UNCLASSIFIED

AD NUMBER

AD477759

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; 31 JAN
1966. Other requests shall be referred to
Chemical Research and Development
Laboratories, Edgewood Arsenal, MD 21010.

AUTHORITY

EA D/A ltr dtd 28 Jul 1972

THIS PAGE IS UNCLASSIFIED




XN
~ . AD

Report Number WCDC-6465

477759

EFFECT OF PHASE CHANGE IN SOLID-SOLID REACTIONS (U)

Annual Report
by

Joseph H, McLain
Donala V., Lewis

January 31, 1948

U.S. Army Edgewood Arsenal
CHEMICAL RESEARCH & DEVELOPMENT LABORATORIES

Edgewood Arsenal, Maryland 21010

Grant: DA-AMC-18-035-77(A)

Department of Chemistry
WASHINGTON COLLEGE
Chestertown, Maryland

fmme v W o n o




Defense Documentation Center Availability Notice

Qualified requesters may obtain copies of this report from Defense Documen-
tation Center, Cameron Station, Alexandria, Virginia, 22314,

A LB




Report Number WCDC-6465
Effect of Phase Change
in
Solid- Solid Reactions

Annual Report
by
Joseph H. McLain
Donald V. Lewis

Jangary 31, 1¢66

U. S, Army Edgewood Arsenal
CHEMICAL RESEARCH & DEVELOPMENT LABORATORIES
Edgewood Arsenal, Maryland 21010

Grant: DA-AMC-18-035-77(A)
Task: 1C014501B71A02
Department of Chemistry

WASHINGTON COLLEGE
Chestertown, Maryland




FOREWORD

The work described in this report was autherized under -
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urpose: To investigate the reaction mechanism f{or the sgystem

KClO3 - § - NaHCQ, with emphasis on the detection of phase changes
and their effect on the reaction.

Methods of Investigation: Differantial thermal anajysis, conducti-
metric thermal analvsi. and burng rate str.dies have been used
primarily for these investigations., A !imited amount of measuring
the affect of catrlysts snasitive and negaiive) to the burr s rate of the
fuel mix is incinded. «

This investigation utilizes pure substances and binary mixtures
of S and KCi();, Measurements on thermal stability of modified crystal-
line forms of these components by the above methods are included.

Summary of Resvlts:

1. DTA mezasurements show that profound chianges can be brought
about by trecammnent of the basic components,

2. Conductimetric methods correlated with DTA results have
been partially successiul,

3. An extremely resactive form of KCIC3 has been prepared.
4. A postulated reaction mechanism has been advanced.

Conclusions:

1. Conductimetric studies should be purgued especially in reac-
tions of relatively small exotherms,

2, This system dces undergo a preignition reaction which is le-
pendent upon the previous history of the components,

3. Further experimental work is necessary tc confirm the postu-
lated reaction mechanism.

4. Copper metal and its salts represent a safety hazard in mixes
of sulfur and potassium chiorate.
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EFFECT OF PHASE CHANGES ON SOLID-SOLID REACTIONS

I. Historical

There are two 'fuel mixes' that have been used by the Chem-
ical Corps for dissemination of agents in aerosol form such as dyes
for signalling smokes and chloracetophenone or other lachrymators.

The oldest and most widely used of these is the fuel mix used
in the MlI8 Colored Smoke grenades.

It was developed early in World War II by Dr, S. J. Magram
and Lt. D. H, West (other names intimately associated at this time
were W. P. Munro, J.C. Driskell and O.C., Tubbs), and is an essen-
t1ally Btuiciuvasveu it intimate nix of powdered oultur and potassium
chlorate and dye with varying amounts of sodium bicarborate added
as an alkalyzer and coolant, The amount of coolant needed is depen-
dent upon the heat of sublimation of the agent and its sensitivity to
pyrolytic decomposition.

(1)

A typical formulation is

Grenade, Smoke, Hand Ml18 (Red)

Dye 40 percent
NaHCO3 18 percent
KC10, 30. 24 percent
S 11.76 percent
The KClOj - S ratio is stoichiometric for the reaction 2KClO4
3 SO, 4 2KCl.
+ 35S 3 380, K

During and subsequent to World War II thousands of tons of this
mix was made and loaded into munitions with excellent overall results.
Yet there were some areas of significance for improvement. Of primary
importance was that of safety. Fires on the rotex screens at Huntsville
Arsenal during World War II although not commonplace happened all too
frequently and caused loss of production as well as endangering person-
nel. Explosions or perhaps more exactly deionations have occurred when
pressing and caused fatalities, the latest fire at Alton, Ilinois in March
1965 which caused upwards of $40, 000. 00 in property loss is an example.

Of subsidary importance are some other factors, chief among
which are ---

1. instability in storage
2. batch irreproducibility in production as evidenced by ---

(a} variation in burning time

{b) smoke quality {amou..t and color value)

(c) flamers

(d) fluffiness of mix which causes great difficulty and hazards
in pressing operations

3. high cost of heat resistant dyes
-7 -




Since World War II improvements of varying effectiveness
have been made las the Chemical Corps and ty the Navy., A typical
Navy formulation*’is as followe:

KCl103 30 percent
Sucrose 20 percent
NaHCO3 10 percent
Dye 40 percent
Silocel 1 percent
Cabosil 1 percent

Aside from the elimination of any harmful properties attribu-
table t» the sulfur most of the foregoing disadvantages ascribed to the
sulfur mix plus some others unique to sucrose apply to thc Navy form-
ulation,

As has been stated before,the results with the sulfur mix have
becn mainly successful and when it is remembered that this mix was
developed under war time exigencies as to get.ing the optimum nuni-
tion in the field within the shortest possible time and expense the over-
all success has been quite remarkable., Under this sort of pressure
no time was permitted for a fundamental study as to complete effect
of particle sizes, origin and analysis of the ingredients, pressure of
loading and mixing variations toc mention just a few.

Furthermore many of the techniques for m<z suring some of
these effects were not even known or if known had not been applied to
these sorts of systems. Consequently it was believed that just such
a fundamental study should be undertaken and the physical chemistry
laboratory at Washington College was awarded a research grant for
this purpose,

For sake of completeness the work done by Heatha)@)and co-
workers at the Chemical Defense Experimental Station, Porton, England
on the generation of insecticidal smokes from intimate mixtures should
be discussed. In the first reference DDT (l:1 bis p-chlorphenyl 2:2:2
trichlorethane) and Gammexane (+#~-isomer of benzene hexachloride)
were successfully sublimed from the following composition in 75% ef-
ficiency or better.

Sucrose 23%
KClO3 19%
DDT 58%

In actual use about 2% MgO was added in order to fix any hydrogen
chloride that might be generated during tropical storage which could
bring about premature ignition. It should be pointed out that efficien~
cies of 70 to 75% with DDT generation from an intimate mix are somewhat
remarkable because even pure DDT begins to lose hydrogen chloride at
1809 C and commercial DDT is more susceptible to decomposition.

The second reference reports even more remarkable efficiencies
obtained with mixtures of urea-thiourea as fuel, potassium chlorate as
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oxidizer and DDT as the agent, Efficiencies on mixtures containung
54, 9% 1gent were as high as 90%.

Also a British patent(sq) for an insecticide bomb reports the
following typical composition.
lingane 60
KC103 16.5
t hiourea 11.5
Mineral filler 9
MgO 3

Coiored smoke formulations have been made in Japan using
sucrose and/or lactose as fuel® and many of the same dyes used in
this country.

The oxidizers have uiso been changed. A patern. by T. L. Davis7
utilizes guanidine nitrate and nitro guanidine for a very 'cool'' burning
composition and fireworks smokzs are made using potassium natrate,
charcoal and realgar.

Befoa. undertaking this grant some work believed to be of con-
siderable theoretical imnporta. ce ic¢ this effort had been published by
other workers in parallel fields.

Ii. Literature Survey

The results of a literature survey of the physical and chemical
properties of the three ingredients are reported by substance.

A. Sodium Bicarbonate

White monoclinic prisms of a density 2,22 to 2.6 which when
heated to 110-124° C lose H~O and CO; in accordance with the following
equation 2NaHCO3 ___y NaCOz+ HpO+ CO2 (AH = 20.3 kcal).
When dissolved in water the bicarbu.ate ion hydrolyzes as follows:
HCO3™ 4 Hp0_——> H;CO3* OH-". Due to the limited solubility of CO,
.n water (0. 02 moles per liter at 250 C) the HCO3 decomposes to give
CO2 and H20. The COj then escapes from the equilibrium thus con-
verting more of the HCO3™ to OH™. The OH"~ formed reacts with the
remaining HCO3 to give CO;” and H,O and in this way almost all of the
HCO3" in water solution is converted to CO3=. Larger crystals of NaHCO3
can be grown by evapz%rating the water from a solution of it kept saturated
by a stream of CO,. The energy of activation for its thermal decom-
position is reported to %ez 37.5 k cal/mole in the initial phase and to be
autocatalyzed by CO3". Another report states that the Fa of decom-
position is but 10. 8 kcal/mole and that the CO5~ has no effect °°.

It ha. been used as a fire suppressant but also is reported to

lower the ignition temperature of cellulose fiber, paper and <:harcoa1.35

Its crystal structure has been determined39 and showr to differ
markedly from other salts. The HCO3™ ion has Cp, symmetry (excluding

-9 -
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the H) with C-O bonds = 1, 346, 1. 264 and 1. 263 A in length. Itis

strongly hydrogen bended similar to the dimers of the carboxyllic .
acids. These H bond distances between adjacent HCO3” ions are

2.595 A, Because of these strong H bonds it displays marked

anisotropy in its coefficient of thermal expansion. v

Its crystallization properties can be improved by adding
small quantities of anionic detergents to the solution such as
dodecenyl sulphonate,

Its reactior with SO gas proceeds steadily up to 110° at
which point the speed of this reaction increases several folA.

It is much less stable to heat than its congeners e. g. the
dissociation pressure of NaHCO3 at 100° is 650 mm compared to
50 mm for KHCO; and 10 mm for RbHCO3.

Epinfanov and Kunin62 report that dry SO, over a fluidized
bed of NaHCO; reacts very slowly but at 110° the reaction velocity
increases very rapidly.

B, Sulfur

Perhaps the most succinct characterization of sulfur is given
by B. Meyer34 in which he states '"The behaviour of sulfur is complex
and capricious and can only be reproduced under well defined condi- *
tions', Every student of elementary physical chemistry is familiar
with the phase diagram for sulfur but this of course is not nearly the
full story, h

The most pertinent {to this research) data about the chemical
properties of sulfur is sumtnarized below.

Ordinary rhombic sul{ur exists as octagonal Sg staggered rings
sixteen of which are packed into a unit cell {orthorhombic)?? of size

10.4 x 12.8 x 24,4 A. By making some rough:approximations an aver-
age distance between Sg mblecules can be calculated at about 8A. A
very much more reactive form of sulfur Sg can be made and kept with
special handling, Powdered sulfur exposed to air at ambient temper-
atures undergoes continued oxidation to SO and if impregnated on char-
coal this effect is speeded up. Its ignition temperature in air is 2610 C
(257 ~ 264 in Op). The reaction is said tc be autocatalytic and takes
place in absence of light, The Ep for rupture of S-S bonds at 3000 is
calculated to be 27.5 kcal/mole but one explanation of some experimental
resu.ts proposed two different types of sulfur atoms on the surface, one
of which had an Ep of 37.5 kcal vs the other of 27.5.

The presence of CO, during oxidation of sulfur causes the reaction

toc be shifted toward SO3. The volume change on heating is quite striking
(Fig. I} in the 1060-110° range. This is conclusive evidence for consider- ‘

-10 -
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able crystal lattice loosening and thereby enhanced reactivity during
this expansion of the atomic volume.

Figure 1

Volume.

p / MELTING
oLl

) 20 do ©0 0 ®0 700 120 /1%0

Its melting point is 112.8° C and its boiling point is 444.6° C.
West36 in very careful work with 99.99% purity material gave Tm=
115,21,

The & S melting = 14,900 = 39~ cal/mole degree
— 386

The A S vaporization = 11,580 = 11.6 cal/mole degree
I

This shows a great increase in randomness with melting as
well as showing that the liquid is so random that there is much less
increase when proceeding from the liquid to the gas.
(Trouton's Rule A S = 2L, 0) 283 to Sp* Sp; Thermochemical Valuz
are for S+ O, ) A'H =69 and 258 + 30, 32503 H=92

C. Potassium Chlorate-:.

A survey of over one hundred references was made. Again
what is believed to be the more pertinent data is given below.

Potassium chlora(tf colorless monoclinic crystals of a density
of 2.32 melt at 368.4° C\") and decompose at 400 - 50C° C according to
the literature, The d1fferentia1 thermal analysgis data from CRDL and
this work show the melting point to be 350 % 3, 2° C. depending upon the
purity of the sample, heating rate and particle size. The decompos1—
tion of KCIO; to KCl and O, has a calculated A H = -135.6 k cal/mole,

During its thermal decomposition paramagnetic susceptability
measurements are quite irregular indicating that the KClO, is converted
into reaction products through transition intermediates tha? have un-
paired eilectrons, However, when varipus catalysts are used such as
MnOj, NiO, CuO, etc. an infrared study? 46 ghowed initial decomposition

19

/>) According to Simchen * KClO3 has no congruent melting point be-
cause during heating it begins to decompose as a eolid and causes either
an obvious change in composition or the KCl acts as a flux.

