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“

/ An investigation of the physical and chemical factors affcctxng / e

.ropellant ignition is being conducted with the ultimate objectwe of 'L_,’/'/ oy {J ’
~oducing information useful in the design and development of ignition Lo ‘
.ystems for  lid-propellant rockets. ‘This investigation has i. - <cly '
seen concerned with a study of the materials used to ignitg roci...
motors, that is, black powder and metal-oxidant formulations. . his @
woner prescnts the results of calculations mude on five metal fucis
with conventional oxidizers to dctermine, under adiabatic conditions,
what maximum {lame temperaturcs could be rcached and what the
physical states of the products might be. Results of experimental “//M
characterization studics covered in this paper include determinations
of heats of explosion, zas volumes produced, and the effectiveness of
various igniter compositi: . in igniting a propellant specimen in a
laborcztory igniticility test. In addition, unusual ignitibility effectivencss &
of fucl-rich immagnesium—potassium nitrate mixtures is discussed in

1

terme of a sc.condz.ry ignition etiect of igniter combustion products, and LA
the results of a2 limited investigation of factors affecting the combustion s
rute of elemoenial voron arce zive., J -

‘\_‘_—-‘

INT {ODUCTION

The use cf metal-oxidant materials to ignite solid-propellant
rockets has become an wccepted procedure where black powder or
cusin-oxidizer compositions are eithor inadequate to transfer ignition
.0 a propellant grain satisfactorily or produce undesirable pressurc
seaks in the process. Because of the high heats of combustion of the
metallic componcats and thermal stakility of the oxides formed, metal-
oxidant ignilers develop high flame temperatures. In addition to tic
usual mocdes of heat iransfer to the propellant afforded by black p.wder,

~raely, convection and radiation, the metal-fuel igniter may . Iiciently

ansfer heat by (1) condensation of vapors on the surface liberating the
..vats of vaporization and fusion, (2) impingement of solid particles on
.1¢ surface, and (3) improved radiation due to high emissivity of the
particlesy By using these more powerful modes of heat transfer and by

4T TILIRITY 1TORJATION®
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aiz"“ ‘*ble in vhis c*—mbuétéon. These same considerations apply in the

stasﬁ.it*, In produciag high temperatures. Indeed, the high temperatures
iv of being produced by the combusiion of metals is due, for the
most par:. to the high thermal stability of certain matallic oxides.

Whereas > adiabatic flame temperaturss of propellants may

acc. .tely calcuiated, similar calculations for -“organ' «..plosives
or pyr. wchnics yield results that can only be accepted as approxi-

matic.  of the true vzlues. This is Decause parameters such as heats

of rezcion, mechanism and extent of reaction, heat capacities at high

temper: zves of the prod

2
phase transitions, z2nd dis
accurately known.

cts, e nawure and energies involved in
sociation of the variocus products are not

The metacd used for calculating maximum flame te‘.‘seratz.n.a
of 15 igniter reactici:s in this paper is similar to that aseé by Levy®
for séveral primer mixtures, but the czleulations inclu correciions
for dissociation of ceriain producis because of the high sémgera&:ras
involved. To carry outl tfhe reguired calculations, i <
extrapolate the availab
to use data for analogous compound Y
logiczl estimetes of ph ase-t:ansi?;ic 1 heats andé heat capacities in
several cases.

Ti:e flame temperatures were {
dissociation of the products. The temgperatures
method were all very high, and subsequent calecul

~y

~

o

incluat ;s corrections Zor cdigsociation. The calculazions are
the :gndter mixtures reaciing instantaneously at 300°K acco
assumed mechanisms auu the resuiting products ithen being heated to

&k
the adiabatic flame temperature. 7o estimmate the ilame femperature,
the heat contents of the producis of reaczion plus the heatf zbsorbed in
-mase changes were set eQuas 0 the heat of reaction, namely
~ . . =
- TM s ~ Ty |
AH, = C Gt + A+ . G 4+ A, & C 1r .|
..-1—! ; Ps T LS T :;H “n; T+ Ay 4 ! ‘ge.-,—_’},:zdg
i €;;_ e’ia‘/‘i dTV j
- ) i A
- T .
! §
+ I S P
] ! i
H i
3 3
- -5 L -
p "

f\;aée“!%’sm“'“”‘; .
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Second Ighition Symposiim

P T
PR

whers AH; = near oi reaction at 298°K
T,z = melting point of each product
Ty = boiling point of each product

Tq = flame temperature

Cp.: CPI’ Cp = molar heat capacities of each product in solid,
o g liquid, and gaseous states, respectively

Arl;, AHy, AHg = heats of fusion, vaporization, and dissociation,
respectively

A, B, C, etc. = individueal reaction products
The reactions were assumed to proceeda in the following
manner, thz extent of reaction being dependent on temperature and
quantity of energy ava' - ile:
KC10,(s) = XCl{s) = KCI1{1) ~ KCl(g} = X{g) + Cl{(g)
Ba(NO;)z(s) ~ B20(s} — BaO(l) -~ BaO(g) ~ Ba(g) + O(g)
KNOj3(s) = Xz0(s) ~ K(g) + O{g)
Mg(s) -~ MgO(s) -~ MgO(l) - MgOl(g)
Al(s) = AL;O;(s) = A1;05(1) ~ AIO(g) + O(g)
Ti(s) ~ Ti05(s) = Ti05(1) ~ TiO(g) + TiOa(g) ,1
Zr(s) = Zr0O,(s) = ZrOz{l) = ZrO;(g)
B(s) =~ B;Os{s) ~ B,03(1) ~ B,0;(g) ~ BO(g) + O(g) 2
Table I gives the thermochemical constants fur the metals, A

oxidizers, and their reaction products. It is seen from Table ] that all
the metallic oxides except B,0; have relatively high heats of fusion at

high temperatures, whaich contributes to their effectiveness as heat- R j
transfer media in ignition systems. Heats of vaporization of the ‘*:
Y

rhe.allic oxides are very high, and in all cases except for boron, the
maximum flame temperzatures that can be attained are limited by the
vaporization temperatures. Indications zre that-ZrQ,, MgO, ind 5;0;

