bacon's Letter Concerning the Marvelous Power of Art
and of Nature and Concerning the Nullity of Magic," trans. Tenney L.
Davis, Easton, Pennsylvania, 1922.
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chemists). The often-discussed passage which contains the black
powder anagram is as follows:

Sed tamen salis petrae LVRV VO .PO VIR CAN VTRIET
sulphuris, et sic fades tonitruum et coruscationem: sic facies

artificium.

A few lines above the anagram, the author sets down the com-
position of black powder in another manner. "Take then of the
bones of Adam (charcoal) and of the Calx (sulfur), the same
weight of each; and there are six of the Petral Stone (saltpeter)
and five of the Stone of Union." The Stone of Union is either
sulfur or charcoal, probably sulfur, but it doesn't matter for the
context has made it evident that only three components enter
into the composition. Of these, six parts of saltpeter are to be
taken, five each of the other two. The little problem in algebra
supplies a means of checking the solution rf the anagram, and it
is evident that the passage ought to be read as follows:

Sed tamen salis petrae R. VI. PART. V. NOV. CORVLI.
ET V. sulphuris, et sic facies tonitruum et coruscationem: sic

facies artificium.
But, however, of saltpeter take six parts, five of young willow
(charcoal), and five of sulfur, and so you will make thunder

and lightning, and so you will turn the trick.

The 6:5:5 formula is not a very good one for the composition
of black powder for use in guns, but it probably gave a mixture
which produced astonishing results in rockets and firecrackers,
and it is not unlike the formulas of mixtures which are used in
certain pyrotechnic pieces at the present time.

Although Roger Bacon was not acquainted with guns or with
the use of black powder for accomplishing mechanical work, yet
he seems to have recognized the possibilities in the mixture, for
the treatise "On the Nullity of Magic" comes to an end with the
statement: "Whoever will rewrite this will have a key which
opens and no man shuts, and when he will shut, no man opens."13

"Compare Revelations, 3: 7 and 8. "And to the angel of the church
in Philadelphia write: These things saith he that is holy, he that is true,
he that hath the key of David, he that openeth, and no man shutteth;
and shutteth, and no man openeth; I know thy works: behold, I have set
before thee an open door, and no man can shut it."
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Development of Black Powder14

Guns apparently first came into use shortly after the death of
Roger Bacon. A manuscript in the Asiatic Museum at Leningrad,
probably compiled about 1320 by Shems ed Din Mohammed,
shows tubes for shooting arrows and balls by means of powder.
In the library of Christ Church, Oxford, there is a manuscript
entitled "De officiis regum," written by Walter de Millemete in
1325, in which a drawing pictures a man applying a light to the
touch-hole of a bottle-shaped gun for firing a dart. On February
11, 1326, the Republic of Venice ordered iron bullets and metal
cannon for the defense of its castles and villages, and in 1338
cannon and powder were provided for the protection of the ports
of Harfleur and PHeure against Edward III. Cannon were used
in 1342 by the Moors in the defense of Algeciras against Alphonso
XI of Castile, and in 1346 by the English at the battle of Crecy.

When guns began to be used, experiments were carried out for
determining the precise composition of the mixture which would
produce the best effects One notable study, made at Bruxelles
about 1560, led to the selection of a mixture containing saltpeter
75 per cent, charcoal 15.62 per cent, and sulfur 9.38 per cent.
A few of the formulas for black powder which have been used at
various times are calculated to a percentage basis and tabulated
below:

SALTPETEB CHARCOAL SULPUB

8th century, Marcus Graecus 66.66 22.22 11.11
8th century, Marcus Graecus 69.22 23.07 7.69
c 1252, Roger Bacon 37.50 31.25 31.25
1350, Arderne (laboratory recipe) 66.6 22.2 11.1
1560, Whitehome 50.0 33.3 16.6
1560, Bruxelles studies 75.0 15.62 9.38
1635, British Government contract 75.0 12.5 12.5
1781, Bishop Watson 75.0 15.0 10.0

It is a remarkable fact, and one which indicates that the im-
provements in black powder have been largely in the methods
of manufacture, that the last three of these formulas correspond
very closely to the composition of all potassium nitrate black
powder for military and sporting purposes which is used today.
Any considerable deviation from the 6:1:1 or 6:1.2:0.8 formulas

14 An interesting and well-documented account of the history of black
powder and of other explosives may be found in Molinari and Quartieri'a
"Notizie sugli esplodenti in Italia," Milano, 1913.
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produces a powder which bums more slowly or produces less
vigorous effects, and different formulas are used for the com-
pounding of powders for blasting and for other special purposes.
In this country blasting powder is generally made from sodium
nitrate.