11 -
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temperatures as low as 200° C. An extensive study of the catalyzed
decomposition was performed by Solymosi and Krix%7 and activation .
energies were calculated to be approximately 25 k cal/mole compared

with 54 kcal/mole for the uncatalyzed reaction.

The infrared invesligation of molten KClO3 by Wilmshurst®’
showed an '"ordered liquid' with lattice like vibrations apparent in
the melt. This is not found to be the case with KC104 which can ro-
tate freely about its threefold axis of symmetzy.

According to Rocchiccioli?? the Cl03” ion is a skewed pyra-
mid in which the Cl atom is not on the perpendicular bisector of the
three oxygen atoms making up the triangular base.

According to Ellern38

KClO3 in its pure state disproportionates
after melting as follows:

4KCIO3 — 3KCIO4'* KCl

Glassner and Weidenfeld®? suggested that the fermation of the KClO 4
during the thermal decomposition should be due to a transfer of an
oxygen atomfrom CiOj3” to C17. Vanden Bosch and Aten“decomposed
NaClO, in the presence of labeled NaCl which if Glassner and Weidenield
were correct should result in the formation of labeled ClO4 . No labeled
ClO4~ was found and thus the mechanism of G & W was not confirmed.
Another mechanism™ "'~ “was postulated by some Japanese in-
vestigators in which an unshared pair of electrons leave the Cl” and go

to an oxygen atom. N

2 KC103 ,, KCIO, + KClOg
56

Osada™ based upon some analytical work postulated the following

2 KCl10O3 —_ KCl10, + KCI1O, (1)
KCl10, : KCl+ O, (2)
KClO, —_— KCl + 20, (3)
in which reaction (2) predominates at lower temperatures,
Some work has been done on measuring the conductivity64’ 650f

KC103 pellets but most of it is either rather old and/or incompiete for
thermal decomposition work.

A tremendous arnount of work has been dore on modifying the
crystal ggr%ctuge of KClOj by altering the nature of the solvent. H. E.
Buckley®Y» 8,09,70 pag published extensively on this aspect and the
patent literature”® is replete with usage of various dyes and detergents
for making pronounced changes in morphology and claimed special

-12 -
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reactivities, KClO, can be crystallized as extremely thin lamellae
long needles or almost spherical nodules, This is sazd to be of great
importance to its performance in the match industry, 7

Latimer, Schutz and Hicks71 measured the heat capacity and
entropy of KC1O3 from‘13° to 300° K and found the S° 298.1 = 34,17
entropy units,

D. Mixes

Although the thermal decomposition of KClO1 is complex enough,
mixtures of KClO3 and oxidizable materials is still more so, For ex-
ample Shidlovskiy> atates '"mixtures of chlorates with sulfur exhibit very
high degree of chemical instability and are capable in certain cases of
spontaneous deflagration; '

An apparent anomaly 18 also much discussed in the literature.
It is that there is general agreement that the decomposition temperature
of KC1Oj3 catalysed with MnO,, CuO, Coz03, sic. can be lowered frem
the neighborhood of 400° to 260-2209; yet attempts to add such catalysts
in smoke and signal compositions in order to accelerate thermal decom-
position have never met with any success in increasing the linear burn-
ing rates,

There is a preignition reaction with KC1O3 and carbon!3 is vir-
tually certain and it is believed to begin at about %250 C.

By far the best source_ of data on the properties of KC10, mixes
is the above cited Shidlovskiy”. These data are contained in the follow-
ing tables.

Table 1: SELF IGNITION TEMPERATURE

AND
FLASH POINT FOR BINARY MIXTURES

Composition of Mixture in % Self Ignition Temp, °C | Flash Point °C

ClO3 - 86 Iditol - 14 345 51C

ClO4 - 63 Magnesium - 37 540 670

olored Smoke Mix (KC103-Sugar) 200 195
- Table 2: RUBBING SENSITIVITIES
Oxidizer Reductant Sensitivity to friction in kg/cm?
[kcio, K3Fe(CN), 8

C103 KCNS 22

ClO4 Lactose 60

Cl03 Sulfur 65

Cl03 KqFe(CN)g. HyO 85

XC103 SbyS3 90

-13 -
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Table 3: DETONATION SPEED
Oxidizer Reductant | % Reductant | Density |Det Speed m/sec
KC10, Charcoal 13 1.27 1620 .
KCl03 Graphite 13 1.44 500
KC103 Sulfur 28 1.36 1600

PAble 4: Sde Appesidix(1)

Another fruitful source fgg
various compositions is Ellern,

Y
data on the behaviour of KC1O, in
who states '"the lower decompdsiticn

temperature and lower melting point (as compared to KC1O,), its exo-
thermic thermal decomposition, the fact that this decomposition is easily
catalyzed and the instability of free chloric acid are all factors which
contribute to the greater reactivity and sensitivity of the chlorate mix-~

tures,

The thermal decomposition of KC1O
keal/mole according to Circular 500 NBS76

Taradoire

74

mixes with various chlorates:

#

Pb{Cl03), 63-67° C
AgClO, 74° C
Ba(Cl03)p. H,0 108-111° C
KClO, 160-162° C

3 to KCl liberates 12, 68

gave the following ignition temperatures for sulfur

Pertinent to the proposed mechanisms is that potassium chlorite

(KC10,) can be made by reduction of KCIO
decomposes readily into the chlorate and ¢

with oxalic acid., AgClO
ilorid:,x"' 8 2

and that the dried

palt detonates at 105° when rubbed up with flowers of sulfur. The parent
gas ClOj detonates on contact with sulfur.

The maximum reaction temperature of KC1O3 and sulfur may be
calculated after Shidovskiys approximation methed to be 850° C.

Patst®Z has publighed some work which seems to prove that LiCl
is a catalyst for the C+ l@Cl
nited after 2-3 minutes at 390%
reacted in five hours.

0

reaction,

Bakelite + KC103 with LiCl ig-

« Without LiCl the mixture was but 40%

Taradoire’ 7* 8%ound that a drop of H%SO4 on 0.5 g of a KC103

sulfur mix caused an explosion due to both H
Algo he determined that

at 100°,

~ 14 -

103 and heating effects,
SQ2 gas produced an explosion with KClO3+ S *
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III, THEORETICAL

A. Hedvall Effect and Tammann Temperature

First of all was the work by J. A, I-Iedvall,9 the godfather of
solid state chemistry, which is now gencerally called the Hedvall Ef-
fect.

If it is assumed that with rise in temperature the atoms or
ions in a crystal execute vibrations of continually increasing ampli-
tude about their average position in the lattice, and whea the ampli-
tude of these vibrations becomes great enough, diffusion is enhanced
and the particles can exchange positions, This results in a phase
change; solid atate transition at lower temperatures arnd melting at
still higher amplitudes and temperatures., While a solid substance
ie undergoing a transformation of this type the atoms are in a 'loosened"
state and are much more reactive than in either crystailine form. This
hypothesis is called the '"Hedvall Effect'. Hauffe27in his book '"Reactionen
in und an festen stoffen' states ''the presence of lattice disturbances
promotes reactions since place exchange processes are greatly facili-
tated, ' Also "'solid substances in which there is great disorder and
which are often very much loosened by the presence of channels, in-
ternal surfaces and other effects of ‘micro-structure! are generally
especially reactive. "

A zough method of establishment of degree of '"loosening" is
by the Tammannt0 temperatureo& which is the ratio of the absolute
temperature of an ionic solid o its melting point also in ©°K, Thus sur-
face mobility becomes active at aboutw€ = 0. 3 and lattice diffusion re-
quires anosl of 0.5 or higher.

B. Preigniﬁon Reactions

Of considerable importance to the theory of solid state chemistry
is the work of Spice and Stave1y11'12t45, "The Propagation of Exo-
thermic- Reactions in Solid Systems'. These authors discovered in
pellets of the systems Fe - Ba Oy and Fe - Ky Cr) O the existence
of what they called a'preignition reaction' characterized by discolora-
tion, cracking and swelling, These reactions were proven to be genuine
solid-solid reactions and their role in propagation of the incandescent
reaction was discussed,

It ie interesting to note that the Ba O, - Fe pellete which showed
this reaction at about 300° C range or 573° K, The melting point of
Ba O3 = 4£00° C or 6739 K thus & (Tammann temp. ) = 573 = 0, 85 well

in excess of the required 0.5 for lattice diffusion. IgniEon temperature
for the reaction = 345-350° C,

The K5Crz O7 (Tm = 968, 3) - Fe System had a P I R which sets

in at about 3580 Cor 623° Kand an& = 623 = 0,502, Its ignition tem-
2%

perature as nearly as could be determined was appraximately 380° C.

-15 -
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ignition temperature is something which deserves soume comment.
The standard method of determination is the old Woods metal bath,
blasting cap tube containing the sample and stop watch., A plot of
temperature Of ignition as ascertained visually with time is made
and the five second time .5 decreed to be the ignition temperature.
(Fig. 2) Obviously such a method must depend upon the coefficient

Temp, of

Iqh\‘h‘Oﬂ\) b e

o

T

10 4 (ssconds)r® 25

of thermal conductivity of the ingredients, their specific heats, the
am.ount and other factors and is very often misleading when attempt-
ing to ascertain the ignition sensitivity of a given mix to primer flash
or to first fire ignition. Ignition temperature can be dsfined as that
temperature to which enough mass of reactants must be raised so that
the heat given off by the reaction exceeds the heat lost by an amount
necessary to heat the adjoining reaction layer to this required temper-
ature. Thus there is a kinetic factor involved because if the amount
reactiag is either very amall or if it takes a relatively long time to
react radiation and convection losses outweigh the heat conduction to
the next layer and propagation of the reaction fails. It is posgsible of
coursc to 'ignite" these types of reactions properly but then have propa-
gation failures about half way through the burning < o’umn because of
too much loss of heat.

!
\
t
i
[
\
s
5

It is believed that the P,I,R. s discovered by Spice and Stavely
are in fact identical to the so~called incandescent reactions but at the
lower temperatures their rate ie so low that the amount of heat gener-
ated per umg girgae gs not enough to heat the next layer to ignition. Patai
and Hoffmanl3s 24133 mixed KCIO, with various redycing agents (carbon
black, paraffin, starch and asphaft) and determined that these mixtures
when heated at relatively low temperatures undexgo an exothermal pre-
ignition reaction with an Ea for KClO3 - C =13,5 and KGO, - Asphalt
=11.0. These authors stated that the PI R ig the imp’ortagt step for
propagation because of the heat it supplies which then raises the temper-~
ature of any given layer to its ignition point, It is believed that here
as well the P IR is the same reaction as the incandescent reaction
but proceeding at a rate so slow as to be practically offset by heat losses,
For the mix in question thie layer~-iayer mechanism or heat conduction
mechanism can be complicated by the vhase change involved, or to be
explicit the ignition temperature or activation energy necessary to start
the S - KC104 NaHCO3 mix at ambient temperatures is in all probability
quite different than the Ea for the reaction when any sulfur next to the
reaction zone reaches 95.59 the temperature of its phase change and the

ensuing Hedvall effect.
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For true solid-solid reactions the velocity depends upon

{1} Extent and activity of the surface

(2) The transport of matter through the reacted product

(3) Supply of reactive particles from the interior of the
reactants to the reaction zone

Experimexatal evidence for this in the case of sulfur has been
found by Hedvall 14,
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For the oxidation of sulfur in acid KMnO, in 2 range of temperatures
bracketing the transition point results were obtained as shown in Fig. 1.
Interestingly enough when the reaction is started at higher temperatures
and allowed to cool the results were as shown by the cooling curve.
This difference can be explained by realizing that the transition from
rhombic to monoclinic is an abrupt one whereas the reverse monoclinic
to rhombic is extremely slow.

Additional experimental evidence in confirmation of this are
vulcanization velocity experiments with pure sulfur and rubber (Hedvall,
Ibid) as shown in Fig. 3.
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Whether or not local 'hot spots' occurring during preseing or

in heat up duc to SO, or 563 evolution during storage of the sulfur-

chlorate fuel mix approacﬁJthese temperatures is debatable.

C. Hot Spot Theory

Perhaps something should be said here about the "Hot Spot!
theory of explosion nf U’bbelohde,:l Ubbelohde and Weodward, 16 Bowdenl?
and others.

Exogﬁermic decomposition reactions have a higher temperature
inside the ni4ss of the reactants than on the surface. If it is assumed
that the rate of decomposition increases with temperature according to

= Ae ~E/RT
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then a steady state cannot be maintained if the heat loss is too small.
For if the heat loss is too amall the reaction becomes self heating
until its rate reaches explosive velocities, The condition for transi-
tion from a thermally stable steady state to explosive velocities by
self heating is (Ubbelohde & Woodward, ibid) where d = 1/2 thickness

, “E/
E, (d?- w) (A e RT) > 0.88

rt2 (K )

of disc of reactants
K = thermal conductivity
W = 3/ P heat of the reaction per unit volurne

Because of this self heating phenomenon special care must ke
taken with solids which decompose with the evolution of heat {KC104
{for exampie).