LL3
%

[L3)
t

= CON#IZENTIAL

D — et ———— Rt
o . . — . . » oo




survive the vaporization process as gaseous species, whereas Al,0,
and '3383 dissociate on vaporization at high temperitures into simpler

wcles or atome.®r 14717 Table I indicates that the thermal stability
of gasecus oxidizer decomposition products decreases in the order

3 L
20, ¥ .2, KO, with K;0 being zlmost nonexistent as a gas and BaO
baving Lo lowest tendency to dissociate,® i1 12, 18

Table II gives the heat-capacity data for the assumed products
of ign.ter reactions; as can be seen, data for many of these simple
cempounds at low &s well as high temperatures are not available in the
literzfure. As with latent heats of phase ¢changes, the heat capadities
of the metallic oxides are high, particularly in the liquid states, I

shouléd be noted that B,0;, which has 2 heat of fusion of only 5.5 kr'al/mme,
may exist as a liquid from 723 to 2500°K, with an average heat capacity
of 30.3 cal/mole/*K, and may transfer 5£.9 kcal/mole as it cools from
its boiling point to the fusion temperature.

The following sample calculation for the reaction between
zirconium and potassium perchlorate will illustrate the methods

employed in obtaining the results shown in Table Il

Composition:

56.84% Zirconium
43.10% Potaasmm perchlorate

0%
Reaction: in moles or gram afoms per 100 grams
0.62314r(s) + O 3115XClO.{s) = 0.6231Zz0,s} + 0.3115XCl{s)
The heat o: reaction, in kiloczlories per 100 grams, is therefore
H reaction = H products — H reactanis

ZrO, XCi KClO, Zr
53, = (0.6231)(258.4) + (0.3:15)(104.3) — {0.3115)(112.71) - (0.6231)(0)

]

i

4H; = 158. 39 kcal/107 grams

~itn the knowledge that 158,39 keal is evolved irom the
""tma, -;ame temperzture is assumed and a determination is made
.{ the neai required io raise the procducts to the assumed temperature.
The emerg required o heat the products to the assumed temperature
.ay then Le plowted graphically vers.s the assumed temperature. By
:ically interpolating, the adiabatic flame temperature is found.




tHowever, for the example givéen when a flamé temperature is assumed,
of 4600°K, thé zpproximate boiling poéint of ZrQ,, sufficient enérgy is
foundé .- be availzble from the reaction to vaporiZe only a portion of the
ZrG,. uoreover, a study of the literature indicates that KCl(g) dis-
sociates at temperaturés below 3000°K. A separdte calculation is mads
to determiné the e..ent of dissociation of KCl(g) into atoms at various
itemperatures. The product of heat of dissociation and fraction dis-
sociated is then treated in the same rmanner as latent heats., The
products of the overall reaction aré then represented as absorbing
heat through their various phase changes and by integration of the heat-
capacity equations over the temperature range. The heat absorbed by
dissociation oi KCl at the flame temperature is added to the latent heats
and the heat absorption due to heat capacities and again equated graphi-
cally to the heat of reaction, AH;. If this equality is not obtained, a
new temperature higher, or lower, is assumed, and the calculation is
repeated ustil a heat balance is obtainéd. In the example given, the
flame tenperature is limited by the boiling point of ZrO,, and after
other ascignments have been made, any excess energy available is
skown to be absorbed in vaporizing the proportionate fraction of
ZrOz{l).

The extent of disscciation of gases such 2s KCI1 at high
temperatures was determined by solving for the equilibrium constant,
K, from the relation

log X= “AF
2.3RT

-

The change in free energy, AF, for the dissociation reactions was
determined irom the derived eguation

AF = AFy ~ AC,T2.3 log T + [6.7ACp = ASz] T

for the reaction

where AHy = oy - 298_1\_(3?

1
P

AHags = AHggp (products) — AHpg {reactants)

ACP = CP {products) — Cp (reactants)

AS;zy = S (products) — S (reactants)

(Cp and S are heat capacity and entropy, respectively.)

’




Second Ien on Symposium- -

Using the latenit heats and other thérmodyhemic data from
Table I and integration of the heat-capacity equations from Table II,
the following equations represent thé assignment of heats absozsed in
raising the products to the limiting flame temperature, which is
2600°K: :

o ey Near ke g vk

AHp = ZrQ,(s) — ZrO;(1) = (0.6231)(20.8) = 12.96 kcal
aHj; = KCl{s) ~ KC1(1) = (0.3115)(6.1) = : 1.96
Al = KC1(1) ~ KCl{g) = (0.3115)(38.8) = 12,09

(1t is found by separate calculation that KCl{g)
is 74% dissociated at 4600°K.}

AH;s = KCl{g) ~ X{g) + Cl{g) = (0.3115)(105)(0.74) = 24.20

Thé following heat-capacity equations
show the product of moles, average heat capacity
found by integrating equations in Table II, and
temperature difference.

C; = Zr0,(s)(300°-2988°) = (0.6231)(29.13)(2688)(1073) = 48.79
Cz = Zr0,(1)(2988°-4600°) = (0.6231)(35)(1612)(1073) = 35.16
C3 = KC1(s)(300°-1043°) = (0,3115){13,24)(743){167%) = 3.00
Ceo= KC1(1)(1043°-16280°) = (0.3113)(16){6373(1073) = 3.17
Cs = KCl(g)(1680°-4600°) = (0.3115)(8.94){2920)(1073) =  8.12
5 5
ZAH+ZC= 149.45 kcal
2 1
r~ -
| 5 5 i
AH; - | ZTAH+ £C| =158.39 - 149.45 = AH,
L
AHg = heat absorbed in vaporizing fraction of ZrO,(l) = 8.94 kcal

8.94 _
(06.6231}(100) ~

14.34% ZrQ,{l) = ZrO,(g

: 158.39 kcal
saximur adiabatic flame temperature limited by
tne boiling point of ZrQ; is 4600°K., . -

.
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Table III gives thé calculated heats of Feaction and maximum
zatic flame temperatures for the compositions listed, aud Table IV .

gives the theoretical reaction produ.cis existing at the maximum flame
iémperatures. Wheéreas most of the products of these metal-oxidant
faiktures aré shown to vaporize at the flame temperature, this is not
ﬁxe casé with the zirconium mixturés. In Table IV, zirconium dioxide
is shown to exist in the molten state at the calculated flame tempera-
teres. The thermal stability and extreimely high boiling point of ZrO,
make possible the attainment of the highest calculated flame tempera-
tu-es of the group by Zr-KClO, and Zr-Ba(NO;), mixtures.

