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ABSTRACT
A study is made of the burning characteristics of a statistical family of
16 fuel-rich combinations of the lead dioxide-cupric oxide-silicon starter mix
system, Factors that determine the behavior and predictability of the system
are defined and investigated by calorimetry, pressure-time curve studies and
other techniques. The burning characteristics required for optimum performance

as a starter composition are considered,
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INTRODUCTION

1. The objeot of the px-oient investigation has been to aoquire a better u@or-
standing of the fundamental faotors that control the behavior of the lead
dioxide-cupric oxide-siliocon -ta.rtox" composition so that an adequate specifi-
cation could be written oovering it. The investigation began when it was
observed that the heat of reaction for the system as experimentally determined
in the calorimeter was more than 95% of the theoretical thermodynamic value
ocaloulated--when a certain chemical reaction mechanism was agsumed-~frow the

following relationship:

A H= qp 'f Hproducts == éﬁrucunts
It 'it were possible to predict the heat of reaction, this indicated that the |
reaction mechanisms assumed to oocur botv;on the three ccmponents of the
system were valid. Thus, the investigation began on a firm conviction that
the basic thermochemistiry of the system was understood. '
2. The first problem with whioch the investigation was concerned, then, dealt
with the behavior of the reacting system and with the factors that governed
that behavior. This involved determining the effect that varying such factors
had on the burning characteristics, and the extent that the effect of such '
changes could be predioted.
3. The ﬁrst- yha!so of the investigation treats the various types of data

developed on the beshavior of the reacting system, the methods and instrumenta-

“tion used to develop the data, and the interpretation of the signifiocance of

the data, The second phase of the investigation involves a study of the range
of acceptable burning chareacteristios of the starter composition ocurreatly used
in the Mk 25 Mod 2 Marine Location Marker. Formerly, the Mk 25 Signal employed
& formula oonsisting of § parts by weizht of lead dioxide, 6 parts of oupric
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oxide, and 7 parts of silicon (5L-6C-78). This formula apparently worked well .
for awvhile, but malfunotions due to failure of ignition or excessive delay times
f£inally foroed a changes to a less energetio system consisting of 2 parts by.
weight of lead dioxide, 3 parts of ‘ouprio oxide, and 5 parts of silicon
(2L-3C-55). In March 1962, the Quality Evaluation Laboretory conducted &
statistically designed experiment on the Mk 25 Marine Marker. The first oxﬁori-
ment investigated eight factors at three levels involving the performance of
505 specially prepared signals. One of these factors vas the formula, and one.
of the levels was the formula 2L-3C-5S, In May 1962, a follow-up experiment
was conduoted involving three factors, one of which was formula. This time
80 signals ;ore prepared and tested. One of the conclusions of these two
experiments was that the 2L-3C-5S formula was superior in performance to the
5L-6C-7S formula. In other words, the formula that burned slower, dc;uloped ’
less pressure, and had a lower calorific ocutput was superior in performance
to the more energetioc formula,
4. During the latter months of 1963, this present investigation began testing
all production batches of Mk 25 starter composition in a new apparatus which .
measured the rate of pressure change that ocourred as the starter composition
burned in & closed bomb., One ébjeotivo of these tests was to develop data from
which the range of acceptable burning characteristics could be established.
5. A third objeotive of this investigation was to determine the feasibility
of using & single starter composition for the various phosphorus signals,
Since all available information indicates that the 2L-3C-5S formula is required
for' the Mk 28 Mod 2 signal, the question now to be answered is whether this
formula will perform satisfaotorily ia other phosphorus signals such as the

Mk 6-3 Marine Looation Marker which curreatly employs & 5.-68C-78 formulas,

No data has to the present been developed on this probdlea.
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6. TFinally, the fourth objeotive of this study wac to write a specification
based upon all the known data for the starter oomposition. Such & specifioca-
tion would cover sll aspects of the, preparation and performance of the starter
composition to assure consistent, reliable, and prediotable bohavi'.or charac-

teristics of the starter composition., This specification is being prepared '

concurrently with this report.
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DESIGN OF THE RXPERIMENT
1.. The experiment was designed with the objeoctive of developing data on the
effect of a variety of factors, acting alone as well as interacting with each
other, on the burning characteristics of the starter oonposition.'
2. The following factors were seleoted:

a, The fuel-to oxidiser ratio.

b. The lead dioxide-to-ocupric oxide ratio,

6. The effect of the particle size of the three components.

d. The effeot of using ococuwponents from different suppliers,

e, Processing variations,

f. Density or degree of packing.

g. Miscellaneous factors that arose .during the investigation, including
partiole size distribution of the silicon, contaminants in the siliocon,
moisture (hun!:dity). and orystal type of the silicon.

3. The following oharacteristics of the .‘sta.rtor composition were investigated:

a. Heat of reaction (calorific output). |

b, Pressure-time ocurve.

(1) Slope of curve.

(2) Maximum pressure developed.

(3) Time from ignition to peak (or peaks).

(4) Time to normal cooling ocurve.

(5) Pressure at normal cooling curve.