Upon e’xamina'.‘;ion of the above equatipn it can be seen that the
seinimum mass for departure from steady state to explosion velocities
is markedly affected by Q and Ea. For some reactions Q and Ea may
{Ubbelobde in Garners "Chem. of the Solid State''18) be so lurge as to
2llow yery small magses to run away to explosion., This aspect is
resirable in initiating explosives., On the other hand when an explosion
i% not desirable considerable care must be observed in order to prevent
the beating up of even very tiny volumes of the reactants {} x 10~° ~ 10 ~
cm diameter),

Studies on detonation sensitivity of explosives have shown percus-
sjon ox friction leads to localization of heat evolution called 'hot spots''.
Addition of grit particles or of bubbles in liquid explosives causes greatly
incressed sensitivity because if their temperatures rise above the criti-
¢al Iimit they in turn grow into the surrounding reaction mass causing
deionftion. The hot-spot picture is more or less the thermal analogue
«f the congentrations of mechanical stresses about nicks in a steel spring
svhich cavses fatigue failures.

. Sometimes decomposition products provide a liquid phase (fuel
mix in this problem) and because reactions can proceed much faster

ix the Yiquid phage than in the sclid this will have a pronounced effect

on the kinetics, and as has been stated previously it is not necessary

fo hawva msiting to produce autocatalysis, It is only essential that the
original latiicee be loosened or disordered enough to permit adequate
diffusion ghd growth of new lattices. As decomposition proceeds the
arex of idtsrface between the two lattices which is often highly disordered
ingereasws rapidly at first and since the rate is proportional to this area
autocatsiyeis may set in and cause explosion.

Growing decomposition rates due to the production of a crystal-
sxystal fnteriace or to the presence of a reactive phase such as liquid
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sulfur generally exhibit an induction period before thermal decom-
position proceeds at appreciable rates at any specified temperature,
The length of time of these induction periods is related to the tem-
verature at which they are measured bylnt= B- E/RT. Thus for the

fun away reaction to extend into the reactant mass the temperature

©f a small mass or volume of reactant or hot spot must be maintained
for a longer time than the induction period for that mass at that tem-
perature,

The system under study in this research is believed beycnd
doubt to be a self heating mechaniem and that runaway reactions or
explosions result from thermal imbalance. The inuuction period
should follow thc Arrhenius relation stated above. This could be var-
ified by experimental determination of induction time in a similar
manner to the ignition temperature experiments described previously.

D. Physical Picture of Reaction Mechanism for KClO,* S System

It is well known that in reactions in solids unlike reactions in
liquids or gases the participating reactants are not available under
conditions defined by simple statistical laws. By definition the motion
of the particles making up the crystalline lattice is restricted to very
smal! vibration amplitudes about a mean low energy position unless at
very high temperatures, This of course is particularly true about the
interior units of the lattice and less true about the surface units which
are but "partially' bonded and possess larger amplitudes than those in
the interior at comparable temperatures,

If two intact crystalline lattices are placed adjacent to each othe
a reaction can proceed which yields a product which in itself is solid.
Depending upon the chemical nature, molecular volume, etc. of this
product layer the reaction may proceed by allowing the reacting units
to diffuse through it.

The importance and direction of influence of the rate control-
ling parameters such as surface area, contact area, d1ffus1qn rate,
defect structure of both reactant and product and temperature is obvious.

There are two ways that particles may be transferred through
a macro crystalline mass of product.

(1) Diffusion through the normal crystal lattice of the product.
(2) Diffusion along crystal surfaces, fissures, cracks, pores
in imperfectly crystalline material,

It may seem to be merely academic to discuss solid-solid rea.
tion theory in this report for almost certainly the ignition temperatur
of the fuel mix is in excess of the melting point of sulfur, But, as has
been stated previously, sulfur is '"both complex and capricious' and
sqQlid-solid theory can be quite pertinent for two reasons:
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(1) If the reaction has a pre-ignition reaction a la Spice and
Stavely or Patai and Hoffman which is known to be a true solid-sclid
reaction,

(2) If sulfur after melting does stay in its '"Roman phalauxes"
of shielded covalent octagonal rings which allows the eight membered
ring mobility but does nothing {01 very litile) to enhance the reactivity
of a sulfur atom,

Sulfur and potassium chlorate shculd have a pre-ignition reac-
tion foreL (Tammann temperature) for sulfur = 0.5 at 1950 K and <«C for
KCl1O3 = 0.5 at 324° K.

One possible mechanism is similar to the decompositior of KC1O4
postulated by Simchenl? which involves the diffusion of oxygen ions to-
ward an electron rich system between ions of the lattice and/or defects
of the lattice or diffusion through cracks and fissures of the macro-
crystale, Algo the oxygen can proceed by jumps from ClO3™ to CIOZ
formed at the surface See reference (56).

Interior C’ sur{ace

C)
m>O/(') _——— /é\b—-»»OOb__;oﬁ:

- The irreguldr crystal structure of KClO3 skewed pyramid which
: is reported to undergc a transition from monoclinic to ortho rhombic
o above 2500 29,57 and give a unit cell twice as large as when monoclinic
\_x, k| seems to favor attack by oxygen atoms on sulfur with the postulated
S jump mechanism. For one an oxygen atom leaves the surface its neigh-
R bor is then highly activated ana will also react and leave. This is the
i start of a flssure or channel somethmg like the sketches below
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and again the vacant lattice sites will be replenished from the surface,
grain boundaries and finally interior of the crystal.

E. Magnesium Oxide and Doping

Part of the literature survey included the old project n»tebooks
at Chemical Research and Development Laboratories. 41 notebook
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1232 some data was found on burning rates of colored smoke grenades
which had some added MgO and/or MgCO3. These mixtures gave ex-
celleat sinoke emission but the burning rates were roughly six times
as fast for the same quantity of material. No explanation was found
for this phenomenon in the notebooks but it was believed that it was
worth ipvestigation in the course of this work and if MgO is truly a
catalyst for this burning reaction it could function by lowering the de-
composition temperature of the KCl03. This would result in a reduc-
tion of the ignition temperature, thickening of the reaction zone and
thusly a major increase in burning rate, The effect of MgO or KClO3
decomposition may given an effective clue as to the mechaniem,

Some previous T G A work by E, Freeman and D, Anderson 4}
on thermal dzcomposition of KC10, has shown that MgO is an excellent
catalyst for this reaction, Inasmuch as it is relatively certain that
KClO4 goes thropgh KClO3 on its way to decomposition to KCl and O,
it is believed that'this work was important, The resulte of Freeman
and Anderson's work may be summarized as followe:

If the temperature at which 50% of the XClO,4 was decomposed =
T®C, the temperature for 50% decomposition of the %ollowing mixtures
is as shown

KClO4 - Mgz T-28°
KC1O4 ~ MgO T-52°
KC104 - MgO (#unrad ) T+8°

ok - In another experiment in which the KC104 was mixed with three
P different magnesium oxides it was shown that the lowest temperature of
decomposition occurred with MgO doped with 1 mole percent of Li,O,
next with pure MgO and highest with MgO doped with 1 mole pe rcent of
Fep03.

It was postulated that the important factor in the mechanism of
decomposition of KC1O4 is the transfer of electrons from the perchlorate
to positive holes in the valence band of the oxide. Thus any treatment
decreasing positive holes in the oxide should decrease catalytic efficiency.

. Irraditation by#- rays caused a measurable increase in density of MgO
5 probably due to some decomposition and an increase in interstitial mag-
nesium ions with a consequent annihilation of positive holea and decrease
in catlytic efficiency of the irradiated oxide.

Also the doping results substantiate this postulate since Fe303
doping decreases positive holes and Li,O doping increases them,

Some other work‘gy Hogan, Freeman and Anderson?? showed that
dopirz of KCIC4 with Cu™, I and Ag had a pronocunced effect on the
Mg - KClO4 reaction. I~ doping causes the decomposition temperature
of the KC104 to be reduced to 494° C from 526° C. Cu** doping reduced
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the decomposition temperature to 492° C. '"Both of these doped com-~
positions were very much less ignitable than the compositions contain-
ing pure KClO4", This 1s explained by the authors as due to essen-

y complete decomposition of the perchlorate before the tempera-
ture at which magnesium becomes reactive is reached.

F. Role of Moisture

The importance of water molecules being vaporized in the course
of the burning reaction cannot be under-emphasized. In their escape
from che reaction zone and the pre-ignition zone they are bound to cause
erosive and fissuring effects on the KClO3 macro-crystal,

In practice the moisture level of all ingredients is kept to prac-
tical minimum of 0,1%. After mixing the moisture level certainly is
not decreased and C.1% by weight of 360 g of mix = 0, 36Qz0of Hz0. 0. 36g
of HpO when in the vapor staic = 580 cc of HO vapor which will of course
equilibrate itself throughout the entire mix in the approximate 55 ml of
mix in the loaded grenade. It is to be expected that there will be water
molecules available to all portions of the reactant mass certainly after
ignition and near the reaction zone, Residual moisture is perhaps the
least important source for if the ignition t¢ —nerature of the fuel mix is
greater than 124° C which is the bighest temperature of decomposition of
the sodium bicarbonate .3

2 Na HCO; Na, CD3*+ H,04+ Cu

S 2

then every mole of bicarbonate yields a half of o mole of H,O gas and
even allows a slight 'cooking' period in the region of mix below the re-
action zone, Water vapor could then act as a crystal lattice 'unzipper!

and would greafly facilitate KC103 breakdown into fissures, cracks and
faults. '

The role of water vapor as an accelerator in pyrotechnic reac-
tions is well recognized if not as well understood. An outstanding case
is the flare compositions in which it has been ascertdned that rate of
burning and color qu%ity are markedly dependent on very small changes
in moisture content,  (See Fig. 4.)

Buvn,

ﬂa"'e.

O.l 79 Hzo O'L 0-3
A similar phenomenon has been observed by A, Wetterhclm of
Nitroglycerin A, B. Gyttorp Sweden24 with electric blasting cap delays
using lead peroxide and ferro silicgn. Because of static hazards these
mdllisecond deleys are loaded in a humidified atmosphere into hermet-
ically sealed units, After three days storage the burning rates are as
much as 25% greater,

- 22 -

—




E

L o T T

o S oot Ve s e o e m wemwe

G. Mechanical Treatment

It has been the practice of some contractors as well as Govern-
ment loading installations to keep their potassium chlorate in a drier
building and then micropulverize it almost immediately before mixing.
It is just possible that this may contribute to any hazard involved in
the mixing and loading operations.

Naeser and Scholz3 and Gregg60 who make the obvious assump-
tion that reactions involving solids are influenced by the condition of the
lattice of the solid h we given conclusive experimental evidence that me-
chanical treatment does lower ignition temperatures and speed up reac-
tion. Some examples from Naeser and Scholz are

a. Reaction temperature of milled Fe03 and SiO, was 150° - 200°
lower than in unmilled mixture of same particle size.

b. CuO milled reacts wit}sz at 200° 7 and the unmilled reacts
at 2400 C, '

c. Cr203 milled for several hours was put side by side with an
unmilled sample and hydrogen gas passed over them at1250° C, The

milled Crp03 was reduced to chromium metal the unmilled stayed a green
powder.

An example from Gregg is Kaolin the reactivity of which is greatly
enhanced by prolonged grinding.

X-ray evidence does show much lattice loosening in these more or
less hard crystals.

H. Oxidizer Comparisons

It has been demonstrated many times with star compositions in
commercial pyrotechnics that other oxidizers than KClO; such as KNO3,
KC1O4, NHy ClO4 give a '"washed out' color value due to the higher tem-
peratures obtaining in the burning reaction. This effect can be partially
remedied by using chlorirated hydrocarbons, but the best colors by far
are always obtained with KClO3 compositions.

It is alsc true that colored smoke compositions in which KC1O4
is substituted for KClO4 are very poor as to volume and color of the
smoke, This should mean that KClOg3 is the important member of the
5+ KC1O3 reaction and does much to govern iis temperature of ignition
and propagation. Consequently any major modification of these proper-
ties for the reaction should invol e alteration of the KCl103.

I. Possible Applications

Assuming that it can e ghown that the mechanism does involve
a ClO3 break down with or without the aid of HyO, diffusion aleng cracks
and attack on a reactive S3 fragment or that it is closely similar to this

- 23 .

e -

i A i etr o N ot OB AT e DAV AR BRRANE B b S

P T v

PRV



picture then as a practical matter what can be done about it?

Sulfur role - With its multifarious phase changes and transi-
tions at comparatively low temperatures several approaches suggest
themselves.

{1) Doping

(a) Selenium to replace at least one of the eight sulfurs in
the octagonal ring.

(b) Postpone or eliminate one or more of the phase changes
With Pb, Sn’ SnS, SnSZ’ Fe, etC.

(c) Coat sulfur macro crystals with a temperature stable {up
to a point) colloid or macro melecule,

{d) Use sulfur compounds as fuel.
Potassium Chlorate role ---

{a) increase induction period by coating with guar, PVA, CMC,
dextrin, gum arabic, etc.

(b) Change crystalline habit
(1) doping
{2) Solvent alteration
(3) Coating

(¢) Catalysts
(1) MgO
{2) MnO,
{3) Mo, 2no et al

(d) Phlegmatizers

(1) Gums, dextrines et al - Analogous to dextrinated,
PVA coated, CMC coated lead azide.

Sodium Bicarbonate role ~~-

Doubtful that it is any more than a coolant but it may act as
a flux by providing CC, and H0O vapor.