&
ey
u“\q...-—-

All the mixtires of aluminum have heats of reaction high
ensugh to bring the Al;O; to its boiling point and to vaporize a portion
of the oxide. The high heat of reaction 6f the A1-KClO, mixture leads
16 considerable dissociacdon 6f the products and the formation of a
large quantity of condensible gases., Irigniters, héavy confinement or
extremely rapid reaction of this mixture leads to very high pressure
péaks.

Heats of reaction of the magnesium mixtures ase sufficient to
raise the MgO to iis boiling point ané to vaporize a por-ion of it. The
maximum flame f{emperatures of the magnesium mixhires, as with the
aluminum and titazium mixztures, are determined by the boiling point
of the metallic oxide product.

Because of the low boiling point of B;0;, the maximum flame
temperatures of the boron mixtures are indicated to be somewhat below
those of the other mixtures. The low boiling point of B;0; also leads to
thé formation of large quantities of condensible gas at the flame
temperature, It should be noted that the assumed mechanism for the
reaction between boron and potassium nitrate is incorrect since heat-
oi-reaction measurements give higher than theoretical values at
oxidizer loadings far below those used in these calculations, It has
been postulated that the reaction of B-KNO; leads to the formation of
KBO,, potassium metaborate, as well as B,0;; 19 however, this was
not considered in the calculations since thermochemiczl data on KBO,
are not available.

As stated previously, the maximum flame temperatures that
can ze reached by the metal-oxidant compositions are in general
lim:ted to the temperature of vaporization of the metallic oxide. The
quantity of condensible gases formed varies with each composition,
bur boronr, magnesium, and aluminum fuels with KClO4 or KNO;
oxizizers have a greater tendency to vaporize the combustion products
because of dissociation and high heats of reaction.

[t
per
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IGNITIBILITY TESTS

DRALR bR

Hitial considerztion of an approach to study performance
charactsriblics of éxperimental igniter materials indicated that studies
of prcgc:uaa- ignitibility?~3 were of sufficient interest to warrant a

efinement of technique in ordsar to evaluate igniter materials further
or use ir rocket igniters. To this end, equipment and techmques were
developéd to yield data showing tha ralative quantity of igniter matorial
required fo ignite a propellant sample and the action time of the igniter
irom photoceil measurements of the luminous intensity as a function of
time iz a clésed bomb.

=
.

R

AR

%

et A AL

Tests with black powder and IJPN propellant indicated that
gnition was achieved in as short a time as 25 msec, but since marginal
q uantitigs of igniter materials weré being used, the ignition times

aried from 25 msec up to several seconds. For experimental con-
v;mence, ignition of the propellant sample was recorded as having
cccurred when sufficient radiation was emitted for detection of its
combustion by an infrared sensitive photoceéll within | sec after -
initiation of the igniter material. Fizz burning {nonluminous) of the
sropellant and hangfires of greater duration than 1 sec were classed
as nonignitions.

4

A o vad

“Uhmi
O

APPARLTUS AND PROCEDURE

-

e A L e 30

The closed-bomb iest chamber used in these experiments is
shown in Fiy. 1. It is ritled with five gquartiz observation ports for light
transmissiorn. The chamber has internal dimensions of 1 by 6 in. with
a free volume of 61 cc. A small sample of propellant (V/,-in ch OD by
/¢-inch thick) is mounted ia the receptacle approximately 3% in. above
the base of the crucible contzining igniter powder. Ignition of the
powder is accomplished by passing current through a short length of
wire embedded in the powder. Figure 2A shows a block dizgram of the
instrumentzaiion used to follow the ignition process with phoiccells, and
Fig. 2B is & siock diagram of the apparatus. In effect the photocell

carest the igniter sz mple is used to observe the flash from the burning
igniter powder, and the other photocells observe the light emission from
ize propellant when it begins to burn with a luminous flame. The output
A irom the photocells is fed to 2 Dumont Type 322 cathode-ray oscillo-
-raph, a time base is provided by a Tektronix Type 180 Time Mark
Cenerator, and the transient phenomena shown on the screen of the
vscillograph are photograpned with a Fairchild Oscillo-Record Camera.

L
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: For ignitibilily tests, a small amount 6f powder is accurately - 2

weighed into the crucible and fired, the resultant ignition or nonignition o

-of the propellant is determined either by observation or by examination R
of thé film record. The statistical method used to determine the ' G
ignition probability is given by Churchman. By this method, it is *
hecessary to establish from past experience or intuitively an estimated
range of charge weights required to obtain ignition every time or not
at all. A predetermined number of tests, at least five, are made within
this range with charge weights varying in equal increments until all the

. tests &. a given charge weight level result in ignition and all tests at
soms lower charge weight result in nonignition of the propellant sample.
Treatment of the data by the Churchman method results in a value for
the charge weight required for 50 or 95% probability of ignition.

- Heats of explosion were measured in a Parr Oxygen Bomb
Calornneter under 20 atm of helium. The results of some of :iie heat-
of-explosion measureinents are plotted in Fig. 3. The relative burning
time of each igniter mixture was determined by burning 120-milligram
samples in the windo'v bomb with photoelectric instrumentation and
measuring the duraticn of the flash as displayed on the screen of the
oscillogreph and protographed on 35-mm film.