(6) Height above where normal cooling curve is established.

0. Heat transfer charecteristics,

d. Ignitability,

g‘ mex .
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4, A statistical family of 16 formulas was prepared oovering the reange of
fuel-rich combinations considered as even remotely prectical as starter
oompositions. This family of formulas, shown in Tables I and II, contains
four levels or' fuel-oxidizer cowbinations varying from 307 fuel--70% oxidiser
to 601 fuel-40% oxidizer. Within each of these four levels are four varia-
tions of the lead dioxide-cupric oxide retio, being l:4 at one extreme and
4:1 at the other extreme. Thus, the effeots of progressively changing the
fuel-oxidiser ratio can be observed, as well as the effects of varying the
Pb02-Cu0 ratio within each fuel-oxidizer level. Under these oonditions, the -
effect of each ;cmponont on the burning characteristics of the starter ocon-
position can be determined. .
5. Calorific values, pressure-time curves, and heat transfer ourves for two
levels of silicon were obtained on each ococmbination within this statistiocal
family of formilas, This data, which will be treated in the section that
follows, appears in Tables III-XIII.
6. The effects of silioon particle size variation on the pressure-time ocurve
were studied for nine silicon samples ranging in average partiocle size from
1.65 miocrons to 19.0 miorons. These sample components were from various
suppliers. Data on all the different silicon samples were obtained on the
2L~-3C~58 formula ourrently used in the Mk 25 Mod 2 Marine Marker and appesrs
in Table X.
7. The effects of lead dioxide and cuprio oxide particle size variation on
pressure-time curves for two levels of silioon are shoen in Tables XI and XII,
Agein, the composition used is the 2L-3C-58 formula of the Mk 25 Mod 2 Marine
Loocation Marker.
8. Table XIII shows some variations of the pressure-tize curves obtained on
8L~3C-88 ocmposition mede from oomponents obtained from different suppliers.

)




RDTR #41

9. Table XIV shows date on the ignitability of the statistical family of
formulas using a black powder fuze such as is used in the Mk 6-3 Marine Loca-

tion Marker.
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FACTORS DETERMINING THE HEAT OF REACTION

1. It was assumed at the beginning of this study that the probable reaction
mechanism of the lesad dioxide-cupric oxide-silicon system in any fuel-rich
combirpation would be as follows: |

PbO2 + Si = Pb + SiOp + heat

2 Cu0 + Si = 2 Cu + Si0p + heat
In order to verify that the equations represented the true reaction, the theo-
retical thermodinamic value for the heat of reaction of the system was calculated,
In the case of the 2L-3C-5S formula used in the Mk 25 the calculations would

proceed in this way:

2 graams Y grams
PbOs + Si = Pb + SiOp
239.2 60

or Y = 0.5017 grams of Si0p formed
2. At the reacting temperature the heat of formation is given by £he literature
as 67,100 cal/mol for PbO, and 218,000 cal/mol for Si0p. We cen now calculate
the free energy which will be evolved under these conditions:
PbOy + Si = Pb + 5i0p

2 grams X 67,000 cal/mol = 561.0 cal as the heat of

239,2 MW, formation of 2 grams PbOg
and 0.5017 grams X 218.900 cal/mol = 1830.4 cal as the
60 M. W, heat of formation of
0.5017 grams SiOp
therefore 1830.4 cal
-561.0 cal
1269.4 cal

’

This says that in a 10 gram sample of 2L-3C-5S starter composition the 2 grams
of Pb0p will react with an excess of silicon and evolve 1269.4 cal of fres
heat for 10 grams of composition, or 126.9 cal for one gram of composition,

7
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3. In exactly the same way, we calculate the free heat liberated by three

grams of CuO reacting with an excess of silicon in the following reaction:

3 grams Z = 1,13 graas

2Cu0 + Si t - 2Cu + 8105

159.1 60

1548.5 cel 41z2..3 cal
4122.6 cal

-1548.5 cal
"1574.1 cal/3 grams CuO in 10 grams sample
or 257.4 cal/gram
Adding

Free heat for Pb0,-Si system = 126.9 cal/g

Free heat for Cu0-Si system = 257.4 cal/

Theorstical heat of reaction = 384.3 cal/g for 2L-3C-5S
4, The experimental value in this instance is 97.7% of the predicted theoretical
value, so that it is very highly probablé that the assumed reactions are actually
the real reactions. Further work shows that the heat of reaction can be pre-
dicted with a high degree of accuracy for any fuel-rich combination of the
starter mix components, Tables III and IV show the comparison between the
theoretical heat of reaction values and the experimental calorific values
obtained for the entire statistical family of 16 combinations based on 6.0

sron silicon, and for four random samples based on 8.0 micron silicon.

5., Table XIII shows the caiorifio value Q}H) obtained using components from
different suppliers. These chemicals were procured under existing Federal
Specifications with purity and particle size requirements. Again, the Mk 25
formula was used. In this basic formula, components from different suppliers
were substituted one by one. No significant variation occurs., Since each of
these chemicals had already passed the specification requirement for purity,
no variation was really anticipated.
6. Table XII shows the calorific value of the 2L-3C-55 formula as the partiole
size of the various components are varied. Only in the sample using Hummel

8



RDTR #41
silicon with an average particle size of 13.6 miorons did a minor variation
occur. Here the calorific value is 93.1% of theoreticael whereas ell the other
samples of this particular formula were approximately 97.5% of theoretical.

