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FOREWORD

This is Report No. IITRI-U6038-10, the Final Technical
FPeport on IITRI Project U6038, Contract No. AF04(611)-11386,
entitled "Doping Study of Light Metal Based Fuels. This re-

port covers the period from January 3, 1966 through October
4, 1966.

This program was conducted by IIT Research Institute, 10
West 35th Street, Chicago, Illinois, for the Air Force Rocket
Propulsion Laboratory, Edwards Air Force Base, California,
under Air Force Program Structure No. 750G, AFSC Project No.
3148, and AFSC Task No. 3148. The program monitor for this

project was lst Lt. William H. Summers of Edwards Air Force
Base, California.

The program was under the direction of Dr. Eli S. Freeman,
Assistant Director, Chemical Sciences Research, the experi-
mental work was performed by Mr. Aaron J. Becker, Assistant
Chemist, and Mr. John Petersen, Technician.

Data include in this report are recorded in Logbook No.
16855.

The copy of the final report sent to the sponsor contains

an Appendix showing a colored photograph of the ignition of
the doped LMH-2 powder.

This technical report has bheen reviewed and is approved:

W. H. Ebelkz, Colonel, USAF
Chief, Prowellant Division
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ABSTRACT

The effects of doping on the chemical reactivity of
beryllium and LMH-2 with respect to combustion was studied
by means of differential thermal analysis (DTA). Specifically,
the effects of doping with impurities on combustion was ex-
plored to determine if it is possible to increase the igniti-
bility of the fuels of interest. It was found that when
beryllium and LMH-2 were heated under conditions of linearly
increasing temperature from room temperature to 800°C in
dry oxygen ignition did not take place. Under the same
experimental conditions ignition occurred when the materials
were doped with various metal fluorides or fluoro-~silicates.
The ignition temperature varied depending on the dopant im-
purity used., When an oxygen atmosphere saturated with water
vapor in place of dry gas was used the reactivity of both
fuels increased markedly. The exothermal decomposition of
ammonium perchlorate was also observed to be catalyzed by
some fluoride additives. Mixtures composed of the doped and
undoped fuels and ammonium perchlorate were also investigated.
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DOPING STUDY OF LIGHT METAL BASED FUELS

SECTION I
INTRODUCTION

The standard heat of formation of BeC i1s -143.1 kcal/mole
and its heat of combustion per unit weight is markedly higher
than presently used propellant fuels. The use ¢f beryllium as
a fuel should represent a major step forward in high energy
vropellants, however, the relative low rate and inefficient
combustion of this fuel is a major obstacle to realizing the
full potfntial of this fuel. 1In previous work by Freeman and
Anderson®* it was found that doping with impurities can sig-
nificantly increase the reactivity of fuels such as aluminum
and more recently it was shown by Freeman and Becker? that this
was also true for boron. The purpose of this present program
was to conduct an exploratory study to determine if it is

possible to increase the ignitibility and reactivitv of beryllium
and LMH-2? by . doping.

Macek3 et al, reported that the combustion cf beryllium
powder proceeds only under high pressures of oxygen and only
at very high temperatures. This was attributed to the protective
nature of the oxide layer. To increase the degree of oxidation
it was suggested that the material must be heated to at least
the boiling point of the oxide. The oxide melts at 2520°C and
boils near 4000°C which accounts for Macek's observation that
self sustained ignition takes place in beryllium powder only
when a flame temperature of 4000°C or higher was obtained.

Terem? has heated beryllium powder to 1200°C as part of
a study of the kinetics of oxidation o” beryllium powder and
did not observe ignition. However, he did find that water

vapor strongly catalyzed the oxidation of beryllium.

Other workers have performed corrosion studies cn bulk
pieces of the metal. Cubicciotti® found the parabolic rate
law was followed during oxidation and the activation energy
calculated for the reaction was 62 kcal/mole. Gulbransen and

Andrew® obtained results which disagree with Cubicciotti's.
They found beryllium oxidizes in two steps, the first with an

activation energy of 8.5 kcal/mole and the succeeding step with
an activation enerqgy of 50.3 kcal/mole.
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Little work bas been done on the physico-chemical character-
istics of LMH-2 although it was synthesized in the high purity
form (96%) in 1954. Reports on its chemistry are very scant in
the literature and only within the past 6 years has their been
definite proof of its structure. Experimental datz on its com-
bustion characteristics has not been published in the open
literature.
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SECTION II
EXPERIMENTAL

Materials

Information on the doping agents used in this program is
listed in Table 1. The beryilium was obtained from Brush
Beryllium Corporation and the LMH-2 €rom Ethyl Corporatior,
CP grade ammonium perchlorate was purchased from the City
Chemical Company of New York. The oxygen and argon used in
this program were purchased from Linde Division of Union
Carbide with purities of 99.99% and 99.996% respectively.