P A description of the materials used in the ignitibility tests is
g .vén in Table V. All the igniter mixtures were dry blended marually )
except those containing zirconium zswier, which were mixed wet with -
.oenzene,

DISCUSSION OF RESULTS -

Initially, propellant ignitibility tests in this program were
performed with black powder and JPN propellant. It was found that the
moisture content of black powder, within specification lirits, and the
use of air instead of nitrcgen in the closed bomb played relatively
minor roles in the overall igaition process. It was also found that the
tor.  .ergy and rate of burning of the igniter powder are significant
factors in deterraining the effectiveness of the powder in igniting a
double-base propellant under the conditions of this test. The eiffect of
particle size on the ignitibility results was illustrated by comparing
A-5 and A-3 black powder in the closed bomb. Considelrably larger
guantities of the slower burning A-3 black powder than of the A-5 were
required for the same ignition probability. It was found that the
effectiveness of black powder in igniting the test propellant could be
increased by various additives, which either increased the heat of
reaction of the mixture, reacted with the propellant decomposition

.
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products, or ejected molten materials that gave up their latent heats
s they struck the propellant surface. An increase in effectiveness of
15 to 20% over A-5 black powder was obtained with mixtures of black
vowder and additives such ac lead picrate and potassium dinitroaceto-
nitrile. Since black powder is a relatively poor matrix for additives,
n.mphaszs was ‘ected to pyrotechnic materials that evolve greater
amounts of energy per unit weight and volume than does black powder.

This work to date has principally involved studies of f{ive
metal fvels: magnesium, aluminum, titanium, boron, and zirconium.
The principal inorganic oxidizers used were potassium perchlorate,
potassium rnitrate, barium nitrate, and to some extent sodium nitrate.
Magnesium received greatest attention in experimental investigations
because it is believed to be representative of pyrotechnic fuels, many
of its performance characteristics being typical for the group. Other
metals and alloys were used in the investigations, but interest centered
around the five rietals. Heats of explousion, reiative burning rates,
case of ignition, and gas volumes produced were measurcd experi-
mentally for many of the compositions.

Figure 4A shows & .cpresentative intcnsity-time curve obtained
{rom an ignition test of JPN with black powder, and Fig. 4B shows
representative intensity-time curves from several xgmt-r mixtures.

Table VI shows the results of tests with mixtures of rnagnesium
and KNO;, KC10O,, NaNO;, and Ba(NO,); oxidizers. Initial tests per-
‘ormed with scveral compositions containing magnesium showed that
the effectiveness of the powdered mixtures, .s determined by the
ignitibility tests, was highly dependent on the rate at which they evolved
thermal energy. Therefore, an attempt was made to compare the
relative effectiveness of these materials when their burning intervals
(relative burning times) were more nearly the same. Factorial experi-
nents were performed to determine the cffecr of particle size of fuel
and oxidant in at least two mixture ratios on the burning time of the
igniter mixtures. It was found that, when KClO, was uscd as the oxidant
in the dry powdered mixtuxres, the shortest burning intervals (fastest
burning) werce obtained wiien the fuel was very fine and the perchiorate
was coarse in comparison. '

In the ignitibility tests, the fast-burning Mg-KClO; mixtures
contained magznesium that would pass a 200-mesh screen and be
retained on a 325-mesh screen and coarse perchlorate that would pass
2 100-mesh screen and be retained on a 140-mesh screen. For nitrate
oxidizers, as would normally be expected, the fastest burning mixtures
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weére those contiining finely divided fuel and oxidant. In the ignitibility
tests, the magnesium used would pass a 200-mesh screen and be ,
retained on a 325—mesh ‘Screen, and thé oxidizers, KNOs,- NaNO;, and '
Ba(NO;),, were each sieved to pass a 200-mesh screen and be retained
on a 325-mesh screen. Burning times measured for mixtares containing
either pérchlorate or nitrate oxidizers were thus placed on a comparable
basis, as seen in Table VI. The reason for the difference in partici:
sizes required for rapid reaction of perchlorate versus nitrate oxidizers
with magnesium fuel is apparently due in part.to a bulk-density effect.
It appears that the coating of magnesium powder on potassinm per-
chlorate crystzi- results in faster burning than whea Mg is coated with
KClO4 in dry powdered mixtures. Attempts were made to purify the
agxdzzers, but ignitibility tests and burning-time measurements indi-
cated no significant performance difference between Reagent Grade and
recrystallized oxidizers used in the igniter mixtures.

From the data shown in Table VI, it is difficult to draw strong
conclusici.s concerning the effects of heat of explosion, total energy
evolved from the igniters, relative burning times, relative rate of heat
evolution, or gas voluines on the ignitibility efiectiveness of these
compositions. None of the compositions gave best performance for

‘their individual group when the mixture ratios were designed to give

the highes. heats of explesion. Smaller quantities of igniter material
were, however, required to ignite the double-base JPN test propellaat
as the Mg-KNO; and Mg-NaNQO; compositions became more fuel rich,
whereas the be:. performance from the Mg-KCiQO, and Mg-B52(NO,);
mixtures was obtained with the higher oxidizer containing compositions
irrespective of heat of explosion. The best Mg-XNO; compbsition,
igniter 57, has about 2. 4 times the "igniting power™ of A-3 black powdear
under the same conditions. Similarly, igniter 57 with a heat of explosion
of about 1300 cal/g has almost twice the "igniting power?® of igniter 51
(Mg and XC1Og), which has a heat of expiosion of 2300 cai/g.

The effect of mixture ratio on the burning time is illustrated
in:Table VI. For mixtures of Mg and KNO;, Mg and Ba(NO,;); and
Mg and NaNO; as the fuel content increases over the range tested, the
relative burning time decreases indicating increuasing reaction rate.
For the Mg-KClO, compositions as the fuel content increases, the
burning time increases indicating decreasing reaction rate.