7. It is evident, then, from thes; considerations that the composition is the
primary facfo? determining the heat of reaction of a starter composition. It

is, of coufée, assumed that the components are of a purity that meets requirement.
Otherwise, the source of the chemical components had no significant effect on

the heet of reaction. Variations in the particle size of the oxidizers had no
significant effect on the calorific value, except that the introduction of
silicon containing particles of relatively large sizes caused a slight decrease
in the calorific value in one instance. It might be theorized that this low
calorific value is caused by incomplete combustion due to the nonuniformity

of particle distribution due to the large difference in the size of many of

the silicon particles compared to the size of the particles of the oxidizers,
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DETERMINATION OF THE PRESSURE-TIME CURVE
1. It has been accepted that the burning characteristics--the heat evolved,
the quantity of gas, the rate of heat evolution, the type of clinker formed,
etoc,--vary considerably from formula to formula and even within d;fferent
production batches of the same formula. Furthermore, it has been assumed that
certain burning characteristics are more desirable than others. For example,
practical experience has shown that more signal malfunctions ocour in the Mk 25
Mod 2 Marine Marker when the 5L-6C-7S formule is used than when the 2L-3C-5S
formula is used. Consequently, general and somewhat arbitrary requirements have
been set up in the past for the performance of the various starter compositions,
2, It has been one of the objectives of this investigation to determine the
important aspects of the burning characteristics for a statistical family of
16 starter composition formulas., At the same time a large number of production
semples have been tested using various techniques, and the resulis of these tests
have been analyzed in order to determine which tests are most significant and
what performance limits within such tests are acceptable.
3. One of the most promising tests utilized in this study of burning cherac-
teristics has been the "pressure-time curve.” This curve depicts the change in
pressure due to the ignition, burning, and cooling of the starter composition

within a closed bomb as & chart moves at an appropriate rate.

10
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APPARATUS FOR DETERMINING RATE OF PRESSURE CHANGE
1. Figure 1 is a photograbh of the instrument used to obtain the pressure-time
curves utilized in this study. It consists of a Honeywell recorder equipped
with & 25 psi transducer installed in a bomb of 90 ml air capacity when loaded
with a sample holder ocontaining 12 grams of the sample that has been tamped
four times. The aluminum sample holder is one inch high by 1.75 inches 0.D.
with a wall and bottom thickness of 0.125 inch. Ignition of the sample is by
means of a 22.5 volt transformer which heats a 10 ocm length of Parr ignition
wire to incandescence. The wire just touches the center of the sample., Changes
of pressure are recorded on the chart which moves at two seconds per inch.
2. Figure 2 is a drawing which represents the pressure bomb in which the sample
is burned.

PROCEDURE >

1. The procedure for obtaining a& pressure-time curve for a starter composition
is relatively simple, A 12 gram sample, weighed to the nearest 0,05 gram, is
placed in the aluminum sample holder. The aluminum sampls holder is then tapped
four times and positioned in the bomb. A 10 cm length of Parr ignition wire is
fitted into the small holes on each of the electrodes projecting down from the
bomb 1lid. A loop is bent in the wire so that the bottom of the loop just touches
the center of the sample. Hot wire ignition is entirely preferable over ignition
using & squib or an electric match since the latter may blow the powdersed sample
out of the cup or into an unsymmetrical configuratiorn., Reproducibility of
results requires that the degree of packing, the geometiry of the sample, and
the point of ignition be very nearly the same in every test run. Fortunately.

this is not too difficult to achieve once the procedure has been established,
11
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The 1lid is next placed into position on the "0" ring with the ignition wire Jjust :
touching the sample. The toggle clamps are then adjusted to fasten the lid of
the bomb securely into plaée. The bomb must be pressure-tight and this condition
will usually be indicated when tho?lid is fastened by the appearance of an
inocrease in pressure on the recorder. Finally, the chart is started and the
sample fired within the bomb, The change in pressure appears as a curved line
on the chart,

EXAMPLES OF PRESSURE-TIME CURVES

1. Because of the large number of samples used in this study, it is not practical
to inolude all the pressure-time ourves obtained. Instead, numerical values
which describe various characteristics of the curves will be used. However, it
will be desirable to show some actual curves of typical as well as unusual test
results.. Figure 3 shows a typical Mk 25 Mod 2 starter composition curve. The .
various notations assigned to the various aspects of the curve are defined.
2. Although all of the aspects of the pressure-time curve are reported for
each test run, they are not all utilized in this study. In Figure 3, ignition
ocours to the right side of the ourve, the pressure climhing steadily to the
first peak, faltering, then climbing again to the maximum peak, after which--
more or less abruptly depending on conditions--it falls until a consistent
cooling curve is established.

3. Figures 4-7 show other types of curves obtained.

.