The AlF,.3KF and AlF3-KF were prepared a2t this Institute.
The procedure involved heating AljFg-XH70 and KF in the molar
ratios indicated in the stoichiometric formula at 10°C/min in
a DTA experiment. The erdotherm for the reacticn was at €50°C.

Apparatus and Procedures

The experiments in a pure oxygen atmosphere used sample
weights of 75 mg of beryllium (average particle size 12u), or
50 mg of LMH-2.

The LMH-2 was sieved and the 1090/200 mesh samplos were
used but in all other respects the same experimental procedures

were employed for both materials., 5 + 2 weight percent of dopant

was physically mixed with each of the fuels. The variation in

amount of dcpant used can be attributed to the very small weights

of sample and dopant involved in the experiments., Samples were
weighed into Vycor test tubes which were then placed into the
DTA apparatus illustrated in Figure 1.

The ammonium perchlorate was pulverized and sieved into
close screen fractions. The 270/325 and 100/120 sieve frac-
tions were used in the experiments.

The differential thermal analysis (DTA) apparatu- was
specially adapted for this program. (Figure 1) The arrange-
ment 1nvolved the use of an Inconel block located in the core
of a resistance furnace. There were two holes in the block
for Vycor test tubes which contained the =sample and reference
materials, respectively, and a third hole close to the edge of
the block for a thermocouple to monitor the heating rate. The
DTA thermocouples come up through th= bottom of the block into
the holes which contain the sample and reference tubes. The
sample and reference tubes sit on the thermocouples. 8Small in-
dentations were centered in the bottom of the tubes for the

—
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Table 1

SOURCE AND PURITY OF FLUORIDE AND FLUOROSILICATZ DOPANTS

Material Source Grade
Ammonium Fluoride City Chemical-New York Purified
Aluminum Fluoride General Chemical Reagent
Calcium Fluorosilicate City Chemical-New York Purified
Lead Fluoride General Chemical Purified
Lithium Fluoride City Chemical-New York Reagent
Lithium Fluorcsilicate City Chemical-New York Reagent
Magnesium Fluorosilicate Davison Chemical 20
Potassium Fluoride General Chemical Reagent
Silver Nitrate General Chemical Reagent
Sodium Iodide General Chemical Reagent
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thermocouples. The gases were introduced through tubes located
directly in the mouth of the sample amd reference vessels to
provide the gaseous enviconment required for the experiment.
Chromel-Alumel 28 gauge wires were used for the thermocouples
in all the work.

In order to minimize the effects ¢f water vapor on the
reactions, the oxygen was passed over drierite prior to being
passed over the sample. To determine the catalytic effects
that water vapor may have on the reaction, oxygen was passed
through a gas bubbler containing water, prior to passing it
over the sample. In the experiments which necessitated the
use of argor, the gas was also dried over drierite as in the
case of oxygen., In all work with gases the flow rates were

maintained at 300 ml/min and monitored with celibrated flow
meters.

The heating rate used in all of the experiments was
10°C/min. A 7030A Mosely X-Y recorder was used to relate
the differential temperature (Y-axis) to the reference tem-
perature (X-axis). The differential termperature was taken
as the difference between the sample temperature and an inert
reference material. 1In the experiments on beryllium and LMH-2
in oxygen the recorders were calibrated for readouts of 4.1
millivolts per inch (#¢100°C/in) on the X-axis and 2.0 milli-
volts per inch on the Y-axis. The X-Y recorders were adjusted
to give a readout of 0.1 mv per inch on the Y-axis for the
experiments with ammonium perchlorate.

Photographs of the beryllium laboratory are shown in Figure
2. All of the experimental work was performed in this laboratory.