The permanent gas volume produced is higher for the nitrate
oxidizer mixtares, but since the reaction temperatures are higher for
the Mg-KClO; mixtures, the maximum pressures developed in the
closed bomb were higher for the Mg-KClO4 mixiures. The data in
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“Tables VI and VII showing the mézsured gas volumé producéd by
_several of the mixtures indicates the significant influence of pressure

i determining propéllant ignitibility under the conditions of this test.

The indication that ignitér mixtures containing KNO; as
oxidizer are more efficiént than the hotter mixtures containing KClO,
éxidizer seémed unusual (in spite of the fact that KClO, contains 46.2%
available oxygen and KNO; contains only 39.6% based on formation of
¥Cl1 and K,;0 combustion products). Additional investigations were
made. It was found that, when Mg-KNO; mixtures were burned in the
clesed bomb in the absance of a propellant sample under helium or
#itrogen, the residue from this combustion exploded when contacted
by moist air or water. It was also observed that

1. Stoichiometric mixtures of Mg (38%) and KNO; (62%) based
on formation of MgO and K,0 showed normal behavior in ignitibility
tests and did not give products capable of secondary burning when
éxposed to moist air.

2. As the magnesium content of the binary mixtures was
increased successively from 38 to 60%, the quantity of material capable
of secondary burning increased.

3. When fuel-rich Mg-KNO; mixtures were burned in the
presence of the test propellant in the closed-bomb ignitibility apparatus,
the secondary burning efiect was observable only in those cases where
the propellant sample had not shown any tendency to ignite.

4. Since the products capable of secondary burning had spent
themselves in every case where propelian: iZnition occurred, it
appeared cbvious that reaction occurred between the propellant com-~
bustion products and those of the igniter. Ii is believed that reaction
of the igniter combustion products with the initial decompesition

products of the propellant at or near the surface of the propellant

either liberated sufficient energy to aid in ignition of the propellant or
triggered further reaction of the propellant gases themselves,

5. I the secondary combustion reacition were due to "hot
particles" or magnesium metal reacting with propellant gases, such
effect would have been more pronounced with the hotter Mg-KClOy
mixtures. This was not found.

6. If the secondary reaction were due to formation of Mg;N,
and subseque?t reaction with propellant, this would have been noted in

-
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fuel-rich va-KCIO.‘ mixtures since the inert gas generally used in
closed bomb is mtrogc...

[
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7. Several tests with Mg and NaNO, (fuel rich) indicated that
a srml r effect was produced by this reaction, but the effect was not
so prenounced as w1th KNO;.

It is postulated that the increased effectiveness of fuel-rich

- Mg -KNQO; rmxtures as igniters is due to the liberation of free pota.ssmm

from the igniter combustion products. Because of extreme affinity for
oxygen and high thermal stability of the oxide, magnesium-in excess at

high temperatures combines with the oxygen from dissociating K,0
liberating elemental potassium. Brewerll» 12 has shown that K,0 as a
gascous specics is virtually nonexistent and only Li,O of the alkali
metal oxides may exist as a stable gas. Since the stability of the alkali
oxides increases in the order Li > Na > K > Rb > Cs, only potassium,
rubidium, and cesium oxides would be readily reduced to their ele-
:wental form, whereas sodium oxide would be less likely to show this
effect and lithium oxide would probably not show this effect at all.

Because such a large increase in ignition perforrance is
shown by this reaction, it is clear that additional work should be done
to determine if advantage can be taken of this type of reaction using
metals that arc more stable to corrosion than magnesiura,

~able VII s’ihows the results obtained from ignitibility tests
with virious igniter mixtures; it is seen that the boron mixtures gave

~ best pcrformance based on the quantity of material required to ignite

the test propellant, The B-KClO4 mixtures were almost as cffective

in igniting the propellant sample as the best magnesium compositioas.
Burning-time measurements of compositions shown in Table VII, as
well as many others not shown, indicate that for mixtures of B and
KNO;, B and KClO,, Ti and KClOQ4, Zr-Ni and KC1O,, and Ti and
Ba(NO;), the reaction rate increases as the fuel content is increased
past stoichiometric. Burning times measured for compositions
containing Al and KC1O, or Al and Ba(NO;); were found to be insensitive
to small changes in composition.

Composition 118 in the B-KNO, series showed best performance
with the highest measured heat of explosion and reaction rate for the
group, whereas oxygen-rich composition 121 with the lowest heat of
explosion and lowest reaction rate was next best. Of the B-KClO;, -
igniters, oxygen-rich composition 125 with the lowest heat ‘of explosion
and lowest reactio/n rate was the most efficient in its group. Other

v
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fnixtures in the B-KClQ, séries showed poorer performance as the
reaction rate and heat of éxplosion increéeased.

The titani un mixfures were found to be the least efficient of
those tested. Compositions 104 and 105 with KClO, oxidizer showed .
:ifectiveness only slightly better than black powder, whereas the
1i-Ba(NOs); minture, composition 106, was found to be less effective
zhan A-5 black powder under thé test conditions. It is beliéved that this
1s due partly to the mode of bu: ving of these mixtures. All the mixtures
tested except the binary titanium-oxidant mixtures formed finely divided
amorphous powders as combustion products, which were thoroughly
coated on all interior parts of the bomb assembly. The titanium-oxidant
mixtures, however, formed a molten mass of residue in the form of
slag, which remained in or near the igniter container. The distribution
of combustion products from the fitanium mixtures in the ignitibility

chamber was poor compared with that obtained from the magnesium or
boron mixtures.