DTA of S+ KClO3 vs, DTA of S ¢ KClO,+ Na HCO3 should
suffice to determine 1ts effect on the burning reaction.
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i, EXPERIMENTAL PROCEDURES

Ultimately any approach to determination of the effect of solid
phase or liquid for that manner on the rate sensitivity, storage stability
et al of this fuel mix system comes down to the experimental techniques
available and applicable.

Four techniques suggest themselves as applicable:

{1) Differential thermal analysis ~ DTA
(a) Thermogravimetric ana'ysis - TGA
(2) Crawford Bomb
(3) Conductivity studies
(4) Burning rate studies

A, Differential Thermal Analysis (DTA)

The theory and applicavility of DTA measurements to exothermic
reactions is well known>7 and any explanation here would be redundant.
The principle of the method is that it measures fairly accurately the
temperature differences between a sample and a reference material,
The DTA data should not be confused with data from a differential calori-
meter which is designed to measure energy differences and not temper-~
ature differences. DTA data is applicable without question as to what
temperature a given transition ensues but the depths and breadths of the
peaks or troughs can do nothing more than give the experimenter an in-
telligent guess as to energy input or output, All DTA data in this report
were obtained on a duPont 900 Differential Thermal Analyzer.

It should be mentioned that there is one serious disadvantage to
DTA in that the runs are made on unconsolidated mixes. The apparent
density of the compact is known to play a profound role on the reaction
rates and in all probability the ignition temperatures. Another disad-
vaatage is if the heat output is small, More will be said later about this.

Thermogravimetric analysis {TGA) has not been as widely used,
indeed it is not as widely applicable as is DTA especially on rapid burn-
ing or explosive systemas.

The experimental progiram isr DTA measurements was designed
to give transition temperature information on the following:

{1) Sulfur commercial and purified
(2) Na HCO3 commercial
(3) KC103 commercial
{a) moisture effects
(4) Sulfur doped withl to 2%
S-Prb
S - Se
S - Cr Cij
{5) Cl0O, doped, coated, recrystallized from solutions of surface

i. KClO; from 1% KMnOy4 solution
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2. KCiO4 from LiClO3 solution
3. KClOj; from Ba ClO solution
4. KCIO, from Ag ClOj soluticn .o
5. KClO3* catalysts (MgO, MnOp, NiO, etc.)

(b} Recrystallized from solutions of surface active agents
1, Dreft
2. Methyl orange

3. Tide
4. Congo red

{c) Coated
1. Crystallized from gum arabic
2. Crystallized from dextrine
3. Crystallized from PVA (Elvanol)
4. Crystallized from Guar
5. Crystallized from Na carboxy methyl cellulose
(6) Pairs of ingredients
(a) KC1O3+ S with moisture effects
(b) KC10, ¥ Na HCO4
(c) S+ Na HCO4
(7) Triplets of ingredients
(a) Specification KC103, S, Na HCOC4
(b) Specification XC103, S, Na HCO3+ MgO
{c) Specification KC1O3, S, Na HCO3+ MgCO,

(d) Specification KC103, S, Na HCO4 * 5i0,
{Cabosil Silocel)

(8) P.L. R. onset in the following systems to correlate with con-
ductivity data

(a) PbO - Si

(b) PbyO, - Si

(C)Kz Crz 07“Fe ‘
(d) BaOZ - Fe
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B. Crawford Bomb

Strand burning tests in a Crawford Bomb are used exhaustively
in propsliant develepment laboratories to deiermine the pressure tem-
peratuare coefficient, Although it was known or felt that all KC1O; com-
positions have high P-7 coefficients it was believed advisable to find
out just how high because these values really define the extent of hazard
invalved when accidental ignition occurs during press loading and to a !
smallbr but real exient when emission holes become clogged with ash
and tar during the functioning of the munition.

o)

C. Thermoconductimetic Analysis

All conductivity data in this report were obtained with the use
of a General Radio Co. Electrometer Type 1230A and a voltage of 9.1%.
An elementary schematic diagram of the instrument is shown below in
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Figure 5 - Elementary Schematic Diagram Jor i
Type 1230-A D-C Amplifier " and E lectrometer

The limits of the instrument are 1 x 104 - 1x 10" chms.

The fundamental basis for the use of conductivity measuremen
as an investigatorial tool for solid state reactions rests on the Einstein

a
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diffusion coefficient - conductivity relationship, 13~ = Nez . Thus
inasmuch as reactivity depends upon diffusion rates anlgldiffusion
rates are proportional to conductivity for similar defects then re-
activity must be proportional to conductivity.

Another type of use of conductivity measurements is their
application to systems in which there is a wide variation in electronic
conductivity between reactants and products. Two examples of this
are

1, Spice and Stavely mixes
Fe+ Kz Crz 07 ; Fez 03" KzO" Crz 03

where the extent of reaction can be measured by the decrease in con-
ductivity of the reactants as they are changed to products.

2. Normally poor conducting reactants forming good conducting
products
2 PO+ Si 2 Pb + SiO,
—_—
Conductivity measurements are also important ag an experimen-
tal test for detecting the presence of a liquid phase or of any transition
in pure solids.

A survey of the literature has revealed that although DTA and
TGA and conductivity measurements are used extensively in the subject
area they are used more or less independently and there has been little
or no work done attempting to correlate and develop the two experimen-
tal methods, as experimental supports for each other. The development
and amplification of application to solid state chemistry of conductivity
measurements was one of the important objects of this work. The fact
that conductivity measurements are made on pelleted materials is be-
lieved to be important, Also it was believed that the application of con-
ductivity measurements to thermal analysis was completely new with
this work. It was not until early in 1965 that we learned of a somewhat
parallel effort by Jen Chiud 1 However, ae neady as we could determine
Chiu was not planning on pelleting the material. One other reference to
conductivity as a tool for thermal analysis of solid-solid reactions was
by Berg and Burmistrova 1 who combined the two methods. The previ-
ous neglect of this technique of thermal analysis is typified by noting that
in 434 pages of the latest reference work>’ approximatel- two pages are
devoted to conductivity. However instruments for this agplication have
been described by Reisman et a182Shimizu83 and others.

The conductivity cells used in this work were of the following
designs and were placed into a nichrome wire coil on pyrex tubing asbes-
tos coated oven for heating. {See Figure 6). All conductivity measure-
ments were made on pelleted materials. Pressures of 25000 psi and
upward were used for consolidation. In some casesa vacuum fitted
pelleting die was necessary to get crack free pellets.
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D. Burning Rate Studies

In the sc-called gasless delays such as PbO - Si, Fe,04 - Ti,
Ba Cr Oy - Zr, etc. the burning time of a column of uniform cross
section is quite sensitive to the condition of the ingredients, This is
true of HC types C, D and E Smocke mixes which have burning times
essgentially dependent upon the purity and previous history of the zine
oxide, 26 ‘Also, burning times (and quality of smoke) was tl.2 coi.trol
method used during the develepment of the smoke grenades and on
which there is consider-ble previous data.

It was deemed advisable to see if burning times of fuel mix
could be obtained which were of such a constant nature as to allow
small changes in constituents to be eflected in burning rate data.

Times were taken with a manually operated stop watch calibrated
in 0. 01 second intervals.

A limited amount of work was done with pellets but they varied
so much in burning characteristics that the data was discarded.

Some lengths of 1/8" galvanized iron pipe were cut into 10 cm
lengths, reamed, deburred and degreased. These were loaded at
varying pressures under pressure from a 0, 250' ram on a laboratory
press. Initiation was provided by McLain Starter23 but this,because
of its slag forming properties,gave different degrees of obturation
during the burning, creating different pressures and variable burning
rates, Nichrome heating element wire was also used for ignition but
this too was not eatirely satisfactory.

Eventually we standardized on a method of burning as follows:

The loaded tube was clamped upside down from its loading
position in an asbestos covered test tukte ciamp mounted on a ring stand.
A small length of "Quick Match' was bent about 1/2'" from one end and
this bent end inserted upward into the loaded tube in contact with the
mix. The long end of the quick match was ignited and timing was started
when the mix was ignited. This method allowed any molten reactior
products to drip from the tube and gave 2xcellently reproducible results,

The results of the burning rate studies will be found in V, C.
of thie report.

V. RESULTS

A, DTA

Approximately fifty runs were made on the ingredients and mix-
tures. The results of those which were pertinent to the discussion are
reproduced in Appendix 1, Figures 7, 8, 9, 10, 11, 12, 13, 14 and 15,
17, 19, and 21,
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B. TCA

proximately thirty conductivity measurements were made.

After a great deal of difficulty in achieving reliable temperature
measurements and ridding ourselves of stray current problems, ap-

The results

pertinent to this discussion are contained in Appendix 1, Figures 16, 18,
20, 22 and 23.

C. Burning Rates

The data obtained are summarized in the following tables:

‘F « | Gomposition oading Density | Burning Rate Remarks
Pressure mm/sec mg/sec
70% stoichiometric} 500 1bs ? 1.61 ? No.!'s 1
KClO3+S v"-n 30% | dead load | ? 1.50 ? thru 4
NaHCO3 ? 1.47 ? burned mucH
? 1.54 ? faster be-
2,08 1.00 69 cause of ob~
2. 04 1. 05 70 turation
2.02 0.94 67 from slag
2.09 0.96 69 starter.
1.97 | 0.99 64 Ignition by
0 2.05 1.03 70 quick maich:
only,
w/ obturatior*
v 2. 04 1,00 68 averages 0411
#5-10 only
No. [Composition Loading Density BurninglRat Remarks
Pressure mm/sec| mg/sec
1 KCIO3 71. 4% 500 1bs, 2. 02 0.76 51 Difficult to
2 st dead 1.99 0.75 49 ignite, but
load burned
3 NaHCO3 14. 3% 1.87 0.78 48 smoothly
4 MgCOj3 14.3% 2,04 0,71 48 when started
5 2.02 0.74 49
Av, 1.99 0.75 49
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. Loadin N Ejjf?ing Rate
!N°° Composition Pressugre Degsity mm/sec mg/sec [Remarks
1 68, 6% stoichio- ] 500 1b, 2.05 0. 95 64 No percepti-
metric, Sulfur- |dead load ble differ-
2 KC103 mix 2,08 0.91 63 ence from
3 2,05 1.01 69 standard 70-3(
L 2,00 1. 06 70
3 2,04 1.02 68
Vg 2,04 0.99 67
*Confirms Shidlovsekiy
Energy of activation needs to
be done.
}No. Composition Loading " Burning Rate i
LPressure |Density EEZ s;c mzz sec | Remarks |
1 58% stoich. 500 1b. 2,00 1.07 70 Difficult to
2 KClO3 - S dead load }2.05 1.11 75 ignite, Surge;
3 30% NaHCO3 badly during]
0 112% MgO 2.29 1.46 97 burning, One
4 1.99 1.03 67 propagation
failure.
w/McLain
starter
Av. 2,08 1.17 77
IN Loading |_Burning Rate :
o, | Composition Pressure | Density mm/ sec mg? sec | Remarks
1 70% Stoich. 500 1b. 2,09 0.88 61
. | KC1O5 - Sulfur |dead load
2.~ | 30% NaBCO3 2,16 1.02 72
Sulfur Contained
1% CzCl3
veg t. 12 0.9 06
3 70% Stoich, 2,00 1.09 72
KClO3 - Sulfur
H 30% NaHCO3 2,07 1.11 76
Sulfur Contained
1% Selenium
vy 2,04 1.10 14
I |
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Burning times for varicus coated KCI1O

mixes.

Stoichiometric Suifur-KClO3, 30% NaHTO3.

All mixes are 70%

Lioading [LBurning Kate i
o. | Coating Pressure [ Dengity mm/sec  mg/sec| Remarks
1 Rosin 500 1bs. 1.79 1,01 60
dead load
R Rosin 1.99 0.97 64
3 Rosin 2.03 0.98 66
Avg. 1.94 0.99 o3
r‘ Guar 500 1bs. 2.10 0.98(0,97)68(67) | two timings
dead load
b Guar 1.98 1,06{1,05§70(69) | two timirgs
b Guar 2,02 1.04 70
jAvg. 2,03 1.02 69 Average of
5 burning
times
Stearic Acid 500 1bs. 1.98 0.90 59 Very smooth
dead load
Stearic Acid 1.90 0.89 56
Stearic¢ Acid 1.97 0.95(0. 94162(61) two timings
1.95 0,92 60 Average of

4 burning
times

Burning time data for various doped Chlorates. Mixes were all 70%
Stoichiometric KC1O3 - Sulfur, 30% NaHCOj

Loading Surning Rate

o. ¢ Doping Material { Pressure |Density mm/sec mg/sec |Remarks
1 K104 500 1b. 2.05 1.04 70
2 K103 dead load |2.04 1.02 68
AvVE. — 2. U45 I.03 59
T BacIO3 500 15- 1.97 1,05 3
4 BaClC)j dead load }1.91 1,17 74
AVE . 1,94 1,11 !
"KBrO3 500 15, 2. 06 0.92 53
KBrO3 dead load {2.03 1.00 67
V2. 2. 045 0.96 55
RO104 500 ib, 2.03 1,04 10
JB KClOg4 dead load |1.80 1.03 61
Ve 1.9 1. U35 [4)
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[N Loading Burning Rate ;

o. } Composition Pressure| Density mm/sec  mg/sec| Remarks

1 70% Stoich. 500 1b, 1.99 1.52 99.9 Much more

2 KClO3 - Sulfur | dead load] Z.0l 1.25 83.1 pressure seng

3 8.4 MgO 2.04 1.26 85.0 sitivity than

21. 6 NaHCOg all others.