12
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EFFECTS OF COMPOSITION ON THE PRESSURE-TIME CURVE

1. Tables V and VI show data for two levels of silicon on pressure-time ocurves
of a statistical family of 16 forwulas. Tables I and II show the composition of
each of these formulas, The changes that occur in these pressure-time curves
depsnd entirely on changes in the composition and on no other factor. All other
factors are held constant. Table V shows the results of pressure-time analysis
of curves obtained using 8 mioron silicon, whereas Table VI contains data for
tha atypical 6.0 micron sil”son. Both tables are based on results obtained
from formulas using lead dioxide with an average partiocle size of 2.23 microns
and cupric oxide with an average particle size of 3.4 microns.
2. Two factors interact in these changing compositions to determine their burning
characteristics: Zfirst, the fuel to oxidizer ratio; and second, the lead dioxide
to cupric oxide ratio. We will now examine the data in order to define any
general tendencies that are apparent in the behavior of fhe starter composition.
3. On each of four levels, with the fuel-oxidizer ratio held constant, the
reaction rate of the samples increased as the ratio of lead dioxide to cupriec
oxide increased. Bear in mind that the calorific value actually decreases as
the ratio of lead dioxide over cupric oxide increases. Consequently, the burning
rate and the heat of reaction are n;t nacessarily directl; related to each other.
The increased reaction rate is revealed by the change in various characteristics
of the pressure-time curves:

a, The slope of the curve is progressively steeper.

b. The maximum pressure progressively increases,

¢. The time to the wrximum pressure peak progressively decreases.
4, From this it may be oconcluded that on each of the four levels in which the
fuel-oxidizer ratio is held constant while the Pb0s-Cul ratio ohanges, as the

proportion of lead dioxide increases (and the cupric oxide decreases) the

13
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reaction rate and maximum pressure inocrease, although the calorifioc value
decreases. In sample 13, another significant effect of the Pb0p-Cul ratio is
demonstrated. This sampls, with only 8% lead dioxide to 32% cupric oxide, '
could not be ignited by the usual methods (fuze, hot wire, squid) yhereas
sample number 16 with 32% lead dioxide and 8% cupric oxide was readily ignited,

The lead dioxide not only controls the rapidity of the burning rate but also
determines the ease of ignition.

5. We oconclude, then, that both the ouprio oxide and the lead dioxide are
essential to the control of the behavior of the composition. A composition
composed of 509 lead dioxide and 50% silicon would burn explosively fast,
whereas a composition composed of 501 cupric oxide and 504 silicon would not
burn at all. A composition with 20% lead dioxide, 30% ocupric oxide, and 50%
silicon has burning characteristics that make it useful as a starter composition,
Furthermore, fhis understanding of the effects of the two oxidizers on the
system allows some control over production batches with questionable or un-
acceptable pressure-time curves. If a batch is found, for whatever combination
of reasons, to burn sluggishly or be difficult to igniie. it could be reblended
in such a way that the ratio of PbOy to CuO is increased while the ratio of
oxidizer to fuel remains the same. 6r a batch that burns too rapidly could

be brought to the desired performance in the rate of pressure-rise apparatus

by reblending it so that the ratioc of Cu0 to PbOp is inoreased, while the oxidi-
zer to fuel ratio remeins the same. .

6. Tables V and VI also 1nd1§qte the effest upon the system when the PbOs-Cul
ratio is held oonstant and the oxidizer-fuel ratio is varigd. If we examine

the data on the pressure-time curves for each of the four ratios of Pb0z:Cul, '
we at once see that the group of formulas with 701 oxidizer to 30% fuel are

in a class by themselves, Figure 8 shows the effeot of increasing the per cent

of oxidizer on the maximum prassure for four formulas in which the PbO2-Cu0
14
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ratio is held constant at 1:1.5. As the per cent of oxidizer is increased,
the pressure increases almost linearly up to 60% oxidizer-40% fuel. The
pressure rise for formulas beyond 604 oxidizer then increases exponentially,
We may say then that the oxygen balance of this system becomes critical some-
what beyond 60% cxidizer with burning characteristics that approach being
explosive in violence.

7. Where neither of the oxidizers is in large excess over the other--e.g.,
in samples 2, 6, 10, and 14, and semples 3, 7, 11, and 15--the effect of pro-
gressively decreasing the oxidizer can be seen. First, the calorific value
decreases from 530.7 cal/g to 298.3 cal/g so there will be less heat evolved.
Thé maximum pressurs can be seen progressively to drop. However, the burning
rate as indicated by the time to the maximum pressure peak shanges scmewhat
erratically. The reaction rate generally decreases from number 2 through
numbers 6, 16. and 14, and from number 3 through numbers 7, 11, and 15.
However, toward the middle group, the change is practically negligiblef-7.88
secs for number 6 to 7,38 secs for number 10, 5.5 seconds for number 7, and
5.5 seconds for number 12,
8., It will be noted that some pressﬁre-time curves have two peaks., The appear-
ance of these two peasks indicates that the reaction between the silicon-lead
dioxide system and the silicon-cupric oxide system does not proceed at the same
rate. A study of the pressure-time curves in Tables V and VI reveals the
following factors that appear to favor the appearance of two peaks.