("‘\

Compositions containing flake aluminum were difficult to ignite
rom a hot wire, but ignitibility test data obtained with igniters 85 and
86 showed performance comparable to that obtained with magnesium
fuel. Atomized aluminum would not ignite at all from a glowing wire,
syt it was found that the addition of titanium metal pawder to these
xtures resulted in easier ignition and measured heats of explesion
spproached the theoretical maximum. The formation of a2 molten glob
of residue, as was found with titanium mixtures, was virtually elimi-
naied in mixtures containing aluminumn and titanium. Igniter T-1
coniaining atomized aluminum and titanium fuels, shown in Table VII,
save effective ignition of the propellant and showed a reaction time
shorter than that mezsured for titanium or aluminum compositions
individually. Considerable work has been done to exploit the advantages
of tnis fuel coinbination, and performance was proved in many rocket-
wotor firings under the most adverse conditions.

o d

'ﬁ

Zirconium-nickel zlloy (70/30} was found to be the slowest
sirning fuel tested. Igniter 95 showed only slightly greater ignition

ciisctiveness than that obtained with the titanium mixtures or A-5
biack powder.

-

Igniters containing zirconium metal powder in granular form
< .!d not be ignited {rom a hot wire, and consequently, no measure-
. .75 were made with these mixtures. Pyrophoric zirconium powder
. 2owever, been used extensively in investigations of fuels for squibs
' thig laboratory. This powder is manufactured by reduction of




A

- £
A%

- powdered ZrO, with excéss calcium and is sensitive fo ignition.

Meéasuréements of reaction time with stoichiometric Zr-Ba(NO;);
mixtures (Zr approximately 6 p with Fisher Sub-Sieve Sizer) indicate
relativé flash duration timés less than oné-half those of the fastest
burning mixtures of boron or¥ magnesium. Sauibs containing zirconium
fuel have been found to be extremely efféctive in initiating the most
difiicultly ignitible pyrotechnics under conditions of low confinement.

BORON-FUEL INVESTIGATION

The commercial preparation of amorphous boron is rather a
crude process, and critical performance reproducibility of certain
types of igniters containing boron may be difficult to obtain if caréful
controls are not exercised. In coopération with the Redstone Division
oi thé Thiokol Chemical Corporation, several parametérs relating o
the properties of boron for igniters wereé investigated. It was found
at Thiokol that "rolled-tube-type igniters prépared with certain lots
of boron gave exceéllent performance in overall ignition times of
rocket motors fired at low temperatures, whereas other lots gave
marginal or exiremely poor performance. Chemical analyses by
twet methods® fziled to resolve the lot-fo-lot pericrmance variations
observed, From Table VIII, it is seen that the total boron content of
the various lots tésted ranged from 65 to over 90%, and particle-size
measurements by sub-sieve methods show minor differences.?

Attempts were made to characterize elemental boron using
spectrographic analysis, X-ray difiraction, and electron microscopy
techniques. In addition, it seemed appropriate to subject powdered
samples of boron mixed with an oxidant to the closed-bomb combustion
test in which the flash intensity is measured as a function of time.
Approximately 22 samples of boron from separate lots were tested.
The suppliers or manufacturers of the boron tested were Fisher
Scientific Company, F. W. Berk & Co., Inc., American Potash &
Chemical Corp., Cooper Metallurgical Associates, Arthur S. La Pine
& Co., and Metalsalts Corporation.

No correlation with performance of the various samples couid
be made on the basis of electron microscopy or spectrographic analysis.
Examination indicated that the impurities present corresponded to the
composition of firebrick. Some correlation was possible, however,
from X-ray diffraction patterns. Good correlation was obtained in
comparing the results of closed-bomb combustion tests with actual
performance of igniters fired in rocket motors at low temperatures.

-
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Twerity-two samples of boron.wére intimately mixed with Y
sotassium péréhloraté in the ratio

Boréon 20.6% _
KClO, 79.4% (100% through 325 mesh)

:iiguot portions of each of thé 22 mixtures (120 mg) were burned in the
window bomb with photoélectric instrumeéntation to determiné the
felative flash intensities, the rate of rise of light intensity, and the
{lash duration. Marked differences in the intent ity -time curves were
omamed‘ in particular, it was found that many «i the boron samples

burned very rapidly, whereas others showed sluggish reaction. The

representative intensity-time curves shown in Fig. 5 indicate the three
u;simct classificaticns that were obtained based on flash duration
{relative reaction time). Of the 22 samples tésted, six were found to
react rapidly and give a time-~intensity curve similar to that shown 1 by
urve A in Fig. 5, six samples gave curves similar to that represented
; curve B, and 10 samples were found to be very slow bu cning giving
urves similar to the one represented.as C. Curve A has a charac-
;stzca.lly high relative intensity, rapid rise rate, and short duration.
urve B has a high relative intensity, medium to rapid rise rate, and

duration of two to three times that of curve A. Curve C has a low
re.a»ive intensily, low rise rate, and very long duration.

o n
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Actual rocket-motor firings at —50°F made by Thiokol
ingicated that igniters prepared from boron which exhibited rapid
rvzction in closed-bomb tests, Fig. 5, curve A, gave short, repro-
licible overzll ignition delays, whereas the slow- burning samples of
b.oon, Fig. 5, curve C, gave long ignition delays. It should be noted
2zt the criteria for determining the suitability of the various lots of
ron were based on tests in one type of motor with a particular igniter

de a"n. There are undoubtedly many igniter applications where the

ruiciion rate of the boron used would either not be detected or would
o: significantly affect the ignition results.

Table VIII gives the average flash duf- *. =. measured irom
five tests of each of the 22 mixtures, arranged in order of decreasing
:c::c‘zon rate. The best samples tested from the standpoint of repro-
‘ucibility and combustion kinetics were t}\pse containing magnesium
,;: sodium in a combined form (solid solutmn) with the boron called
cactive Boroh," manufactured by American Potash & Chemical Corp.
i"' ¢ slowest burning samples were those containing very pure boron
duced by electrolytic reduction. Crystalline boron produced by
nLCi“G’VSlS, when mixed with KC10O, and burned in the window bomb,
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showed 2 burning time of 233 msec as opposed to 17.7 msec for a

ample cor. -.ang "Reactive Boron." {Crystalline boron was reported
to contain $;.2% B but-only 92% was actually found.) This was Some-
what surprising, but Professor .S.jpe:.serzs has recently stated that pure’
boron, probably crystalline, is an inert substance that is very difficult
to ignite even under oxygen pressure and, after ignition by the addition’
of other fuels, shows very sluggish combustion.

m

Synthetic mixtures prepared by adding B,0 to fzst-burning
boron samples and finely divided magnesium %o slow-burning sampies
gave results showing decreased reaction rates with addition of B;O and
increased reaction rates with addition of magnesium. This effect was
also found by the Bureau of Mines®’ % in their solid ramjet research.