Results and Discussion

Beryllium

Figure 3 shows the differential thermal analysis curva:s of
both doped and undoped beryllium samples heated in an oxygen at-
mosphere. The DTA curve for the undoped sample over the tem-
perature range of 25°C to 1050“°C is seen in Curve l. The un-
doped beryllium 4id not ignite or even undergo rapid combustion.
This is indicated by the apparent absence of exothermal DTA bands,
As & standard procedure the sample was weighed before and after
every DTA run. A gain in sample weight of the undoped beryllium
was measured which indicated that oxidation took place during
the DTA experiment. The extent of oxidation, lLiowever, was less

than 40% of the predicted stoichiometric value, of the following
reaction:

Be(s) + 1/2 Oz(g) = BeO(s)

e e e e ma o
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The whole laboratory B. The hood facility and
as seen from the associated duct work
doorway " (large box containing

air filters may.be
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Figure 2

PHOTOGRAPHS OF IITRI BERYLLIUM LABORATORY FACILITIES
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The absence of ignition was undoubtedly due to the formation
of a protective oxide layer arnund the beryllium metal guenching
the reaction. The latter phenomena has been observed and re-

ported by several workers during their investigations on beryllium
sheets. -

Curve 2 (of Figure 3) shows the effects of doping by adding
a small amount of Al2FeXH20 to the powdered beryllium. t is
evident the additive has markedly accelerated ihe reaction of
beryllium with oxygen so that ignition took place at 700°C.
Not only has ignition taken place but also the observed weight
changes indicated that the combustion efficiency was doubled.

Many other dopants were found which caused the beryllium
to ignite, however, the total increase in weight at the completion
of reaction did not appear to be appreciably different from the
undoped samples. It should be pointed out however, that the reason
for this may have simply been due to the loss of the oxide from
the open end of the reaction tube. Further experiments under
more controlled conditions in which the oxide can be recovered
should be conducted to determine the reaction efficiencies.
There is little question, however, concerning the marked increase
in the ignitibility of the beryllium due to doping.

Curves 3 through 12 show the differential thermal analysis
of other beryllium-dopant mixtures. Table 2 summarizes the re-
sults of all the experiments performed on beryllium. Potassium
fluoride has the most pronounced effect in lowering the ignition
temperature of beryllium. The ignition temperature of the KF
doped Be was 535°C. The ignition temperature of the aluminum
fluoride doped sample was 700°C. The table shows the fluoro-
silicates of magnesium and calcium are the only ones of those
investigated which have little effect on the rate of reaction
between beryllium and oxygen.

LMH--2

The differertial thermal anal ysis curve for LMH-2 in oxygen
is shown in Curve 1 of Figure 4. Starting at approximately 300°C
there appears to be a small endotherm with two cverlapping peaks.
This is followed by a sharp exotherm at 330°C. The sample weight
was measured before and after this exotherm for the undoped sample
and no appreciable change in sample weight was found to occur.
Usually, endothermal or exothermal changes which are not accom-
panied by weight changes can be attributed tc crystalline transi-
tions or fusion. 1In this case, however, since hydrogen is so
light it is possible that the DTA bands were accoipanied by the
loss of hydrogen. This is indicated by the observation that some
water appeared to form around the top of the reaction vessel
immediately after the exotherm at 330°C. This could bhe due to

- — > - s et
o o - e el AR R




Table 2
EFFECTS OF DOPING ON THE REACTIVITY OF BERYLLIUM

Wt. of Beryllium, 75 mg

Flow Rate of Oxygen, 300 ml/min

Heating Rate, 10°C/min

Wt. of Temperature (°C) of Minimum*

Dopant Peak of Exotherm(s) Reaction

Dopant mg {From DTA Curves) Efficiency

None None No Peak Observed .40+.10
A12F6-XH20 5.0+2 700, 785, 820 .81+.10
KF 5.0+2 535 -40+.10
LiF 5.0+2 760 .30+.10
PbF, 5.0+2 750 .30+.10
Na,SiFg 5.0%2 750 « 30+.10
Li,SiF, 5.0+2 760 .25+.10
AlF,- 3KF 5.0+2 760 «25%: 18
MgSiF6 5.0+2 No Pz2ak Observed .15+.10
AgNO, 5.0+2 No Feak Observed .30+.10
NaI 5.0+2 No Peak Observed .10+.10
CaSiF6 5.0+2 No Feak Observed .25+.10

*Defined as the ratic of observed weight gain divided by the
theoretical stoichiometric weight gain. Since oxide is rapidly
lost from the reaction tube during ignition the value for
efficiency is expected to be significantly higher.
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the reaction between hydrogen and the oxygen which was being
admitted to the reaction tube. From 330°C to thz end of the
DTA run at about 1000°C, no additiocnal exotherms or endotherms
are observed and ignition did not occur. Ignition did occur,
however, if the LMH-2 was doped.