a. The existence of a substantial amount of lead dioxide in the formula,

b, . A balance between the amount of Pb0O2 and the amount of CuO.

c. A balance between the total oxidizer and the fuel, in which a ratio of
504 fuel to 504 oxidizer gave two peaks with three out of four of the ratios

of Pb0s to Cul used.

d. Moderation of the intensity of the reaction by an excess of silicon.
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In other words, two peaks do not appear in highly energetic and rapidly burning v
samples,and they appear more frequently in samples containing 60% silicon than
in samples containing 40% silicon.
9. In conclusion, the occasion of ‘two peaks in a pressure-time curve is deter-
mined by factors that favor the appearance of the two independent and distinct
chemical reaction mechanisms that are occurring simultaneously. The Pboz-Si
reaction is more rapid than the Cu0-Si reaction, and it causes the first peak
while the slower CuO-Si reaction is responsible for the seand peak. However,
both of these reaction rates are dependent upon temperature, and perhaps
pressure, so that when the reaction is sufficiently energetic, as it is in
formulas containing 70%{ oxidizer, only cne sharp peak appears (Figure 4) and
there is no distinction between the rate of the Pb0p-Si reaction and the Cu0-S1
reaction., On the other extreme, two peaks do not appear in samples with a large
excess of Cu0 over PbO, or where there is a combined effect of a deficiency of
Pb0y and an excess of silicon fuel as in number 14.
10. Thus, either the extireme of a very fast burning formula or that of a very
slov burning formula will not give a pressure-time curve with two peaks. Nor
would these extrqmes appear to be desirable as practical starter compositions.
Some compositions with an excess of.PbO2 over Cu0 give pressure-time curve;v
with two peaks in which the first peak is higher than the second peak, e.g.,
sample number 12, But the burning rate is too fast, or the maximum pressure
too high, so that these formulas also do not afford practical starter compositions.
Experience and experimental date indicate that a starter mix formulas with two
approximately equal pressure-time peaks, in which the second peak is slightly
higher than the first, is a moderate burning, easily ignited, and relatively ‘
gasless formula that has been shown to function reliably in the Mk 25 Mod 2

Marine Location Marker. It is quite possible, although not supported by
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experimental data as yet, that a formula with such a pressure-time curve would
also function reliably in other signals euploying this starter system to ignite

phosphorus composition,
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EFFECTS OF PARTICLE SIZE ON THE PRESSURE-TIME CURVE
1. Effects of Particle Size Variation of Silicon on the Pressure-Time Curve

a, Table X p;esents data on the pressure-time curves of nine silicon
specimens from vafious suppliers ranging in average particle size from 1,65
microns to 19,0 microns. Only the 1.65 micron silicon is of the amorphous
type; all the other specimens are of the cubical orystalline form, Figure 9
shows the maximum pressure recorded on pressure-time curves plotted against
the average particle size of the silicon as determined on the Fisher Subsieve
Sizer, The effects of several factors can be seen:

(1) The combihed factors of small particle size and amorphous form of
silicon cause the most extreme deviations. This type of silicon is clearly to
be avoided.

(2) The effect of particle size only in which there is a general decrease
in maximum pfossura from 9.56 psi for 4.6 micron silicon to 6.25 psi for 19
micron silicon, BREight micron silicon of the cubical form runs ahout 8.0 psi.

(3) One silicon sample, which is the cubical form and has an average
particle size of 6.0 microns, bqhaves in an atypical manner (see Figure 7),
having a maximam pressure of 12.75 psi. It is tentatively believed that dis-
solved impurities in the silicon--chromium and/or manganese--are responsible
for the unusual behavior of this silicon. This effect is not assosciated with
particle size,

b. The effect of the particle size on the burning rate is also shown by the
value tPpo, derived from the pressure-time curve date shown in Table X. This
value represents the time in seconds from ignition to the maximum pressure peak.
In the normal cubical silicon form, it ranges from 3.5 seconds for 4.» micron
silicon to 9.5 seconds for 19.0 micron silicon. For 8 micron silicen, the

value for the maximum peak is 7.38 seconds, and for the first peak, five seconds,
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Also, the slope of the curve drops from 76° for the 4.6 micron silicon to 33°
for the 19.0 micron silicon,

c. It can be concluded then that the average particle size of the silicon
has & demonstrable effect on the réaction rate and the maximum prassure ganeratpd.
On the other hand, other properties of the silicon--such as the crystal form
and the presence of contaminants--can have an even greater influence on its
behavior as a starter composition than the particle size,

2. Effects of the Particle Size of the Oxidizers on the Pressure-Time Curve

a. Table XI contains data derived from pressure-time curves obtained on
three different particie sizes of both the oxidizers. Curves are obtained on
samples all of which were made from the same 8.0 micron silicon using the same
2L-3C-5S formula,

b, PFigure 10 shows three levels of particle sizes for each of the two
oxidizers plotted against the maximum pressure obtained for each from Table XI.
These slopes indicate that the pressure change is inversely related to the
particle size change within the limits covered, i.e., between 0,65 microns and
2.23 miorcas for the lead dioxide, and between 1,41 microns and 5.1 microns
for the cupric oxide.