4 2.06 1.33 90.3 Audible surg-

b 1.96 1.62 104.7 | ing. No.2 &
3 gave loud
reports after
about 28 sec.
of burning.
Combusion
rate had to
build up again
causing over-
all slow downy

Avg. 2.01 1.40 92.6

L}

Additional Observations -- After having learned that the loaded tubes
burned much more reproducibly without slag starter and by ignition from
the bottom end so that the molten end products did not cause a pressure
build up it wzo noticed that the end of the burning time could be predicted
by the appearance of the top layer of composition,

The approach of the combusion zone is heralded by a gradual dark-
eniny of the cream colored mix to yellow orange and brewn orange. This
darkening starts from the periphery of the tube and works its way in to-
ward the center due undoubtedly to the conductance of heat down the inner
wall of the tube. That burning does take place faster on the outside edge
is confirmed by the observation of the flame front on the outside edge
sometimes to such an extent that the last two or three millimeters of mix
burns as a floating pellet; top, bottom and circumference.

On the slower burning —ixes sulfur fumes appea~ the sulfur melts
and bubbles before incondescence makes its appearance, DBurning times
from appearance of dark orange to completion varied from 1.4 sec. to
3.6 sec, for the fast and slow respectively., Combuelivn zone widths were
2.2 mm to 3.6 mm. in thickness.

D). Supersensitive Potassium Chlorate

Potassium chloraie win ?issolved in distilled water and 2.8 mole
percent of Cu(C1C3), . £ii,0 was added to the solution. The excess
water was distill»d & under oil pump vacuum at a temperature of 65- 70°C

* Cu(ClO3); . 6Hp0 decomposes at 100° C.
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The residual light blue laminar crystals were then dried for
twenty four hours in an oven kept at 68° C,#%1°,

1. 23 g of the dried doped chlorate was mixed with 0,48 g of pur-
ified sulfur by grinding gently in an agate mortar with an agate pestle
behind a barricade, The pulverized mixture was placed in a 10 ml,
plastic capped glass vial and allowed to stand behind the barricade.
After approx1rna.te1y thirty minutes a detonation occurred pulverizing
vial and cap and giving burn marks on the table sucface.

This experiment was repeated with same amounts of the same
substances about one week later except that the materials were added
to the vial before mixing. Mixing was done by tumbling the vial for
approximately ten minutes about its major axes, After approximately
twenty four hours of standing behind the barricade, a similar detona-
tion occurred. Observation of the mixture obtained by tumbling did
show that it did not approach the degree of homogeneity obtained by

ixing in the mortar, This was to be expected because of the size of
the crystals which must be broken down to get good mixing.

E. Analytical Results

1. Analysis of Smoke from Burning Rate Tubes -~
SOz obvious from odor.
Some smoke was collected in a flask aand analyzed qgahtatwely

Results were Cl-, SO3 positive HCO3 trace, H30 and Na*
positive.,

2, Analysis »f residue in burning rate tubes showed Cl-, SO4 , Na© R
K* and OH" all to be present.

3. Analysm of KC1O3 pellet after conductivity measurements from 30° C
to 315° C. (63)
After the above trecatment a pellet was analyzed for KCIO and
found to be only Y8.9% KCloé. That some decomposition had taken

place is also bowne out by thZ photograph of the pelle. after heating
cn page 75,

4. Analysis of Cu(ClO3)2 doped KClO5.
The KCII(I)P doped with Cu(ClO3)2 . 6H20 prepared as described in

Section E. was analyzed for Clo37, cd?, c1-, CIOZ , and Hzo
moisture.
Results were: (63
Ci0y7  66.3%°%)  98.1% of theoretical
Cl0,- ¢ nl for 2.8 mole %
ai- 2 TACE Y Cu(C104), - 6HR0

H20 moisture 2. 54‘7’»
cut 1. 8% Sty
2.8 mole % Cu{ClO3), . 6H,0

* Colorimetrically as Cu(NH3)4R’ with Klatt-Summerson Colerimeter,

- 34 -




'y

5. ¥lame tests on synthetic chlorates,
AgClO3, LiClO5, Cu(ClOg3)z . 6H,O were tested after filtration
and recrystallization for the pres&nce of Ba** by means of a
platinum wire, All but AgClOj; were free of this ion and it was
recrystallized repeatedly until it too was clear of Ba™,

VI, DISCUSSION OF RESULTS

It is believed that this section can best serve its purpose if the
data is discussed by category of experimental method, and emphasis
should be placed upon only the data pertinent to the developinent »f a
reaction mechanism, Reliable but extraneous data to the reaction
mechanism is to be only briefly cited and sometimes neglected entirely
in this section. These data are of course able to be obtained from the
figures included under Section V (Results) of this report.

A. D' T. A'

Reference is made to Figure 7 on which it can be seen prevmus
history makes "but a slight difference in the DTA plots of potassium chlorate.
The melting points are quite revroducible, the exothermic decompuousition
does not occur until after melting and althouyh the exotherms have a dif-
ferent ctructure they all set in but a few degrees higher than the melting
pOinto

.
The effect of grinding the chlorate immediately before thermal analy-

8is appears to be important, in that the DTA trace {No. 3, Fig. 7) shows

a premelting endotherm and much more abrupt and compiete decomposi-

tion giving evidence of lattice strain.

The effects of doping and coating KClO3 are showa in Figures 8 and
9. The more important points to meantion in these two are:

1. Figure 8

The KC10O3 from Congo Red shows two distinct exotherms one of
them prior to melting. This could be due to oxidation of the dye by the
more reactive chlorate ions (surface, corners, edges, fissures) and
when these are used up melting has to occur to bring about the main
body of the reaction. A similar exotherm occurs with the KMnO4 doped
material but not as striking.

The Cu(ClO3), doped chlorate however is hardly recognizable as
a similar substance. Notice the beginning of a totally new exotherm
ca 1509 C, a pronounced premelting endotherm and the evidence that at
368° & decomposition is essentially complete. Also melting takes place
at the very low temperature of 3340, All of these point to enhanced re-
activity of this types of KClOs3.

2, Figure 9

All of these show a premelting exotherm in contradistinction to
pure KClQ3, The most outstanding of these is the ¥ClO3. crystallized
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from "'Dreft" solution which was quite bizarre in its appearance

(filamentous elastic monoclinic needles in nodules). These pre-

melting exotherms may be due to oxidation of the coating or doping .
material or to a premelting exothermic decomposition of the more

active ions. The S shaped curve is typical for solid state decom-

positions (See Garner).

3. Figures 10 and 11

Figure 10 is somewhat surprising in that there is considerable
difference hetween the ‘transition temperatures of the three¢ samples.
yet traces (1) and {2) run at CRDL by threé operators with several
different samples were quite reproducible. The literature values
séem to be extraordinarily high even for example the boiling point.

Figure 11 which chows the DTA traces »f two sulfur samples
in.wbich an attempt was made to modify behaviour by altering the
elegctronic environment showed only une major change. That is the -
decrcasing of the temperature of the7 tc™ liquid transition point,

4. Figure 12

These data were plotted from the literature and there are two
important observations (1} that the increase in heat capacity ensues
at 135-140° and that maximum rate of conversion of A to7 form oc~-
curs at 159,1°,

5. Figure 13

These doped chlorates of which two are alriost exactly like
pure KC103 were included for two reasons: '

(1) Barium chiorate is a monohydrate and the long range of
melting may be due to the effect of the water of hydration,

{2) The AgClO3 doped material showed the same premelting
exotherm-as other highly reactive forms of KClC3. lana
way this confirms Taradoires igpitiou temperature data.

6. Figure 14

These thermograms of the 5-KClO3 mix are highly important
in that they show that the sulfur goes from rhombic to monoclinic and
mélts with-no apparent effect on the KC103, Also they do show a pro-
nounced preignition reaction {PIR) starting at 1429, 146° and 1449,
{The freehly ground KClO3 showed a PIR starting at about 1229 in two
parts, the second of which was the 144°), Furthermore, ignition {or
runaway reaction rate) takes place at 158°, 154° and 1519,

7. Figure 15

Some more of S-KClO3 mixes using modificd XClO3. Much the
same PIR's were at 1459, 1350 and 1529, Ignitions were at 1540, 1670 .
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and 172°, It should be mentioned that trace number (1) KClO3
doped with KMnOy4 gave two PIRs separated by an obvious endotherm
similar to but much more pronounced than the freshly ground ma-
terial on Fig. 14. The first PIR was 122° in this case as it was in
Figure 14,

8., Figure 21
Some NaHCO; and NaHCO4+ S thermograms which show
(1) Effect of storage on the NaHCO3
(2) No reaction of S with NaHCO3 in this temperature range.

B. Thermoconductimetric Analysis {TCA)

-~
1. Figures 16 and 17

Here an attempt was made to correlate the DTA and the TCA
apparatus. Although we did get sharp conductivity fall offs in TCA
work at 285° and 3359 as would be expected when the BaO3 starts to
react with the metallic iron powder the thermogram was disappoint-
ing in that we seemed to get reaction at 1629, Whether or not this is
due to powdered samples in DTA versus compressed pellets in TCA
is problematical. An eﬁourag1ng result for TCA should be noted,
however, and that is that in systems of low heat output the conductivity
changes may well be a much more accurate measurement of thermal
effects.

2. Figures 18 and 23

Figure 18 represents the data of TCA runs on four pellets of
KCiO3., Pellets A and B show extreme electronic mobility starting
about 120° C, Pellets C and D show the usual "knee' for semi-
conductore starting about the same temperature, Pellets A & B
showed gross evidence of melting and decomposition. Pellets C &

D were unmarked, See the upper picture on Figure 23 for a compar-
ison. The analytical data also confirmed that 14 % of the KClO3 in
pellets A and B had-decomposed. It is possxble that these peliets
were of variable water content prior to measuring.

3. Figure 19, 20 and 22

This was work designed to confirm the conductivity measure-
ments using the system (PbO - Si 80-20) similar to the BaO, - Fe work.
The measurements on PbO do agree quite satisfactorily with literature
results, The DTA trace and TCA trace are diffiguit to interpret.

C. Burning Rate Studies

Although these results are not yet complete, they are valuable
for several rzasons, For one thing the burning rate measurements
have been proven to be reproducible to the extent that confidence can
be attached to this procedure for evaluating both positive and negative
catalysts to the system.
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Secondly, magnesium oxide has been found to increase the
burning rate sometimes as much as 60 to 70 percent. This con-
firms similar data in actual grenades obtained during initial de~
velopment at Edgewood during World War II as well as fulfilling (21)
a prediction of Freeman and Anderson based on DTA data on KClOy4.
Also magnesium carbonate has been found to slow the reaction to a
measurable extent,

Lastly and of very real importance to the understanding of the
reaction mechanism is the fact that although manganese dioxide is
an excellent catalyst for potassium chlorate decomposition, it does
not alter th&yurning rate of the fuel mix, This is in agreement with
Shidlovskiyt®?? who in the following guotation does not quite say the
same thing but means the same. On page 165 Shidlovskiy states:
"Attempts to introduce such substances as MnOp and others into
chlorate signal fire compositions to accelerate thermal decomposition
of potassium chlorate have not met with success: the combustion rates
of the preparations were not increased'. The first clause is based
upon the mistaken belief that the thermal decompositior of KC1O3 is
necessary to the mechanism of burning. In fact, the literature confirms
what every college freshman knows; that MnO; does "accelerate the
thermal decomposition of KC103", The fact that MnO, does not ac-
celerate burning rates can only mean that thermal decomposition of
KCIOg, is not the rate determining step. In other words, caution should
be exercised in attempting to correlate catalytic reactivity for thermal
decompo(%ison of KC1O to burning rates or sensitivity of the KClO3 - §
system,

D. Supersensitive Potassium Chlorate

Aside from the spectacular, the finding that a potassium chlorate
could be made which when mixed with sulfur is spontaneously detonable
at room temperature there are twe byproducts of this experiment.

The doctrine of using brass, bronze or copper screens, tools and
jigs for pyrotechnic mixing and loading for non-sparking properties
certainly needs to be reexamined in light of these findings. Also just
the very fact that the lattice of KC1O3 can be so loosened as to ignition
at ambient temperatures does shed light on the reaction mechanism
postulated in the following section.

ViI. POSTULATED REACTION MECHANISM

After just one year'!s study it might seem presumptuous to even
poatui’ate a mechanism for the sulfur-chlorate reaction. However,
data ﬂgout reflection is mostly futile and more importantly experi-
mentation during the continuation of this work will be more efficient
if guided by such a postulate. Even if it is only possible to dispose
of one alternative considerable advantage will incur and further de-
eign of experiment can be aided greafly.
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One point should be made strongly before entering into the postu-
lated mechanism and its confirntationc. dalu and that 18 chat there is
very little connection between the thermal decomposition of puwre KClO4
and the reaction of S and KClO3.