John Bate early in the seventeenth century understood the
individual functions of the three components of black powder

FIGURE 18. Gunpowder Manufacture, Lon-ain, 1630. After the materials
had been intimately ground together in the mortar, the mixture was
moistened with water, or with a solution of camphor in brandy, or with
other material, and formed into grains by rubbing through a sieve.

when he wrote: "The Saltpeter is the Soule, the Sulphur the Life,
and the Coales the Body of it."15 The saltpeter supplies the
oxygen for the combustion of the charcoal, but the sulfur is the
life, for this inflammable element catches the first fire, communi-
cates it throughout the mass, makes the powder quick, and gives
it vivacity.

Hard, compressed grains of black powder are not porous—the
sulfur appears to have colloidal properties and to fill completely

15 John Bate, "The Mysteries of Nature and Art," second edition, Lon-
don, 1635, p. 95.
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the spaces between the small particles of the other components—
and the grains are poor conductors of heat. When they are lighted,
they burn progressively from the surface. The area of the surface
of an ordinary grain decreases as the burning advances, the grain
becomes smaller and smaller, the rate of production of gas de-
creases, and the duration of the whole burning depends upon the
dimension of the original grain. Large powder grains which re-
quired more time for their burning were used in the larger guns.
Napoleon's army used roughly cubical grains 8 mm. thick in its
smaller field guns, and cubical ov lozenge-shaped grains twice as
thick in some of its larger guns. Grains in the form of hexagonal
prisms were used later, and the further improvement was intro-
duced of a central hole through the grain in a direction parallel
to the sides of the prism. When these single-perforated hexagonal
prisms were lighted, the area of the outer surfaces decreased as
the burning advanced, but the area of the inner surfaces of the
holes actually increased, and a higher rate of production of gas
was maintained. Such powder, used in rifled guns, gave higher
velocities and greater range than had ever before been possible.
Two further important improvements were made: one, the use of
multiple perforations in the prismatic grain by means of which
the burning surface was made actually to increase as the burning
progressed, with a resultant acceleration in the rate of production
of the gases; and the other, the use of the slower-burning cocoa
powder which permitted improvements in gun design. These,
however, are purely of historical interest, for smokeless powder
has now entirely superseded black powder for use in guns.

If a propellent powder starts to burn slowly, the initial rise of
pressure in the gun is less and the construction of the breech end
of the gun need not be so strong and so heavy. If the powder
later produces gas at an accelerated rate, as it will do if its
burning surface is increasing, then the projectile, already moving
in the barrel, is able to take up the energy of the powder gases
more advantageously and a greater velocity is imparted to it.
The desired result is now secured by the use of progressive-
burning colloided smokeless powder. Cocoa powder was the most
successful form of black powder for use in rifled guns of long
range.

Gocoa powder or brown powder was made in single-perforated
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hexagonal or octagonal prisms which resembled pieces of milk
chocolate. A partially burned brown charcoal made from rye
straw was used. This had colloidal properties and flowed under
pressure, cementing the grains together, and made it possible to
manufacture powders which were slow burning because they con-
tained little sulfur or sometimes even none/ The compositions of
several typical cocoa powders are tabulated below:

BROWN
SALTPETER CHARCOAL SULFUR

England '79 18 3
England 77.4 17.6 5
Germany 78 19 3
Germany 80 20 0
France 78 19 3

Cocoa powder was more sensitive to friction than ordinary black
powder. Samples were reported to have inflamed from shaking in
a canvas bag. Cocoa powder was used in the Spanish-American
war, 1898. When its use was discontinued, existing stocks were
destroyed, and single grains of the powder are now generally to
be seen only in museums <•

Burning of Black Powder

Black powder burns to produce a white smoke. This, of course,
consists of extremely small particles of solid matter held tem-
porarily in suspension by the hot gases from the combustion.
Since the weight of these solids is equal to more than half of the
weight of the original powder, the superiority of smokeless pow-
der, which produces practically no smoke and practically 100 per
cent of its weight of hot gas, is immediately apparent^ The
products of the burning of black powder have been studied by
a number of investigators, particularly by Noble and Abel,16

who showed that the burning does not correspond to any simple
chemical reaction between stoichiometrical proportions of the
ingredients. Their experiments with RLG powder having the
percentage composition indicated below showed that this powder
burned to produce (average results) 42.98 per cent of its weight
of gases, 55.91 per cent solids, and 1.11 per cent water.

18 Noble and Abel, Phil. Trans., 1875, 49; 1880, 203; Mem. poudres, 1,
193 (1882). See also Debus, Proc. Roy. Soc, 30, 198 (1880).
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Potassium nitrate 74.430
Potassium sulfate 0.133
Sulfur 10.093

Carbon 12.398

Charcoal Hydrogen.... 0.401 14.286Oxygen 1.272
Ash 0.215

Moisture 1.058

Their mean results from the analysis of the gaseous products
(percentage by volume) and of the solid products (percentage by
weight) are shown in the following tables.