X-ray diffraction studies of elemental boron?? showed that the
slow-burning grades of boron were those that showed peaks for "d"
values of 5.06A, a charzctéristic line of crystalline boron, and 4.71A.
Many of the slow-burning béron samples, which are brown in color,
were found to contain a high proportion of boron suboxides. X-ray
diffraction patterns made with a control sample of B;0O indicated that
the chief suboxide present .n many of the borons was B,0. It was also
found that the slow-~burning amorphéus boron samples contained 10%
or more B,0, whereas the fast-burning samples showed negligible

-

amounts of £,0. The "d" values for B,0 are given in Table IX.

The outstanding factors found to affect combustion kinetics of
boron adversely were (1) a high content of crystalline meterials,
paerticularly crystallme boron, and (2) a high content of lower oxides
of boron, particularly B;0.

CONCLUSIONS

1. Adiabatic flame temperature calculations show thatl
zirconium-oxidant and aluminum-oxidant mixtures exhibit the highest
flame temperatures of the mixtures studied. The maximum flame
temperatures that can be reached by metal-oxidant compositions are,
in general, limited to the vaporization temperature of the merallic
oxide formed., When metal-oxidant compositions are burned at pressures
above atmospheric, the increasedboiling points of the products lead to
corresponding increases in the flame temperatures and formation of
larger quantities of condensible gases.

2. Data from closed-bomb ignitibility tests indicate that heats
of explosion, flame temperatures, heats of condensation, reaction
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s, and reaction rates are significant in determining the ignition
ffec:reness of various materials, but correlations based on simple

yses cannot be made. Metal-oxidant mixtures containing the fuels :
magnesum, boron, and aluminum gave good performance in small-
scale ignitibility tests and have, in general, been found to give corre-~ .
g? nl.ng ly desirable perfarmance in z-c»cket igniters. 'I'he ignitibility

3. The content ot crystalline materials and suboxides largely
determine the reactivity of amorphous boron. Crystalline boron and
amorphous boron containing a large proportion of suboxides show
sluggish combustion, whereas boron with a very low suboxide content
2nd dissolved ®sensitizers® such as sodium or magnesium burns very
rapidly.
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Table II
Heat-capacity Data

Cp=a+b X 10737 4+ ¢ X 10%7™2 |Temperature | Avg
Species a b c Range,-*K Cp Reference
:.’.roz-zs) 11.62  10.64 -1.78 300 :5“1673 7
Zx0,(1) 3000 35 %
A3,04(3) 27.43 3.06 ~8.47 300 to 1800 4
ALO,{1) 2300 to 3800 35 17
MzO(a) 10.18 1.74 ~1.48 300 to 2100 4
. MgO(g 8. 64 0.20 ~0.75 300 to 3000
Ti0,(s) 17.97 0.28 -4,35 300 to 1800 4
Ti,0;(a) 7.31 53.52 300 to 473 4
Ti04(8) 34.68 1.30 -10,20 473 to 1800 4
Ti;04(1) 2400 to 3300 40 =
i B,0s4(s) . 8.73 25.4 -1.31 300 to 723 4
B,0,(1} 723 t0 1800 30.5 4
B;0-1g) 25 *
KCl{s) 9.89 5.2 0.77 300 to 1043 4
XC1(1) 1043 to 1200 16.0 4
KCl(g) 8.94 ~0.24 300 to 200 4
X,0(s) 300 to 1200  18.8
BaO(s) 9.79 5.21 300 to 1600 4
Ba0{i) 18 = ;
§ 320{g) 10 N
: Zsti Urough-and-ready? generalities

mated by Xopp's rule or by the
b :

y Kelley.”
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Table 111
) Calculated Heats of Reaction and Maximum Adiabatic
riame Temperatures of Stoichiometric Meétal-Oxidant Igniter Mixtures

Heat
of Reaction Maximum Adiabatic
gomposition Ratii (Cilc. ),“__cal/ g Flame Tem.p, *K
PZ»KClO,, 56.8/43.2 f 1584 4600
Zr-Ba(NCs), | 46.6/53.4 1105 4000
Zr-KNO; 53.0/47.0 1149 3500
Al-KCI1Oy4 34.2/65.8 2490 3800
Al-Ba(NO;),; 25.6/74. 1594 3800
Al-KNO, 30.8/69.2 1761 3800
Mg-KCiO, 41.2/55.8 2433 3350
Mg-Ba(NO3); | 31,8/88,2 1627 3350
Mg-KNO3 37.5/62.4 1734 3350
Tg-KCiO{ : 48.0/52.0 18¢5 3300
Ti-Ba(NOs), | 37.9/62.1 1204 3300
Ti-KNO;3 44.2/55.8 1275 3300
B-KCl0, 17.2/82.8 2356 3340
,é-saxogz 121 /87.9 1341 2520
8-KNC; 15.2/84.8 1495 2520
f -
CONFIDENTIAL Page 213




*

um

i

yIMpos

Second Ienition

PRONPOI]