It is believed that as the KC1O; - S mixture is heated the sulfur
goes from Sg rhombic to Sg monoclinic, then melts to Sg liquid. None
of these transitions are of any real importance to the mechanism ex-
cept as precursors for the next transition when the liquid Sg molecules
break down into S3 (A toTr forms) fragments. Evidence for this tem-
perature comes from West (see Fig, 12). Although the maximum in
West's heat capacity curve does not occur until 159.19 C, the initiation
of the Cp increase occurs at or above 140° C. It is obvious that S3
will be much more reactive than Sg because of electron availability,
shape and size.

If now the S3 fragments are able to penetrate the loose KCl1O3
lattice or perhaps only erode it creating fissures or other imperfections
reactions will ensue giving off heat, creating more imperfections and
reactive sites which will grow in number until ignition occurs, 1Itis
believed the PIR as shown on the DTA traces is the reaction of S3 frag-
ments {in relatively small concentrations with surface potassium chlorate).

If this postulate is essentially correct the reaction should be fastest
when the concentration of S3 fragments is at its highest, and the onset
of the PIR should begin at or near 140° C. Also the ignition temperature
should te able to be influenced by changing the nature of the sulfur mole-
cule and of course the structure of che KClOj3 crystal.

The results of experiments in these directions are contained in
DTA and Thermoconductimetric plots. Figures 7 thrul9,

It should be noted that all DTA plots of S-KClO3 mixes show that
the P,I. R. starts at or slightly above the temperature at which S3 frag-
ments begin to apgﬁa}-. Also ignition points are always in excess of
150°, Taradoires!’? ignition temperatures 160-162° C.

Although DTA plots do not show solid state decomposition of KC10,
(there is a possibility that drop in base line may be due to this) the re-
sults obtained on freshly pressed pellets under compression with brass
electrodes do show decomposition, and enhanced reactivity. This de-
composition was confirmed by analysis,

Also the important fact that MnGO, and similar do not speed the
burning rate is exceedingly important showing fairly conclusively that
inasmuch as they are successful catalysts for the thermal decompo-
sition of KCl(3 and the reaction under study is not influenced then this
decomposition is not important to the mechanism.

Finally, the fact that an exothermic detomposition of KC103 can

be induced before melting by fresh grinding or by suitable doping proves
the role of the lattice faults in enhancing reactivity.

-3 -




o —— —

AN I LT v o vy W WA

BIBLIOGRAPHY

1. Chemical Corps Formula

2. U,S, Navy Bu Weps Formula

3. Bateman, E.W. and Heath, G.D.; JSCI 66 325 (1941)

4, Heath, G.D., Ibid 68 41 (1949)

5. "Foundations of PyTotechnics" A, A. Shidlovskiy, Moscow, 1954,
Transiation by Foreign Technology Division, Air Force Systems
Command, Defense Documentation Center AD602687,

6. "Firew~rx3' Takeo Shimizu, Tokyo 1957.

7. Davis, T.L., U.S. Pateni 2,409,111,

8. MclLain, J.H., "Fireworks Formulary'.

9. Hedvall, J. A. "Reactions fihigkeit fester Stoffe'', Leipzig, 1938.

10, Tammann, G., Zeit Anorg. Chem. 149 21 (1925,

11. Spice, J.E. and Staveley LAK JSCT 68 313 (1949).

12, Ibid 68 348 (1949).

13, Patai, S. and Hoffman, E.; J. Appl. Chem. (London) 2 8 (1952)

14. Hedvall, J. A., Trans. of Chalmers Univ. of Technology Giteborg
151 (1954).

15, Ubbelohde, A.R., Research (London) 3 207 {1950)

16, Ubbelohde, A.R. and Woodward, !Phil Traas. A 241 222 (1948)

17. Bowden, F.P., 4th Symposium on Combuastion (International)
Williams and Wilkins, Baltimore p., 161 (1953.

18, Garner, W.E., "Chemistry of the Solid State', Chap. 11, p. 269,
Butterworths, London (1955).

19. Simchen, A.E.; J. Phys, Chem. 65 1093 (1961)

20. Research Notebook 1232 CRDL Captain W. . Munro.

21, Freeman, E., and Anderson, D. Nature 140,

22. Hogan, E., Freeman, E, and Anderson, D., Pvt. Communication.

23. Moog and Nicolaus, Pyrotechnics Wilppertal West Germany,

24. Pvt, Communication, A, Witterholm, Nitroglycerin, A, B. Gyttorp,
Sweden.,

25. MclLain, J. H. and Ruble, T.A., U.S. Patent 2,643,946

Composition Pb3O4 54.2
Mn 11.6
Si 34.2
26. MclLlain, J.H. and Muyer, S., "Correlation of the Properties of HC-

Type E with the Density of the Constituent Zinc Oxide' TDMR 750 (1943).

27. Hauffe, K. '"Reactionen in und an festen Stcffen'!, Springer Verlog,
.Berlin (1955).

28, Gol'dshtein, Ya. R; Zhur, Prikiad., Khim, 24 925-39 (1951)

29. Rocchiccoli, C., Comptes Rendues, 242, 2922 (1955)

30. Sass, R.L. and Scheuerman, R.F., “Acta. Cryst., 15, 77-81 (1962)

31. Hodgkinson, W.R.E. and Young, J., Chem, News,"6'6 199 (1892)

32, Logarde, L., Ann, faculte sci. Marseille 18 No 1 128 pp. (1945)

33. Pavlyuchenko, M.M. and Vainshtein, C. A" 53 21074€ (1959)

34, Meyer, B.,, Chem. Rev. 64 429 (1964)

35, 'I‘aylor, J. and Pollok, F.7; Fuel 28 77-87 (1949)

36. West, E.D., JACS 81 29 1961,

37. Taylor, James; ""Solid Propellent and Exothermic Compositions,

George Newnes Ltd. London, 1959.

- 4] -

i"’moun pagss. wore blank, therefore not f£ilmed.

R e




38. Eilern, H., '"Modern Pyrotechnics'' Chemical Publishing Co., Inc.,
New York, 1961,

39. Wendlandt, W.W,, "Thermal Methods of Analysis'' Interscience
Publishers, New York, 1964.

40. Reilly, Joseph, "Explosives, Matches and Fireworks' Gurney and
Jackson, London, 1954.

41. Chiu, Jen, "A New Approach to Electrical Thermal Analysis' A
paper presented by the author at the Fourth Annual Thermoanalysis
Institute, June 21, 1965.

42, Summerfield, M, et, al, "Burning Mechanism of Ammonium
Perchlorate Propellants', A paper presented by the author at the
13th Annual Meeting of the American Rocket Society, Nov, 17, 1958.

43, Naeser, G. and Scholz, W., "Effect of Mechanical Processing on
the Reactivity of Solid Substances'', Kolloid Zeitschrift, 156 1-8 (1958).

44, Hill, R.A,W., Proc. Rog. Soc. A 226 455 (1954).

45, Spice, J.E. and Staveley L. A. K., J. 5. C.I. 75 692 (1956).

46, Miravet, M. del C., and Rocchiccoli, C., Mikrochim Acta 485 {1961),

47, Solymose, F. and Krix, N., Magy Kern, Folyoirat 68 286 (1962).

48, Nomura, Y, and Tobisawa, S., Kogyo Kayaku Kyokaishi 22 (2) 89-90 {1961).

49, Wilmshurst, J. K., J, Chem. Phys. 36 2415-19 (1962) ™

50. Glassner, A. and Weidenfeld, L. JATS, 74, 2464 {1952).

51, Vanden Bosch, A. and Aten, A.W,H., Jr., Ibid. 75 2835 (1953).

52. Patai, S. and Rajbenbach, L., Bull Research Council, Israel 3 No. 1/2
46-52 (1953),

53, Patai, S. and Hoffman, E., JACS72 5098-5101 (1950).

54, Yamamoto, S, and Asaba, T.; J. Ind. Explos. Soc. Japan 1l 190 (1950).

55, Ibid., 13, 235-41 (1952), -

56. Osada, H., Ibid.,; 15 313-15 (1954).

57. Ramachandran, G.NU and Lonoppan, M. A., Acta Cryst. 10 281-7 (1957).

58, Frejacques, J.L.M., U.S, Patent 2,626,861 Jan. 1953,

59, Chatfield, M. and Holmes, J., British Patent 861, 365.

60, Gregg, S.J., "The Surface Chemistry of Solids" 2nd Edition, Reinhold
Publishing Co., New York, 1961.

61. Smekal, A.G., Proc. of the International Symposium on Reactivity of
Solids', p. 131, (1952).

62, Epifanov, V.S. and Kunin, T.I., Chem. Technol. Inst. Ivanovo 5 (5),
770-4 (1962) as reported in C. A, 59, 135898 (1963).

63. Vogel, A, "Texthooks of Quantitative Inorganic Analysis', 3rd Edition,
John Wiley, New rork (1963).

64. Frami, J., Rhodes, C. and Ubbelohde, A.R., Trans. Far. Soc., 55
2039-47 (1959) -

65, Foussereau, G., C.R., 98, 1325 (1884),

66. Buckley, H.E.,, Mem. Proc. Manchester Lit, and Phil. Soc., 92,
77-123 (1950-51),

67. Kaslin, R., Chemie and Industrie, 57, 444 (1947).

68, Buckley, H.E., Zeit. Krist, 82 31-6, 37-46, 47-9 (1932)

69. Buckley, H.E. and Cocker, JV, Zeit Krist., 85 58-73 (1933).

70. Buckley, H. E., Ibid., 88 38i-411 (1934).

71. Latimer, W.M., Schutz; A,, and Hicks, C., J.A.C.S., 56 889 (1934).

72. Phipps, T.E., Lansing, W. .. ard Cooke, T.G., J.A.C.3,, 48, 112 (1926).

- ——— pp———————

S nmae s —— oo e S




T At e o e et N g T N WA ke e L o owr x B S JHgE S AN R T A Uy

73, Phipps, T.E, and Partridge, E.G., Ibid., 51, 1331 (1929).

74. Taradoire, F., Documentation Science, 6, 232 (1937)

75, Tanner, H,, J. Chem. Ed., 36, 58-9 {1959).

76. Rossini, F.D., et. al, Selecfed Values of Chemical Thermodynamic
Properties, Circular of the National Bureau of Standards 500, U. S.
Gov. Printing Office, Washington, D.C. (1952),

77, Bruni, G, and Levi, G., Atti Inst, Veneto, 74, ii, 1711 (1915).

78, Millon, N. A. E., Ann. Chim. Phys. (3) 7, ZW(1843).

79. Taradoire, F., Bull, Soc. Chem. 9 610-T5 (1942).

80, Taradoire, F., Ibid., 9, 615-620 (1942),

81, Berg, L.G., and Burmistrova, } +P., Russ. J. Inorg. Chem., 5,
326 (1960). -

82, Reisman, A,, Triebwasser, S. and Holtzberg, F., J.A.C.S., 77,
4228 (1955), -

83, Shimizu, S., Tohoku Imp. Univ. Sci. Rept, 22, 633 (1933).

84, Jones, D.W., Educ, in Chem., 2, 83 (1965)

85. Anderson, D. A, and Freeman, E.S., J., Inorg. Nucl. Chem., 27,
1471-6 (1965). -

86. Dickinson, R.G, and Goodhue, E.A., J.A.C. 4, 43, 2045, (1921).

87. Anderson, D. A., and Freeman, E.S., J. Inorg. Nucl, Chem., 27,
1471, (1965). -

88, Freeman, E.S. and Rudloff, W., Quarterly Progress Report No. 1,
IITRI-C6059-1 July 1965, CRDL, Edgewood Arsenal, Md.
Contract No, - DA18-035-AMC-341(A)

- 43 o

o ——— Wi"m




ﬁ Caadioe @

Pt 4 e T o
N

. \kejos

| Kkejos

| lctoy |

_KCoy
L Ke03.

APPEND: £

Table 4

tmene

Sews it v

e

H

=
£S

I
LR R 1

~ KeiCg CompinNATIONS

.

NEOUWETANT

o namae ¢ o e

Womw, oF Imy?acT

i"am&ivw

Koy
_KClo;
_Kketoy

£cioy

R B e SR

_bhaddose

Chareoal

B N Y

M - (’;’aw de vf.("j

s

AseS3 |

_‘)u‘{!,‘/ i

Maphlhatene |

0.b
el
Al

—a A

| Ketog |-

f
i

:* O%iDIZER
b

| k€103

e

e RARNUR

K.wnyh

ZroutTanT

- -

Sutvur

A

e b oo A5 B4

 KNO3
K(.IQ; -

b e i

Koy

e o e 4

[V DU

p——

'Su» [ 9

Suirur
l.actosy

WACTOGE

| K Noj

. 2

LACtuSE

ﬁ__4 g

NCEOE O
FoR wb‘o"i“ | reoN (RQ'N/Cﬁ

e A W € 9.1 LB 5 A

e

T

A8
e 1S
nte 4. 100
Avy hactes:  ComBINATIONS -
nT | WoRk of TMPACT
P ‘.l
- 3.6
e
-9
g.0




I |

vy
P e - , R
B A Thermocovp’® well

A Llectredes

c. Pellet ,

. T‘Sfﬁb’\rz loadeA Q‘ft?-:ﬁ;d¢ f

£,F, Stamless stecl std taper plugs,

| gopi 3 t

AY RER T

PO ——

J e

'Pcﬂch

!
’ N
A g] N élass-‘f‘“"ﬁff" seals
A t/ w‘ C.’ SP"I“? foader (’f‘gfs,‘.;'tg;'
< D o
f S-fa'|a“n.\',‘ JL‘H*OU‘,'

r.‘qu”: 6
J.oH Me L,

¥



B e il

L RN TR

QICARI A

ey

awoynd) Jk m%
)

SN,

l[“.‘

N

3 e o - -

*

L ddi ] PR |

. ss\-o* JOAS

4

+m34.4 Saghumw oY

»

"Say YL 20§ 9,51

3 //_
M// .
- n e e — P l!o.t,‘
Mr/y(o bl )]
4
* e - /
- o > o - & ¢ = N, » - o o - .\J
|“I’,/|II}(//, M\
.“7 ‘M.'I’[”Il @\/
,.WJH /
,Nw /
\w;
B
i
A4PY] .?1 puo st un4 1823%3 ewc spuly @
d

L] -
' "y a2 @7

11 "

) g paM@ 334 bty oy @~
«u%.*&vu Anqrses - hal: } . Soion Q ——
YWy pi-aol

Sc&@at«uw . £019)

Q f k|

)

L9

TRy
ox3

P A T

.