¢. In Table XI, number 4 shows a combination of the two largest particle
sizes for the oxidizers and number 6 shows the smalleét. The maximum pressure
varies from 7.00 psi for the large particle size combinationlto 9.5 psi for
the small particle size combination. Norwal Mk 25 production batches of starter
mix rarely exceed “hese limits, although occasionally a batoh will burn at
slightly below 7.00 psi. If a batch burns and generates a pressure in excess
of 9.5 psi, there is usually something wrong. Variations in reacti&n time also

appear where, for example, the angle of the slope varies from 61° for the
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largest average particle size for each oxidizer (number 4) to 68° for the
smallest (number 6). .

d. We may conclude, then, that the burning time and the maximum pressure
are related to tha partiocle size of the two oxidizers such that,'within limits,
as the average particle size decreases the maximum pressure increases, while
the angle of the slope also increases, Furtherﬁore, the effect of the particle
size is cumulative, being a combination not only of both the oxidizers but also

of the fuel as well.
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EFFECTS OF OTHER FACTORS ON THE PRESSURE-TIME CURVE
1. Moisture~Humidity

a. During a rainy period in which the relative humidity og the atmosphere
exceeded 90%, it was observed that the maximum pressure of fhe Mk 6-3 starter
composition prepared by production went up from an average of about 11.0 psi
to about 13.0 psi. An investigation showed that all the components were iden-
tical and that the batches were prepared by the same operator in the same way.

b. An experiment was set up in the laboratory to test the effect of high
atmospheric humidity on the pressure-time curve. One portion of a production
batch was placed over water in a closed vessel; the control portion of the same
batch was placed over megnesium perchlorate in & desiccator., After 24 hours,
pressure-time curves were obtained on these Lwo samples. The ability of the
starter composition to abscrb water on the surface of its particles and the
offect ofrthis absorbed water on the pressure-fime curve is shown in Figures
11 and 12,

c. It will be seen that a difference of only 0.55¢ moisture between the
two samples accounted for a difference of 2.1 psi--i.e., the adsorption of
0.557 moisture raised the maximum pressure from 11.8 psi to 13.9 psi, which
would be considered unusually high. When the sample was redried and retested,
the maximum pressure was found to have returned to normal.

2. Impurities. |

a, The appearance during this investigation of a silicon specimen with
unusual burning properties has already bpen mentioned. This silicon was sup-
plied by the Hummel Chemical Company and had an average particle size of 6.0
microns. When used as a component in the Mk 25 formula (2L-3C-5S8), the

maximum pressure was 12,75 psi (Figure 7), whereas a normal 8.0 miocron silicon
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gave a Pmax of about 8.0 psi (Figure 3). Various explanations were advanced
and tested in an effort to account for this large variation. To begin with,
differsnce in pressure is all out of proportion to the difference in the average
particle size., This has already been indicated in Figure 9. No; was the ele-
vated pressure due to adsorbed moisture on the 6,0 micron silicon; after drying
the pressure remained high. The crystal form was ldentified as cubical and
the particle size distribution, when compared to other silicon samples of 8.0
microns and 4.6 microns, was normal. However, effluorescence spectroscopy
indicated the existence of manganese and chromium impurities which were dis-
solved within the silicon crystals, These elements were not found in the other
silicon specimens tested.

b. Since these impurities could not be removed from the silicon without
destroying it, nor readily added to other silicon specimens, it remains un-
certain that this is the cause of the unusual §urning characteristics of this
silicon, No other silicon of the cubical type, whatever the average particle
size, has shown these unusual burning characteristics.

3. Crystalline Form

a, With one exception, all the silicon specimens used in this study were
of the adamantine or cubical form, The one exception was an amorphous silicon
specimen., Figures 9 and 11 indicate the more energetic activity of amorphous
silicon. This is also shown by calorimetric runs on 2L-3C-5S starter composition
prepared from amorphous silicon which yields 416 cal/g as compared with 375
cal/g for cubical silicon. Consequently, amorphous silicon is not suitable
for ordinary starter compositions,

4. Suppliers
a, With the exception of the atypical 6.0 micron silicon supplied by the

Hummel Chemical Company, all the chemical components employed in this study
performed in a generally normal and prediotable manner. - These components had
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all previously passed one or more of the existing Government Specifications.
Of the many silicon shipments supplied by the Hummel Chemical Company that have
been investigated by the laboratory, this is the only one recorded that has
shown such unusual burning properéies. Apparently, whatever the factor that
causes this 6.0 mioron silicon to perform in an unusual way, the factor does
nqt normally appear in either Hummel silicon or silicon from other suppliers.
5. Density

a. Generally, it was found that packed samples burn scmewhat faster than
loose samples due to the increased intimacy of the reacting perticles. However,
this line of investigation was not pursued any further because the starter mix
is loaded loose in production and then packed slightly by tamping. In experi-
mental work in the laboratory, this method of loading starter mix samples into
ihe bomb for pressure-time curve studies gave good reproducibility of results.
As long as this technique is continued on the production line, it does not seem