Curves 2 to 12 in Figure 4 show the effects that doping
has on the ignition of LMH-2 in pre-dried oxygen. It is clear
that doping can markedly enhance the rate of oxidation and
cause the system to ignite. 1Ignition of the LMH-2 occurs only
in the doped systems and is evidenced by the sharp exotherm
at temperatures of 600°C or higher depending on the doping
impurity. Table 3 summarizes these results and also gives &
measure of the combustion efficiency. It should be kept in
mind, however, that the tabulated combustion efficiencies are
minimum values since solid oxide is ejected out of the reac-
tion tubes during the ignition of the doped samples. This
does not occur in the case of the undoped samples which react
slowly.

It can be concluded from Figure 4 that the most effect
doping agent for LMH-2 in terms of lowest ignition temperature
is AgNO3. However, doping with the complex ALFy.3KF seemed to
result in highest minimum reaction efficiency of 0.8l.

Anmonium Perchlorate

Figure 5 shows the results of differential thermal analysis
experiments on doped and undoped ammonium perchlorate in argon.
Curve 1 is the DTA curve for the undoped ammonium perchlorate.
The first endotherm which starts at 240°C is due to the crystal-
line transition from the orthorhomic to cubic lattice. This is
followed by two exotherms. The first occurs at 300°C and the
second at 430°C., The thermal decomposition of ammonium per-
chlorate occurs in stagoes. The first exotherm represents the
first or low temperature stage and the final high temperature
stage of reaction is represenved by the exotnerm at 430°C. Al-
though some work on these reactions has been done further studies
are required to define these reactions.

Curves 2 and 8 show the effects of doping on the thermal
decomposition of ammonium perchlorate. In Curve 2 KF is the
dopant. The endotherm at 220°C is probably due to dehydration.
This is followed by the endotneri- for crystalline transitions
and two large endotherms for thennal decomposition. The final
exotherm peak occurs at 400°C rather than 430°C as in the
case of the undoped sample. Table 4 summarizes the results.

This series of curves illustrates the strong influence
a small amount of dopant exerts on the DTA curve of NHyClO4.
Most of the doping agents lowered the temperature of major
decomposition of the perchlorate to some degree. The two
exceptions were KF and Al3- 3KF.
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Table 3

SUMMARY OF RESULTS OF DTA EXPERIMENTS ON LMH-2

Weight of LMH-2, 50-54 mg

Flow Rate of Oxygen, 300 ml/min

Heating Rate, 10°C/min

Wt. of Temperature (°C) of Minimum*

Dopant Peak of Exotherm (s) Reaction

Dopant (mg) __(From DTA Curves) Efficiency
None None No Ignition Peak . 80+.10
KF £+2 650 .60+.10
NazsiF6 5+2 670 .80+.10
A1F3~3KF 5+2 63C .80+.10
Li,SiF, 542 785 .75+.10
LiF 5+2 €7G .65+.10
PbF2 5+2 792 .80+.10
NaI 5+2 660 «65+,10
CaSiF6 5+2 840 .80+.10
MgSiF6 52 No Ignition Peak .80+.10
. ‘l .

A12F6 XH20 5+2 7320 .65+,.10
AgNO3 5+2 585 .65+.10
*Defined as the ratio of observed weight gain div.ded by the
theoretical stoichiometric weight gain. These vajues are a
minimum since oxide is expelled from the reaction tube during
ignition.

13

BT N

. .




-Y012¥HN 03d00 340 SIAEND SISATVYNY AVANY3HL VILN3N344id

WLV
NOOYY “3IHIHISOWLY - "NIN/D.0l ‘3LVH ONILV3IH - 0217001 'NOILDOVYHES 3A3IS

* 3HNSS3¥d

Sl

- NIW/TNWOOE 4O MO14

S 39Nn9I14 De 3UNLAVHIAWIL IONIYIIAM
. oe v o0 (T3] (1Y ser see ow- cw. Doy Py 00z PY) oo out ooz Py
N rﬂ/\ —
N ™ —