Carbon dioxide 49.29 Potassium carbonate 61.03
Carbon monoxide 12.47 Potassium sulfate 15.10
Nitrogen 32.91 Potassium sulfide 14.45
Hydrogen sulfide 2.65 Potassium thiocyanate 0.22
Methane 0.43 Potassium nitrate 0.27
Hydrogen 2.19 Ammonium carbonate 0.08

Sulfur 8.74
Carbon 0.08

One gram of the powder in the state in which it was normally
used, that is, while containing 1.058 per cent of moisture, pro-
duced 718.1 calories and 271.3 cc. of permanent gas measured at
0° and 760 mm. One gram of the completely desiccated powder
gave 725.7 calories and 274.2 cc. These results indicate by cal-
culation that the explosion of the powder produces a temperature
of about 3880°.

Uses of Black Powder

Where smoke is no objection, black powder is probably the
best substance that we have for communicating fire and for pro-
ducing a quick hot flame, and it is for these purposes that it is*
now principally used in the military art. Indeed, the fact that jta
flame is filled with finely divided solid material makes it more
efficient as an igniter for smokeless powder than smokeless
powder itself. Standard black powder (made approximately in
accordance with the 6:1:1 or the 6:1.2:0.8 formula) is used in
petards, as a base charge or expelling charge for shrapnel shells,
in saluting and blank fire charges, as the bursting charge of prac-
tice shells and bombs, as a propelling charge in certain pyro-
technic pieces, and, cither with or without the admixture of other
substances which modify the rate of burning, in the time-train
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FIGURE 19. Stamp Mill for Making Black Powder. (Courtesy National
Fireworks Company and the Boston Globe.) This mill, which makes
powder for use in the manufacture of fireworks, consists of a single block
of granite in which three deep cup-shaped cavities have been cut. The
stamps which operate in these cups are supplied at their lower ends with
cylindrical blocks of wood, sections cut from the trunk of a hornbeam
tree. These are replaced when worn out. The powder from the mill is
called "meal powder" and is used as such in the manufacture of fireworks.
Also it is moistened slightly with water and rubbed through sieves to
form granular gunpowder for use in making rockets, Roman candles, aerial
bombshells, and other artifices.
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rings and in other parts of fuzes. Modified black powders, in
which the proportion of the ingredients does not approximate to
the standard formulas just mentioned, have been used for blast-
ing, especially in Europe, and have been adapted to special uses
in pyrotechny. Sodium nitrate powder, ammonpulver, and other
more remote modifications are discussed later in this chapter or
in the chapter on pyrotechnics,

Manufacture
During the eighteenth century, stamp mills (Figure 19) for

incorporating the ingredients of black powder largely superseded
the more primitive mortars operated by hand. The meal powder,
or pulverin as the French call it, was made into gunpowder by
moistening slightly and then pressing through sieves.17 The
powder grains were not uniform with one another either in their
composition or their density, and could not be expected to give
very uniform ballistic results. The use of a heavy wheel mill for
grinding and pressing the materials together, and the subsequent
pressing of the material into a hard cake which is broken up into
grains, represent a great advance in the art and produce hard
grains which are physically and ballistically uniform.18- The
operations in the manufacture of black powder as it is carried out
at present are briefly as follows:

1. Mixing of the powdered materials is accomplished by hand
or mechanical blending while they are dampened with enough
water to prevent the formation of dust, or the powdered sulfur
and charcoal are stirred into a saturated solution of the requisite
amount of potassium nitrate at a temperature of about 130°, the
hot mass is spread out on the floor to cool, and the lumps are
broken up.

2. Incorporating or Milling. The usual wheel mill has wheels
which weigh 8 or 10 tons each. It takes a charge of 300 pounds of

17 The French still make pulverin, for the preparation of black match
and for use in pyrotechnics, by rolling the materials with balls, some of
lead and some of lignum vitae, in a barrel of hardwood. They also some-
times use this method for mixing the ingredients before they are incor-
porated more thoroughly in the wheel mill.

18 The black powder wheel mill is also used for reducing (under water)
deteriorated smokeless powder to a fine meal in order that it may be re-
worked or used in the compounding of commercial explosives, and for the
intimate incorporation of such explosives as the French schneiderite.
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the mixture. The wheels rotate for about 3 hours at a rate of
about 10 turns per minute. Edge runners turn back under the
tread of the wheels material which would otherwise work away
from the center of the mill. Considerable heat is produced during
the milling, and more water is added from time to time to replace
that which is lost by evaporation in order that the material may
always be moist. The "wheel cake" and "clinker" which result
from the milling are broken up into small pieces for the pressing.