. APPEKO X

A

<P

A

i

s




I N, . N ¢ . i
MM ...v....A R ~ a2 ,” NP - ) . ; ,
. bee - |
] ° # m
. f
{
6ok ,
7 ] &
. ‘ ]
$ . W
®| “. g
- 2t & > ] * .
5 ~ %ﬁ A* S0 © :
. =i Fiu | . | o @
F Qsm WCE S B e e e VA Bas G R G e AR i e Sma ST A ot whe R R s WS e B e ‘\‘ -
® TN V. =m0 |
J, "— .. \.\l\/ [ ! ) w
fmalil\ t | Y -~ S ~ k m
Wﬁ}muv b \ 1 mew
{ L <
H byt M .
Vel v ! <
i H -
¢ { by .
n\”. ¢ -
\/ by m
- ~ ] i [4
{ 1 4
¢ 1
? Tv “ )
Hek e 251 1 .
° b b
) '
o { “ " ..?u.cxw AT w .nﬁmsowxo :3..% W ®.
! H “ .~ ﬂ‘“-ﬂ w ] *Vﬂ Q"‘OU 1} c . @
h. .. m (°f 2) Vo1gnyos O Vv i::&\ oM @ x
- o . D
¥ f swivabowas adep - €013l M =
2SE &8 . wazy) PP b
% O
R i JR—— fgcﬂig”%

.y -




e e B

/
4

3
.ae

P Tl ol

dm N v * -

e L

. g

» Q{O ~N.$u£

i

‘ woryn jos

€010 @

Jm.;u topy ©

SQLW' ovﬂ.u
Q1Y Q3490

Wzt Qounv N33V

e

-

A= A9~

APPENDIYX




o eI S

P

v by

’
-
g3
-

I3

-
-~
,

f‘

FIGURE /0

e L R LS

tew
SA o o e
W P M s e AL et Gt e aww wwn Ses n o e S

%

Memw\ ) o S° XV T ®

1 eri Ll @

Al .~1 . om.h.m“, ‘” 1))
wy i ZTuty>ouow o*wiﬁoé .m. di331 "¥¥e0 ([g/
v A e e e - T

N Mt vt bt A & o S e A

usatmo
(1]

wey o1} 1and

i @
oy @
»30}2Q, .

"Wy P OWYIH] EnIIG

v awd

- s e mase e o

-

" w47y

¢ -

B P N

o

h- G-

RBPPENDIX




»

——— o

. e
e e by § e WY oS e

. r—— s w—n W8 4 Ser P

Fleure N

-

p——

Ley 7,

OO0 kM am TR B Gn W SRR AR ab GRS i S S S S e g S s S A e s OO e

- . WP o e

~— -

-
- -

£ mu.vLU
ad

e
"
aSovbvm 3o

it
v
A
2
i1 o0l
H ;
| |
o .
s\l Yy .
& it
4\
LM
R
.~
Ly
"
<
aoﬂ?_w ;
~.
. !
}
i
'
. @
| " v won “VOW &2%”3%, O
: >
L ype 1..:%..— » sy ¥ 3ang, o 3deg

swypp oNPaHL = BN

APPENHIX




— - L - - Rl . . F 2 i
% Yy 1 <7
o E . asE DoE poX x4 {2 ass .
P TREIITY HED Qﬂ
L ¢ !
F o , b 3 ¢ :
S s v
3
. e
~
_
.
€€
.
-~ z
EASOET I STaa 1o el el B0 - (= e . W
. - v +e = fs bes? umln E: N
4 - v . - y - 1 1 = -
. it R \..~a.. S ! gobaiid, FEiLY kN Y e K -+
. IRCE TIEM | IS X M o [l ¢ . St 4 I i wn + om wiy T 19¢
ft B L R - ! CRS: 4. het +
- R = e - e PR IR Bt Loy VNS R - T - 13- * 3 . LA
- - < 4 - o - e £
- hqu DU . UM. o“uﬁ! ~.o Ll.J .r.c.v' - S WLo..xy;ﬂ T WH~.Ly.om = —t i 4= d,! X
" ’ N 3. " PR O, 4 o - M - - +
- Scta Bk e J 4 gy b S R T UEROEE A o it I W d
g g Tl g0 L DR S ] p 3,5 L LTRSS Tqm 34 o2 PROEE 30=5 > e IR R I - l« IL - N\m
- ST RO SR PRV G 22 b e 13 1 208 PR M S g N R I L ) i - - - bl 2 4 -
go i - ilint e Horenad T e e 1 Tf Tt b <
44 +1 b HERPT TS 98,1 ARG DRIENE MTYS €1 MO 1 -ie3 1 SE0E M JE S P05 (RSWNN. A P - ] -~ F ..
L3+ b3 54 gt S IR i B2 L CTNVIMCT T - IR pAgs 1oens 200 RN solIK2 Sl Kot - oop: ,r,w..ﬂ R -
oot >
P33 BT BRI s 3t e B == T PR ST TR A SO TOO 20 7L R T oy 5 = “ﬂ‘
g - - T 4L e R el 3 ERS 3 S8 -4 <3 "3 - - . 13 m
N I I d}, bow WOV = Sadisingee A8 1, Fo g TSR <L deatt Sl wd sRie e e L ) S
-t 4 TSI o2 0 00 dne fvane ane T ) pap-anas 5 - - prg prgee $¢ s 3 L
‘ i e T et e T N M Ly pe R T g T8 g (0 M s iy g ,
. Spdfiand todt 43 Faets N ol seke A { < ; JORR) XS et 3Rt 00h R lE soToe o318 NS TR iz JOVIS HO 2 )
L 135155 0% SR 12 ghec iz 00 0gt Lrms I 72 1000551 MTNCEN LYl St 0z 1213 SRR R T SR ST U e e Yol NN i s o) i3 L I, vre £ N E 5¢ £,
. » + v —y i - 4 - . 158 58 4 e SERS 3 - S S Bt I = !
. ﬂ.aru»wé} tH H. Hsis il ; h‘wr «-‘C; i 08 b e fie M [P 3 Sop Sy o Yol L0MAC SO 13 e RS I )k ooy o + . i ]
b K i - - e ol - - - - bod o -3 - - 3 &1 " - i
L o - 3 RIS R T B AL g I ks S SRS N T ) SOr e B e et e ) ey R B R KA e 12531 1 T ‘ !
&%. AT + 25ateg 1o SE L MU I Snt! PR S S Mkt ool B Sty Sl Mt e L R ot 824 13321 £3023 Lo st e 10 NI o S Y Eikazsy 221 g 13ass MR TR Gd-o
by A B30 S SRR ST MRS RS TR [S SERFRETIR SRS WS IR BRTTE o1 2 24 * gos +t
I 3 it S 51 O O S S T o2 oo Jan: I e A e e Han s i 262 SET0Y ST WD SIS LT i #h
3 : 3 o : Py 4 Supll ¥+ po- =i pe o 13 K - I
{on. . Siag? THIHE 53s: $ bl o S SR g b YT okl sRroal i b s Bl i B3t i o) RETT e SRRy ¥ Y T mM
nesdod yoss s 5 $34 4 + A il et oo 8 e b oadop 32 233 3 Loge fev. o 3 * 3 v ‘ h
o iy S LR R 1 e R RN S L T iy (TSI e E O S3E) 5o et SIS ThL Rl B ;i IR A T R f
[ oas: W”.L.uh( H i1 4 3 RIS Has S1sttiesl e Rimetis i 23 BT rontahr X e pidse g8 Bot broge I 1060 N 5 3
. + + » ¥ - - - . B - 24 - P2 34 - - - "*
e jretes i, SO RN B i e R I e E4 EE [ et S T e E s o o iff TR gt PSR IaY A Fol R Lol St e &
-, i S »vo sttt j38< >4 vedud ool SOVLERRES 20 L0 02 Telic 3 e T Sid.leap D 2t PEI N sgtee oo =t naing T ay g e Upi iy 36333 o ] ;
[ o 12 A et 334T S LIMUIRE T Y F3oss 1220 ICEE LaES 0 > ree ¥ : s = e - 32
SO s 22 i i R 25 CEE S ) Sl R o ot oo el s e e e o Dt e L SO i i g e
Bl B2 (i, R s o 33 Ras S040T 1000 DOalN 15 21 003 oy 22 I riS-) et R D 23 orss dace) Sitgies saxsfESH : e A et 7 T a
" 4 B - >4 rpeels — T g e T e 1 <53 — teetart Lol Tunllpte =y $—m 3 Tatd. [y =g + +
. L4l Y = a ¢ 448 - - RS R EES th g 528 R 231300 k
. H mﬁ.* i RHES Py S A M daha S L R SN ESin Ty u.m i T 3 bR g Tt S 1
X S ¥ ¢
ook T EEm R St TR e s g e o eyl oy DY R ot i it o i pe Rie Rt
S ot fi i S NI L BT e st st s el MR et bl = N0C: TV Bl e e o el I ] t e R 1 0 W 1652
pX e e - M v x - 2323 4gr- - g L3 TN g T s T T pe - +
. Sk LR E=IN .40 Met ml PN San X O "wm o T PR 3t R e 2T S 323 T - oo h el
. ] - . = Jroe 2 IR T Tt Lo I e -.got 2. ' -
ATt 1o Sy ISATWET: TG s it o Nl ¢ R o e 48 LR IR ] e R A 13 ok Py L9 N ien : dyFid A ks A HER
He) bSO Fo ¥ $ . . :
T Em...n..&«ﬂz LRt e St %3 SE0Y S pa o ag HTaxY s o T s ST &4 2oy~ 3% fone s Spe ypouy Ty
d A4 " ol " i 33 1 sy s Wil o) }3 + ¢ 3 i’ MWJ e »
, oD TS o DT ndhy il aiy Lol g maL e SN IR St et b= e Fesi MR oy 3373 2 43t ot RRERE: R Cari ARt oLt
et T ST SEAE T IR ¥ YLt IR B gt T Sardy < T tos v
"% 4y &t g £3 P25 9y - ey By oy - '] o
X s LI T Tl 3 3 43 2ei TULZ = R i o Tt ot g Titotttds 1 std i 2
Heia:i] +3 Wﬁw%&. ﬂu.’l utLr.wm L rtL,xm!.“. 0&1; 7 11353 IR :ibrWJ st Sh Snttitante w»ﬂm:..l.‘r 33 7.1 : 1 pe 1388 Shipy G RT WL._m TEytes
£ e = IRt g T+ X, 33 32 Py 2 > ax ~y rau-
H m Eltihdint M&.w Ly o3 mtnmw. y e 1.~4Ln.. JRdad: o h 3383 e s B 3 TS Ao Tt Rt I 32233 T T 3 i 2 o Tt o) R
e R a2 S A T R s boss e M I S e e Pet NEE X PNE I Sttt st o L3 3 fabitAe st T 2iit i
- C1R: ™ u.m..J 22 4 3g%s r= LSS Sxag gy ety 2 BT AN R 23 53582 R o 2 = re= T [goge 4 0 Cy e e s mw
% e v o 3 R o i S R R NN g A T 5 o BEE ! TR e R e L e (R B i e T T R S
s RiL 21, of 2l -3 ] SR ENIE R .uﬂ e 2 $pmde g poere v r=z3. 1§ ¢ >y b o iagsddbed. 1 2433 ¥ ﬂ Do ador s Fouir r3R 53 -
& Iy T A m N3 uxlm. Yt REE TR v ars Lo 33 TR R S e b3t e T St et et 33 S92 3ol e s 17 .S £ S iy Sef
S e Lo 3. 1.0 rasi ¥ e - -3, - ﬁ%m;r 73 T2 2= g Tetf o 22X 55 rad Sore T . [ - 88 ST ww.ua.i..u. ¥ i . -
. 3 T3 b vl o A SR i R IR o5 R IS H153r K el
¥ o Wrw*.H .Hi....m 01” . .\luxxm»oru ,t .H tuln.mnh. e “. 443 T3 5 e 1 Ne] s Bt Shiitta e Ses ol 23 «4..»«. m =, - Aﬂumn o‘ .
< P E - ¥ -4 r XN e G e ikt Rl id B i TS e i Tty rT TRt TR <t s MRS L T 5 ;.u“. R T “He g u o
S S L adn s T ER R epadee B b o S Hpes Ty i, e o2 it 1 SERT Ty cere ] S Ferdil s e R iy x
- ) bt e : > 2% 3 EPT) re & e T T TR o 84 T P
. .. ¥ 11T 1 i i 3s fastit ey it 1 st xsisd rdterir 3% ¥e o Feof3od! TIOR3 oss e
Coee pipgels g 2 i % i B ool el T e S S R S S N S gt S Sl S
] b 3o sagire aq &4 > fored] —F s P ompe v s r o g ws ye
. o477 T i3, L2 3 23 uMmm“m, : Nk t 32 08y el pu= ' vay ‘N-
s R 1 = SN Rl e R R R e W R g e x St LR T RS, @ s
. it i =3 - ] it = pdie ;o R
" , {5 p = P . e i i s Pysy el
Vs » I - | 2. i ha ¥ ry
.. g =ti 3 ey 23 &mﬁm Aty d G =l Lt o] eI ol 3 TaEEeyIiloih [herisd i et iei il ioy
22 v 3 y 3
- < B : IR LI 33 ey Bt el ST g b iy e ! Houhinds 3 8 it : £ 231 nh 3 :
ads iy vedsgd BEaaits:adcibole ot d3r i 3 prets (o2 o= 2 = 3 Ptz + 3 = vs 0ud rittir o
- {2 i TR I ere: T ® st T e ; tntes &
- el s Girde 23] T i e M3t s 31 i : i i YRHE S bt
: 4inid >
roass I 558t s THY 3= RN G s st s G W S H e 1 gisagen = £83:t3
s B e . il Geigiiatal o 3 £ Srafishs E s ir:
[ 5 a s 4 { - . * o evass = 1t - s 5
T R4 pEEREE SRR s G o T LM \m i et $31 prags]
X sty 3
R < 3 SR ot R it it S £ : it £
et ¥ P . . » L8 > ' NG ¢ - vM ) " i
[N
- “ « o, «