Siglenbnp g + P01 un Sagy
€ JANNnd

%3223%e0¢ % Punteg:
L 3IAWN3

\

€ S5tv9u0'y L?015% N Sag,
® 3A¥n>

Vaivencw T 0o Sugy

€ 3A¥N3

%5185n%egs + 010 HN Su gy
v IANND

Yag-tegc , 012N Sug,
¢ 3ANND

[

N Secge P01 HN Ingy
¥ 3AuND

*0i5%m Seg,

1 3A¥ND

e

TYNEIHL OON]

1v

IYNUIHLOX I

- i4 -




uoY3zeIpAuap uorltsodwooap €EP i8Tv ‘8LE SWISYJOXD ¢
SUOTI3TSURIY SUT [Te3lSAID £G62 wiayjopus | v
UOTIRIPAYSP uoY3lrsodwoosp s8E {GZE SWIaYJOXd 2
guoT3IsueIs aut[1e3siaDd €GZ ‘O¥T  swasaylopus ¢ 14
uoyileapiysap uorizrsodwuocosp 00bv {so¢ SulIaYyIoxd 7
SUOT3ITSURI] SUTTIRISAID 88¢ ‘€SC sulIaylopua g 14
doiljeapdyap uorarsodwoldsp 8¢€¢ uwrsyjoxa Y
fuUCTI3l¥YSURI] JdUITTe3ISAID 114 wIayjopua I Z
uorjeapdiyap uorytsodwooap S¥y {0C€ FUIIYIJOXD ¢
SUoY3ITsuUEI] IuTTTe3shid qG¢ wrayjopus T €
uct3jexpAysp uorirsoduicosp 0Z%¥ {01t swr2yljox?d ¢
suoy3jTsuexy auTyIelIsiip €62 8871 swIayjopuyg g 14
uor3eIpRAysap uotrjlrsoduooap Sy iGgZ¢ EULIBYIOXDd
SUOT3TSURIY} IUTTTLISAID GGZ ‘Ovy  swIdY3jopus g v
JorjeapAyap uorjzysoduiodap SYr {0O1€ SWIDdYJIOXd
suUotT3tTsURI] SuyrTIeIeAID GGZ uwrayjopu’ T €
CRENEPERE Do @anjeisad s)ead syead
-way ead go adAy 3o #

9 [4

Z+s JTS“eN
Z+S Sst1gRD
ZFs 2a15%11
Z+S ¢aqa
Z¥¢ axe -Eav
Z¥s o%ux-2a% v
Z+S Ep.
Xpn3g butdoq
SUON SUON
juedod Jjuedoq
%

FLWVHOTHONAA WAINOWWY TIdOd JO STAYND V.ILd FHL J0 SITASTH JO AUVWWAS

¥ @1aeL

LS

Fr3_ 4




e —— T T A A TR S PR RS 9% A st e

e e e A T o L A . it i

uoTI3VRe1 TEeDTWaYD GLE WISYFOXD
uoT3RIPAUS P I0
)/pUuB UOT3D2DI TEDTWLYD S0g€ ‘€SZ ‘1ST sursyjopus 0s mmﬂmmq
uoT3o B8l TROTWIYD 11S ‘0zZ¥% SULI9YJOXD
uoTI3RIPAYSpP I0
/PUR UOTIOEaI TEedTWaYD 08% {zZOV {8Z¢ {0SZ  SuIeylopus 0s 2a1s%11
UoT3NEelaI TedTWSYD LSS wI9y3oxo v
UDTIBIPAYSP IO ZOL ‘8S¥ 9 . M
/PUR UOT32EaI TedIuayd Sy 0ovdy ‘0€Ev ‘GGT suIaylopus 0% dTS EN i
UoTlORaI TEDTWSIYD 01% ‘{L6F SWIS9Y3OXS
voTieapliyap ac z
/pue uoTioeax JedTwsy) 6G¢ ‘Zg€ ‘€S< swIsayjopus 0S dqa
UOT0BSI TeDTWay) 0SS {81% swIayloxa
JoT3eapAysp 10
/pue uoIjoeax TedTwSYD 01S :0T€ ‘€ST ‘0T swIayjopua 0s mxm.mma< -
UoTI3oeaI TeDTWaYD oLE {0Z¢ SULTaYJOXD m
uotleapAyap Jo =
/Pue uoT3doeax TedTWw\YD £€G6C 50T swIay3opus os onx,®m<H<
uoTjloeax TeoTWSYD 509 WIBYJOXD
TReIpAy’dp IJO0/pue SUOT3] 0ZS ‘0TS ‘0T1¢g
—2B33 1edTWSYDdD O3 ang {0€C ¢S0TZ ‘0CT ‘001 surayjopus 0S I
ApPN3g SIN3IXTW T3 71 i
i
evUwouayd B Do 2aAnN3eaduws], sy ead s)ead ajuedoq auedoq “
yesd Jo adAy 30 # %