to be a significant factor.
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HEAT TRANSFER CHARACTERISTICS
1. The object of this part of the investigation was to determine the intensity
and rete of heat evolved and tragsferred to the phosphorus signal--or, in the
case of the actual experiment, to the sensing and recording device, It was
belisved that different formulas might exhibit different heat transfer charac-
teristics due to the fact that they would have'different burning characteris-
tics as well as clinkers with different compositions. Consequently, heat
transfer data was obtained on two levels of silicon for the statistical family
of sixteen formulas, Thnis data appears in Tables VIII and IX.
2, This data does not, however, appear to coatribute any new insight into
the burning characte}istics of the various formulas studied. Uost of the
characteristics revealed by other techniques simply reappear here. In general,
this data indicates that as the per cent of oxidizer decreeses, the burning
time increases while the temperature intensity decreases., If the oxidizer to
fuel ratio is held constant, any increase in the ratio of lead dioxide over
cupric oxide is accompanied by an increase in the temperature intensity as
well as an increase in the burning rate (i.e., 1t burns hotter and faster).
The value tj, which represents the time ths temperature of the burning starter
composition exceeds 600°C and is therefore above the ignition point of the
phosphorus composition, is of some interest. In most cases, the time at
which the starter composition is hotter than 600°C exceeds 20 seconds. This
is greater than the required delay time for ignition of the sigral, which is
15 seconds for the Mk 25 Mod 2 Marine Marker. However, with the one high
energy formula reported, the time fell to 8.00 seconds indicating the rapidity
with which the heat is generated and dissipated. Moreover, the value for tj
tends to decrease as the fuel to oxidizer ratio increases and as the lead

dioxide to cupric oxide ratio increases.
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3. The apparatus used in this study consisted of a Sargent recorder equipped
with a thermocouple and appropriate cold junction. The chromel-alumel thermo-
couple was an inconel sheathed "ceramo" typel and was fitted into the center
of an aluminum sample-holder thr;ugh a hole in the bottom. The aluminum
sample-holder was 1,75" I.D., 1.125" in height, with 0.1" thick walls, and
a bottom and top thickness of 0,375"., Twelve grams of seumple are ignited
by an electric match introduced through a hole in the top of the sample-
holder.
4. PFigures 13, 14, and 15 show three heat transfer curves. Figure 13 is an
example of a high energy formula (sample number 3, Table I) and Figure 14
is an example of a relatively low ;nergy formula (sample number 13, Table I).
Figure 15 represents the heat transfer.curve for the Mk 25 Mod 2 starter

canposition formula.

1'I"nermccouple supplied by Technical Equiﬁpent Corporation, Denver, Colorado,
Catalogue Number F 2007.
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IGNITABILITY OF STARTER COMPOSITIONS

1. The eass or difficulty of the ignition of the statistical family of sixteen
formlas was investigated. The sixteen formulas were made of the same components
used throughout this study: 2.23 gicron lead dioxide, 3.4 micron’ cupric oxide,
and A.0 micron silicon, Approximntely 12 grams of each of tho szixteen formilas
wasw Leshod $ion Ur 64 prenulic aun equipped with the custouwary nitrocellulcene
cap and black powder fuse. Tests were conducted in the open air, Table XIV
shows a summary of the results obtained under the test conditions.
2. No attempt is que here to apply a relative degrees of ease of ignitability.
The table merely ;;;vs which formula had igrition faeilures that could be
repeated. Generally, however, it can be sald that ease of ignition depends on
these factors:

a, Average particle size of the components.

b. Per cent of lead dioxide present.
When the particle size of the three components is relatively small, the ease of
ignition of the resulting composition is increased. Also, a larger ratio of

leaed dioxide gives & composition that ignites easily.
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CONCLUSION

1. The attempt has been made in this investigation to establish the relation-
ship between the burning characteristiics of the system and the factors that
determine those characteristics., It is now possible, on the basis of date
obtained, to analyze the "burning characieristics" into three primary effects:

a. The gquantity of heat generated.

b. The rate at which the heat is generated,

¢. Maximum pressure and rate of pressure decline.
We should now examine each of these "effects" as to the causes that determine
thenm.