.
- _— ———

.t
..AAO:N.,-‘.. . \o e :..,\ . o uw e . . Il\x = - . e ", R
b e f SMSIORYSSVIGoomboR T INLSakvaWod xoo€ xacel. - . o BN S8 W ARR! gL vk o v
»f“g e W bt - N

il it s , st st it bttty




— o

]

AV Ay R A oY ASE PR b A ATy P 1 S s 4 WA ¥ S B

ol |
Ve g ‘ Vi
o LT
. I
u t . 4
__4 L i t
13 ' {
2 '
S ' 1
d ; |
- Gl |
o L
_". . { }
“__ w
v i £ ) @ ‘
X _-omu‘h .we.»u&um sjow T + o1 . W. M
; : £ «.«XK_D.. = .u
o285 7 r M : YUY OoW2IRL 0193 ¥
I o%e Ww n
' - . e e ] ] i .M




L

T - ¥ e - ane e mD T TR CRLLETY PR I S .= . A B
% u.u..@. ¥ o e . v " vt - - e »
nv;..u 5 b o~ x ) . \. . uo lr . “ .
* R S ,w... “ . X 4 .t,‘ - b . B " .1.».
....\, -~ . 5t ».r. e « 7y - - hd . — <3 N
oy ¥ ) ' ;e
- G i v i
’-,? . i VQS\W .wl
o., ¥
P =
- ol i
NP R
k >/ .
0 ® »
S Ny = & b .
e Y
& . .\
20w S £
. IS T 34nd 2 '
i |
. . LN
r . . Lf. .
; “0 &‘h\ v s C_J
: = QQQ * nvornndT ¥o IFng7IA | ;
H - ] .ﬁnn j
' o . \\\ Ih . A |
{ [} / é , o
.- o \m : b
) 3 m i N
, 2 A
LK ~ o
- i
b
£ ] . ‘ i
£ . 1
: - : .
m Lo Py
. fgnh nowiy F EXT. .J H&anuﬁ >y 8 ;,, * *
S o sty . f
. Ty ! < D.Iu¢QWQ.w SR R
.annun.w %:@Q - WA At < @J . L
n - .- T
< yEIN - 2 no.nab..wsnu& BYLOLS VAM
v s/ f3rend VEL z.ﬂv.ﬁn&kw:&) ﬂw t.u.(lx?« p 1
e Qa3 - el s e _.. :
/ . « :_ . " A - 34 u;
. - - 5:.& K .@2
> S vHIoWRINE Wi Toipat- uhd ww , sl
g "3 X H%WM\»
. ngpaio — ~ R s ‘w N “./x
HE A L . L e o
.&WH; ‘. . . .;w uw- - o yh.lu..l..h, . . L o by ;w, f.p




{
{
!
)
I's
!
i
i
|
{
!
t
i
i
i
§'
i
{
}
{
1
'
i
f
t
i
i
i

VT e e e M o s & S e e

e h . A, P v T 4 GeAp s 8

W @ e e W

# e e .

Fiaure /&

2bvang _
hupy o me fox @ i
.“ %@u“;«?ﬂ. § oo Mﬁmd X G %
yhtm “pedep f013 © S

LE PO ORAINI. X1l t0ipy —Hnsng -




T IX!O-‘

THERMOCONDUSTIMETRIC ANALYSIS FIGURE /6
-Fe Twe Runs on
B%of 22 two &ifferent sized Fc“e‘i‘s.
* IX(0‘7'
o 295°
f e w
' i Log
&
OI)M“'
!
{
{
2
. -9 i
. ‘Q‘\/\_____‘—T N - 3?‘ L
(/ 41x1077
' i
{
!
7‘ 1y107'°
L/ §
v
(oY)
1 o B e X LT
£ C I8 teo g0 deo as5e 300 35¢ ’X:"
Pa N ng.gf@»x 2




e~ 3L
34 -ZToeg

/ll.l
- /.)
- »0SE
4 Sy
027 - e
| .
N /
// .\\
l,rll‘l \\-\.
— )
/ll’.
VM\\
™
<o
~
~
ol
o
3
2
&
WA QWIIR)

.
A ’ [

vt SR TSI I Ay <o RS WA At 7
. r——— e e

A-67 -

R R Iy s W B Y

. APPENDIY




v D DENL0Aad e L
§o S8 §s% 53%% sa T Ssu wm.. FE o3t sor wp 5t ey Sb 0 51 o o
o S A T e e Y A
+ ?’
! ]
o S ~e- - - =9 3
/ ;N?nuun*
/
/
/
!
4 LY
C
W
- Orxd
oI-
ww
P
i {
P
CM \\i i Tm.acl
” [ LV
13 -~ { wtlo
® e ! <
S . P { ‘ >
.3 - / d g
L. s “ & - R
.U\ @ - - .4
-7 @
. ) ]
. 9 . e - 2 .
P - . Wﬁcwo e .)0% 5] “ grxi
s \c\ . 3 \01 M¥Y3 Duo wn: {na Swes Ppas |} 14 &
@ \\ Y 1 T 23 137 ;
7/ 4 :
/ v ~ ; . : 329430 5UN §
, \« \fﬁ?fdﬂ YHv J.«.rsvﬁ *o.:.vﬁ aQW . Y ; x
o ‘ Cosyeped fq1D)) " P
) 211 el §oxt &
&W ;@\ w.w\...:\?.w\ U-.mﬁrmt:.udﬁz.ﬂu CLHPYIN] w , Mw.m
! . . ’ - ' a |
v ) S




i

— . RGO i SIS P Ve NGT ompot,comens mANY AP NIERSER NPTV ~ - PP T ..EE ;§
‘I.J... S

(1R My ~J3W0YHD) D, 'L

‘“'l"‘!irtli\\ e, e S D A | dmar - At . Y N —_ v a St - '%
, 200
, /, J28Y
/ -Iﬂrl ‘.’I& .
,/{l'{ll’ I}{..’ 3
Eiadit S . 3
", %b N / 5
b
~4
|
- s |
t .,\.o
" < .ﬂ.
= [¢]
=
»
3
s9j8f9 -®vd plo Swuewyl ' 0v-08 %
Wy ewHanl S -094 ' <




Gl

SO

il

sany bunpray -1 g 21198 —v

FILURE 2o

bwioos - g 420124 %2
e Zapuss o9

~

ST At % S tmearin e b antel ¢ e e maparnas - e

- ,n}!.o.m.,m.....vo..uss*ium “al. 6ol .
v
X o
q
{
3
S
»n..m...*0
Soy
i
M x
P8
g
S 10-0%d . : Mm

A

SIsSAboey el zivilongacvod oty2aHL

S

3

e e o e e —




g 2.1

Fiau

B M T e TV

e AT SR e T Toa

—— - e . - P e s - — n meram o e me e el s we Amamre mae

@ - =

7] & u h ®
WhIng & 23245 by @
<ay1 -wasmog 4sn P

Styyd omESHL ~OJH PN

- . v v a——a

-

e e

A-61

APPENDIY




oof .

Flourg 2 X

.eLtx

AT
AN

3

ms.:@bv 8

Wi §P3y O~~~

_ohe

Do HNpvardudy

o1 ozl on ob a9 of
S T - or x}
-
\I\C. o —
\\@\\“& _—eD e s~ = -—s
7 “ ORIl
3/~
R
5%.10...3&9
a2
{ ?mﬁ{
X W@ﬂ
e,
¥
.A.._.Gtuﬁ P 4+ns£ .wu:e& so.w popoodwn 3
) w . R
SISAIAMY  DTVLIWILINANGI.OWPINL an




- e s et om0 Ly ot SIPIAILANI AR L 200 1 r0 8 n s
o ¥ w o = eememiber i e m2e 5
oy g A < .

TECRES MO RSV T 00 5oy AT

»
e I3
, Potassium chlorate —
e befcre and after conductivity
gqipvéﬁﬁ ' imeasurements to 315°C.
s Wﬂjf:‘é’;i :
. *;;’ i 4
S L Je YN R
e a‘?&mm@”s" .
i Ircri - barium peroxide
before and after conductivity

measurements to 368°C,

fron - potassium dichromate
bsfore snd after measure-
; ments to 400°C.

APPENDIX A- 63"




- P e e A e T e, 2D e v, P, T T R IR B /4////‘1 LI ST 4 ARV
R S B TR I S B e

.

)

s e G A T AR T B ¢ I R SR R
s s e B 2 i 50 R

écarzty LiEBBIILICATION
DOCUMENT CONTRGL DATS « R&D

. (Security classification of title, body of absiract and indexing annotailon must be &1 -
tered when the overalil report is classified)

1. CRIGINATING ACTIVITY {Corporate author) 2a. Report Security Claseillcar on
Washington College UNCILASBIFIED
Chestertown, Maryland éb. Group

N/ A

3. REPORT "1 JLE
EFFECT OF PHASE CHAMGE 1N SOLID-SOL 2 REACTIONS()

. DESCRIPTIVE NOTEZ TTyps of report and 1neiusive GALS)
Annuai Report October 1964 to October 1965

5. AUTHOR{S} (i.ast name, first name, initial;
McLain, Joseph H.; Lewis, Donald V.

6. REPORT " *TE . 7a., TOTAL N, OF PAGES : 7b. MO, OF REFS
Jopuery 31, fuoe ! b 88

8a, CONTRACT OR GRANT NO., {9a. ORIGINATOR'S REPORT [JUMBER({S)}
DA~ AMC~18-035-77{A}

b, PRCSECT NO., . i WCDC~6465
- 1C014501B71A02
C. 9b. OTHER REPORT NO(S) {Any other numbers that
may be assigned this report)
d. N/ A

10, AVAILABILITY/LIMITATION NOTICES

Qualified requesters may cbtain copiss of this report from Defense Documentatior
Center, Cameron Station, Alexandria, Virginia 22314

11. SUPPLEMENT‘ARY MOTES. -'gi-z: SPONSORING MILITARY ACTIVITY
Pyrotachn US Army fdgewood Argenal Chemical

v: ..
4 search and Development Labgratorics
e g E’Sgﬂwov : Arsenal, N arvlanlé .;7‘151;,

“
B

13. ABRSTRACT

A8 a result of differeniial thermal analysis, thermoconductimetric analysis and
burning rate studies on potassiun: chiorate, sulfur, sodium bicarbonate and their mix-
tures the effact of phase transitions on reactivity has been rvaluated. This evaiuvat.on
has led to a postulated rechanism for the sulfur-potassiumm chlorate reaction in which
the thermal decomposition of pure potassium chlorate ig congidered unimportant.

A relatively new tool {thermoconductimetric analysis) for measuring effect of
temperature on solid state reactivity has beer developed and applied with satis{aztory
results,

It has been determined that the reactivity of solid potassiuny chiorate ¢an be « re
hanced greatly by doping the crystalline material changing cryatal habit and coating the
crystals.

A supersensitive potassium chlorate {doped with copper chlorate was prepared
which when mixed with sulfur detonated on standirg af room temperature,

¥orm ]
DD 1 fan b4 1473 , WNCLASS [ FIED.
- Security Classification




KEY WORDS

Differential thermal analysis
Thermoconductimetric Analvais
Potassium chlorate
Sulfur
Thermal decomposition
Hedvall Effect
clid state
Hot Spot Theory
Doping
Copper chlorate
Detonatior
Ignition temperature
DTA
TCA

- 66 -

. —

A A AR B Sl TN T AT T

T AT TR AR S TR T T T e T