HILYHOTHOHHd WAINOWWY dAdOod 40 STAYND VIA JFHI J0 SITINSIY o AYVYWRWNS

(3uoD) v =19RL

it obe. SR A s " b ach) g




T e——r

e e R A T

Two important observations concerning the doped mixtures
may be made.

l.  The temperature at which the major decomposition exo-
t".erm of NH4ClO4 appears (normally cbserved at 445°C) was reduced
py more than 1C00°C in the presence of 5 weight percent PDbFj.

2. Al pFg-XH70, LijSiFg, CaSiFg and NajSiFg to a lesser
extent reduced the temperature at which exothermal decomposition
of NH4ClO4 took place.

I:]1 Mixtures (Figure 6)

In using the 1l:1 mixtures it was necessary to differcatiate
between DTA peaks solely attributable to the doping agent and
those attributable to chemical and other effects of the agent on
NH4Cl04. None of the dopants exhibited DTA exotherms, but en-
dotherms due to dehydration or decomposition were observed. The
following dopants exhibited dehydration endotherms: AljFg+*XH0
(188-220°C), CaSiFg (140-150°C), KF (100-120°C, AlF3-3KF (120°C).
Agents which exhibited decomposition endotherms include NajSiFé
(485°C), CaSiFg (230-255°C) and LioSiFg (370-380°C).

In most cases, where doping materials were added to ammonium
perchlorate, the first order phase trans‘*ion (NH4ClO04, orthorhembic
to NH4ClO4, cubic) has a peak at 255°C anu is consistently present,
It can be concluded that these agents have no effect on NH4ClO4
below 240°C.

A notable exception is observed in the case of KF. At least
one of the endotherms observed in the DTA spectrum of the 1l:1
mixture of NH4Cl04 and KF is indicative of a chemical reaction
and the crystalline transition of NH4Cl04 normally seen as an
endotherm at 240°C is not present. The weight change associated
with the DTA experiment is anomalous, (Table 5) since only 65%
of the normal weight loss is observed. Apparently KF reacts
directly with NH4ClO04 to form a nonvolatile compound.

Freeman'7 has observed PbF, to be stable below 700°C (no DTA
peaks occur below 70C°C). The DTA curves of NH4ClO4-PbF2 mixtures
(1:1) indicate PbF) either decomposes in the presence of, or
enters into direct reaction with NH4ClO04. The endotherm observed
between the crystalline phase transition and the decomposition
exotherm of NH4ClC4 (between 244 and 410°C) suggests chemical
reaction. The anomalous weight loss associated with the DTA
curve (Table 5) suggests decomposition. The need for further
work is indicated.
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i
F , Table 5
WEIGHT CHANGES ASSCCIATED WITH THE DTA
CURVES OF DOPED NH4C104
3
} 1 Net Weight
Weijht of Weight of Loss After
poping Agent §§4CIO4, mg Dopant, mg Reaction, mg
None 75.0 Norie 75
t KF 150.00 T 104
PbF2 75.0 75.0 93.3
PbF2 75.0 3.9 78.0
*
NazsiF6 75.0 75.0 118.0
*
CaSiF6 75.0 76.0 130.2
%*
These two compounds undergo the following decomposition
reactions:

NaZSiFs-———} 2NaF + SiF, (gas)

(solid)

CaSiFg — CaF;(so01ia)

Also see discussion in text

+ SiF4 (gas)

19
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Effects of Water Vapor

Beryllium

Experiments were conducted to probe the effect that water
vapor may have on the combustion of beryllium in oxygen. Figure
7 shows the results of the differential thermal analysis ex-
periments. It may be seen that in the presence of moisture the
undoped beryllium will undergo sufficiently rapid combustion
in oxygen to exhibit a definite exotherm ranging from approxi-
mately 810°C to 910°C. It may be recalled that there was no
exotherm observed to occur in pre-dried oxygen over the same
temperature range. This indicates that water has an accelerative
effect on the oxidation reaction. The mechanism is not known
but it is apparently catalytic in nature.