FIGURE 20. Modern Wheel Mill for Making Black Powder. (Courtesy Atlas
Powder Company.) The large wheels weigh 10 tons each.

3. Pressing is done in a horizontal hydraulic press. Layers of
powder are built up by hand between plates of aluminum, and
the whole series of plates is pressed in one operation. The appa-
ratus is so designed that fragments of powder are free to fall out
at the edges of the plates, and only as much of the material
remains between them as will conveniently fill the space. An
effective pressure of about 1200 pounds per square inch is applied,
and the resulting press cakes are about % inch thick and 2 feet
square.

4. Corning or granulating is the most dangerous of the opera-
tions in the manufacture of black powder. The corning mill is
usually situated at a distance from the other buildings, is barri-
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caded, and is never approached while the machinery, controlled
from a distance, is in operation. The press cake is cracked or
granulated between crusher rolls. Screens, shaken mechanically,
separate the dust and the coarse pieces from the grains which are
of the right size for use. The coarse pieces pass between other
crusher rolls and over other screens, four sets of crusher rolls
being used. Corning mill dust is used in fuse powder and by the
makers of fireworks, who find it superior for certain purposes to
other kinds of meal powder.

5. Finishing. The granulated powder from the corning mill is
rounded or polished and made "bright" by tumbling in a re-
volving wooden cylinder or barrel. Sometimes it is dried at the
same time by forcing a stream of warm air through the barrel.
Or the polished powder is dried in wooden trays in a dry-house
at 40°. If a glazed powder is desired, the glaze is usually applied
before the final drying. To the polished powder, still warm from
the tumbling, a small amount of graphite is added, and the
tumbling is continued for a short time. Black powder of commerce
usually contains about 1 or 1.5 per cent moisture. If it contains
less than this, it has a tendency to take up moisture from the
air; if it contains much more, its efficiency is affected.

6. Grading. The powder is finally rescreened and separated
into the different grain sizes, C (coarse), CC, CCC, F (fine), FF
or 2F, 3F, 4F, etc. The word grade applied to black powder, refers
to the grain size, not to the quality.

Analysis19

A powdered sample for analysis may be prepared safely by
grinding granulated black powder, in small portions at a time, in
a porcelain mortar. The powder may be passed through a 60-
mesh sieve and transferred quickly to a weighing bottle without
taking up an appreciable amount of moisture.

19 A test which from ancient times has been applied to black powder is
carried out by pouring a small sample onto a cold flat surface and setting
fire to it. A good powder ought to burn in a flash and leave no "pearls"
or residue of globules of fused salt. A solid residue indicates either that
the ingredients have not been well incorporated, or that the powder at
some time in its history has been wet (resulting in larger particles of salt-
peter than would be present in good powder, the same result as poor
incorporation), or that the powder at the time of the test contains an
undue amount of moisture.
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Moisture is determined by drying in a desiccator over sulfuric
acid for 3 days, or by drying to constant weight at 60° or 70°, at
which temperature 2 hours is usually long enough.

For determining potassium nitrate, the weighed sample in a
Gooch crucible is washed with hot water until the washings no
longer give any test for nitrate,20 and the crucible with its con-
tents is dried to constant weight at 70°. The loss of weight its
equal to potassium nitrate plus moisture. In this determination,
as in the determination of moisture, rare must be taken not to
dry the sample too long, for there is danger that some of the
sulfur may be lost by volatilization.

Sulfur is determined as the further loss of weight on extraction
with carbon disulfide in a Wiley extractor or other suitable
apparatus. After the extraction, the crucible ought to be allowed
to dry in the air away from flames until all the inflammable car-
bon disulfide has escaped. It is then dried in the oven to con-
stancy of weight, and the residue is taken as charcoal. Ash is
determined by igniting the residue in the crucible until all carbon
has burned away. A high result for ash may indicate that the
water extraction during the determination of potassium nitrate
was not complete. The analytical results may be calculated on a
moisture-free basis for a closer approximation to the formula by
which the manufacturer prepared the powder.

Blasting Powder

The 6:1:1 and 6:1.2:08 formulas correspond to the quickest
and most vigorous of the black-powder compositions. A slower
and cheaper powder is desirable for blasting, and both these
desiderata are secured by a reduction in the amount of potassium
nitrate. For many yeans the French government has manufac-
tured and sold three kinds of blasting or mining powder, as
follows:

SALTPETER CHARCOAL SULFUR

Forte 72 15 13
Lente 40 30 30
Ordinaire 62 18 20

In the United States a large part of all black powder for blast-
20 A few drops, added to a few cubic centimeters of a solution of 1 gram

of diphenylamine in 100 cc. of concentrated sulfuric acid, give a blue color
if a trace of nitrate is present.