[P RLEET T s

o amgnF

9.571u8] JURPIXQ-TRIPW JO SOINIXIK{ dLIjdwrolyololy wexd-go1 4q
anjraaduwo ], sureld WNUIIXRH 38 SO0 Ul 839NPOIL U010oedYy [BIHOX00Y],

o

AL 219BL

gea ] etrw 000 '0 T Mo 0000 1920 50670 00 0 »32°0 EITR 000 "N PRT AL weo 0000 .E_:...h_..u,_
IERE T TR rLtop 6Ceto | 9oLl $20°1 sLb'1 ¥EL T 0501 pee 1l ALy 15170 | e 219 0] evd (vi0g
21wtz et s66'0] €981 Wt et %92 wee LT VI iz h0 e ¥PYCT) Aowne g
, 9K 70 . (Mo
1950 | otr-o 99§ '0 mo'a
}stzo (1to's
‘ ) s210l w00 ] suco MorL
szi'of wool su80 . (Mo
wz o] o] szo ) (ol
€550 oLe ‘o LI ¢ (Mot
Lo | Rt 82470 (notn
302 0 oolo G50 oy
e 1250 1191 tfohtvy
8690 £¥0°0
9%t "0 - L5270 wee ty2'0 e
9tse | 1r 0 is20} 9ro 19270 6080 §32°0 3¢ %0 ¥oz'0 weo
900 0o Y610 5L0°0 €¥0°0 yLO'0
60270 260°0 9710 240°0 TN 6200
£90°0 10°0 #5370 ...:io:..a
95970 £80°0 S0 16070 #19°0 $50°0 ¥i9°0 Lr1o 5900 | otz'e
1% 0 ] #4580 oLs . #260 199°0 (Mou
, 5000 oz
- i 1159 ..ﬂmﬂa ,:... ‘0 titoae |-
Hrax)ed-ultoNy-a .o_u‘.m, mg foNN-tL ,o.ux._.,.. .:cm,.ﬂﬁwﬂ .cizgf_: oL . ;.?..,MQEQ . ._,ﬂm.m:._ v .,qu.i :.mz.:.;.\. &zx..s YOIIN 2| ranieaadua
. . nonposa
RIS, N . .- - - R |

x




gevund JIenition Sympogium CONFIDENTIAL K

- Table V
: Materials Used in Ignitibility Tests
| Alurinum (atomized) . Reynolds type 120, 85% through
. 325 mesh, 99+% pure
! Aluminum (flake) Merck, 60% through 200 mesh, 40%
: through 325 mesh
| Mzgnegium {ground, dichromated) 100% through

200 mesh and retained on 325 mesh,
; 97. 5% free magnesium

; Titanium (degasced) Metal hydrides, 100% through 325 mesh,
j - 96. 7% titanium
Boron (amorphous) Fisher, totzl boron content 80%, less

than lp average particle diameter
(Fisher Sub-sgieve Methed)

. Zirconium (granular) Foote Mineral Company, 100 mesh X 10y
Zirconium {powder) ietzl Hydrides, 100% through 200 mesh
izconium-Nickel Alloy 70/30 Meial Hydrides, 100% through
powder 325 mesh

Potassium Perchliorate
(Reagent Grade)

Potzssium Nitrate
HRenzent Grade)

Baricm Nitrate

" {Reagent Grade)

Scéium Nitrate
{Reagent Grade) .

[

e

T

Nominzal Composition of JPN Propellaat, Wt.

,
;
i 8

-

(4]
1

: Nitrocellulose {13.25% N)
; Nitroglycerin

! Diethyl phihalate

Ethyl centrzlite

‘ Potassiurm suiliate

i Carbon black

; Candeliila wax
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Table VIII
? Measuremerts Made on Various Boron Samples ’
i ) Totalt
Particla®* | Boron
Sample Size, | Content, Flash Duration, §
Designation W 14 meec
wsi4s American-Potash & Chemical Corp. 0,506 69.7 A 11.7
Ficher Fisher Scientific Company 0.62 820.4 A 27.3
B.3 F. W. Berk & Co., Inc. 0.65 81.3 A 2.1
P-124, 1258 American Potash & Chemical Corp. 0.81 70.3 A 30,3
w5925 American Potash & Chemical Corp. 9.54 70,5 A 3
b4 F. W. Berk & Co., Inc. 0.70 73.2 A 38 ;
Troza American Potash k Chemical Corp. 0.86 0.7 B " 89 :
3-.19 &, W. Berk & Co., Ize, 0.95 0.7 B 7 ;3
i B3 F. W. Bers & Co., Inc. 0.95 79.6 3 83 ;
B.14 Amorican Potash & Chemical Corp. .38 1.8 B 83 :
B-12 Azmcrican Poiash &k Chemical Corp. 0.93 96.3 B &7 H
B-17 American Posash & Chemical Corp. 0.90 89.3 B &7
{ B.i0 F. W. Berk & Co., Inc. 0.90 86.6 c 12 ! i
La Pine Arthur 5. La Pine & Co, 65.3 C 121
. B.7 F. W, Bark & Co., Iac. .98 g6.1 o4 125
B-9 F. W, Berk & Co., Inc. 1.81 85.5 C 125
=-3 F. W Bare u Lo, ms. 1.2% L% < ” iiz
211 F. W, Berk & Co., I=c. .63 §5.3 c 152 )
Mewalsalts Metalasalts Corporation 1,61 85.2 C 155
. B-3 F. W. Berk & Co., .uc. 1.17 90.0 c 194
B-13 American Pois.i & Chemical Corp. 1.2 85.3 c 195
3 Cooper Cooper Metallurgiczl Associztes 1.9 92.0 C 233
*Fisher Sub-Sicve Analysis by Thiokol Chemical Corporation, Redstone Divisioa.?®
¥5y N2;CO, fusica and titration with NaOH in presence of maanitol, measured by
Thiokol Chemical Corporation, Redstone Division.®
1 From initial detection of radiant intensity to 2 point which represenss 10% of maximum
intensity on the decay portion of intensity-time curve, vhen burned with XClO,.
§*NAR® Gradez of boron containing scdium and magnesium.

4]
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Table IX

Characteristic Lines of B;O from X-ray Diffraction

w

Intérplanar Spaéing
"d" Value,angstroms

i
H
3.
1
1
&

e

CONTIDT Y

N P AR
v Ay aa i ped

PR

PN

Relative Intensity

1%/1

-t v——_
on—

,F Wi

B

52
16
100
62
9

~ ey -

bk g

*Intensity of line relative to strongest line = 100.
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