Curve 2 shows that if the Be is doped, in this case with
Al ,Fg-XH,0, the combustion reaction is considerably more rapid
and that the ignition temperature is lowered approximately
185°C, from 910°C to 725°C.

LMH-2

Curve 3 shows the DTA curve for the combustion of undoped
LMH-2 in oxygen in the presence of water vapor. As was seen in
the case of Be, the water vapor appears to catalyze the combus-
tion process as is indicated by the exotherm at approximately
675°C. Again, however, it is seen that by doping with KF the
combustion is significantly more rapid as indicated by the
height and sharpness of the exotherm. Here the ignition tem-
perature did not seem to be altered appreciably.

Compositions Containing Ammonium Perchlorate

Figure 8 shows the results of differential thermal analysis
experiments which were carried out on binary systems of ammonium
perchlorate and fuel. ’

The results indicate that the beryllium and LMH-2 catalyze
the decomposition of ammonium perchlorate. The sharpnesgs of the
exotherm also indicates that some oxidation of the metal fuel
may have also occurred. LiF appears to have a more proncunced
effect in increasing the reactivity of the beryllium system
than KF. The effects of the dopants are clearly not only due
to their effects on ammonium perchlorate as can be seen by com-
parisons with the curves for ammonium perchlorate in the absence
of the fuels.

In the case of LMH-2 it azppears that the primary effect of
the dopant is similar to the effect it has on LMH-2 in the ab-
sence of the ammonium perchlorate. Again it is seen that AgNO
has the largest efiect in reducing the temperature of the initial
exotherm by 80°C.

20
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SECTION III

SUMMARY

1. Doping with selected impurities including silver
nitrate, various metal fluorides and silicofluorides can sig-
nificantly increace the chemical reactivity of beryllium and
LMH-2 fuels in oxygezii. The doped fuels appear to undergo self-
propagative combustion,

25 Water vapor accelerates the rate of oxidation of both
bervliiium and LMH-2 in oxyJgen.

3 Doping accelerates the themal decomposition of

ammonium perchlorate and affects the reactions of beryllium and
LMH-2 in the presence of ammonium perchlorate.

23




SECTIUN IV .
RECOMMENDATIONS

> —— ——

This present program has strongly indicated the fe=-sibility
of increasing the reactivity and rate of combustion of Be and
LMH-2 fuels. For this reason it is recommended that the next
step be taken, which is to conduct the required follcw on re-
search program, so that a new doped fuel system may be developed
with improved burning and combustion characteristics.

24




4.
5.
6.

Bibliography

E. S. Freeman and D. A. Anderson - Combustion & Flame, In Press
E. 5. Freeman and A. J. Becker, - Presented to the Division

of Physical Chemistry, 152nd National Meeting of the American
Chemical Seciety, New York, N.¥., Sert. 19€6.

A. Macek, R. Friedman and J. M. Semple "Heterogeneous
Combustion", Academic Press, New York and London 1964.

D. CUbiCCiOttlg - Jo A‘n- Chem. SOCQ, _7_2, 2084 (1950).;

A. Gulbransen and K. F. Andrew, - J. Electrochem Soc.,
97 383 (1950).

E. S. Freeman and V. D. Hogan, -~ Anal. Chem. 36, 2337 (1964).

25




APPENDIX

Figures 1 and 2 show the effects cf doping on the chemical
reactivity of LMH-2 powders, Figure 1 shows the results of the
control experiments in which the LMH-2 powder is not doped. No
ignition occurred when the samplie was heated from room tempera-
ture to 900°C in a flow of pre-dried oxygen. Under the same
experimental conditions the IMH-2 powder ignited at approximately
700°C as is shown in Figure 2. The glow due to the ig-.ition of
the powder is seen in the figure. In this case the sample was
doped with lithium fluoride.




Figure 1

Undoped LMH-2 in a differential thermal analysis experiment
heated at 10°C/min from 25°C to 900°C in pre-d.ied oxygen at a
; flow rate of 300 mi/min.

———— .
A

Figure 2

] LMH-2 powder doped with lithium fluoride in a differential
thermal analysis equipment heated at 10°C/min from 25°C to 900°C
in pre-dried oxygen at a flow rate of 300 ml/min.
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