The Quantity of Heat Generated
1. This aspect of the behavior of the system has been shown to depend almost
entirely upon the composition in any fuel-rich combination of the thres com-
ponents and is to & high degree predictable. All other factors studied,
including average particle size of the components, contaminants, traces of
moisture, supplier, density, oatc., had no signiffcant effect upon the quentity
of heat liberated by the burning composition.
The Rate at Which Heat Is Generated

1. The concept "burning rats" has generally besn used to denote the rate at
which the flame front moves through the composition. However, the study of
pressure-time curves affords & more pertinent and sophisticated description
of the reaction occurring in the burning system. The déuble peaks appearing
in so wany moderate burning formulas indicate the existence of two reaction
mechanisms proceeding simultaneously but not at the same speed--the Pb0Op-Si
system proceeding much more rapidly than the CuO-Si system. 1In high energy

formulas, the two peaks are indistinguishable, showing that as the temperature
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of the burning system increases the speed of the two reactions becomes more nearly
the same. However, this is true only in the most vigorously burning formulations.
Surprisingly enough, in almost all férmulas except the most energetic, the heat
of reaction and the reaction rate are not directly related. For example, formula
number 5 in Table V has a theoretical heat of reactioﬁ of 489.9 cal/g, but the
valuo t&PmAx is 5.38 seconds and the angle @ = 38°; whereas in formula number
12, which has & theoretical heat of reaction of only 339.0 cal/g, the value
t¥Pp.¢ is 0.94 seconds and the angle O = 82°, Number 12 obviously has & much
faster burning rate although the heat evolved is much less.
2, For moderately energetic formulas, suitable as starter compositions, four
factors have been found which control the reaction rate:

a. The composition,

b. The average particle size of the components,

¢. The crystalline form of the silicon.

d. The presence of impurities in the silicon (although this has not been
conclusively demonstrated).
I?2 the behavior of the composition is to be controlled, these facters must be
controlled.
3. The composition factor can itself be analyzed further into two factors:
the fusl to oxidizer ratio and the PbOs to CuO ratio. Of these, it is the
PbO, to CuO ratio that exerts the most significant influence over the burning
rate of the system. Increase the PbOs on any fuel to oxidizer level and the
rate end vigorousness of the reaction is increased; decrease the Pb0p and the
rate and vigorousness of the reaction is decreased. These same tendencies hold
true with ease of ignitability. In general, the results of this study indicate
that & balance between the fuel to oxidizer ratio and the lead dioxide to cupric

oxide ratio produces a starter composition with the most desirable qualities:
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easily ignited but not touchy or dangerous; sufficient heat of reaction® without
being enough to vaporize the elemental lead formed during the reaction and thus
kick up the internal pressure unduly during the first few seconds after ignition;
8 reaction rate moderate enough 16 allow both the Pb0,:Si system and the CuO:Si
system to proceed independently thus stretching out the time during which the
reacting composition is actually generating pesak energy (this is perhaps the
best argument for supporting the superiority of the two-pesked system); a
moderate maximum pressure which allows some variation either up or down without
approaching any critical limits; & clinker that is firm and slightly plastic
when hot, and which holds together bescause of the low gassing of the composi-
tion and the moderate heat of reactiion., O0f course, the perfect balance--
theoreticelly speaking--between oxidizer and fuel would be a 1l:1 ratio or 509
of each, and between the PbOs and the Cu0 a 1l:1 ratio or 251 of each, The Mk
25 Mod 2 starter composition with the 2L-3C~58 formula is so close to this
balance that to argue over the difference would be pedantic.

4. In general, the burning rate and the maximum pressure are inversely related
to the average particle size of the components, In Table X, the column of
figures for the valuss tiPmax and O show progressive changes &s the average
particle size of the silicon becomes larger. With the exception of the 6.0
micron atypical silicon, number 4, the values for P ., show a regular decrease
as the average particle size of the silicon increases. Teable XI shows similar
tendencies for the two oxidizers. Figure 10 demonstrates the predictable rela-
tionship betwsen the change in the A.P.S. of each of the oxidizers and the
maximum pressure. Figure 9 shows the effect of different particle sizes of
silicon on the value P ... Note that between 8 and 14 miorons A.P.S., the Prax

value hardly changes at all, We may concluade, then, that the A.P,S., of the

20!. Q. E. Laboratory Memo 3541lA:re of ls‘uarch 1962 et seq.
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silizon should be in the range of 8-14 miorons; the A.P.S. of the lead dioxide
in the range of approximately 1-3 microns; and the A,P.S. of the cupric oxide
in the range of approximately 1.5-5.0 microns. Components now procured for
the Mk 25 Mod 2 starter composition almost always fall within these limits,

5. Concerning the crystalline form of silicon, it need only be said that
amorphous silicon will not do, and that the silicon used in starter compositions
for phosphorus candles shou}d'always be cublical or adeamantine silicon.

6. Concerning the 6.0 micron atypical silicon sample from Hummel Chemical
Company, very litile can be said., Effluorescence spectroscopy indicates traces
of manganese and chromium dissolved within the silicon crystals., As far as is
known, this condition--and indeed this silicon sample--is unique. The phenomenon
has been encountered only once, In a}l other known respects the silicon is
normal. But as a component in a starter composition, it is extremely reactive,
the Ppay value for 2L-3C-5S8 jumping from about 8 psi to about 13 psi, and the

t3P

X value dropping from 2.75 seconds to 1.62 seconds. Compare Tables V and

VI. Attempts to add contaminants to normal silicon and thereby reproduce these
unusual burning characteristics have so far failed.
Maximum Pressure and Rate of Pressure Decline

1. The maximum pressure is determined primarily by the interaction of three
factors:

a. The amnunt of heat evolved.

b. The rate of heat evolution.

¢. The amount and type of materials volatilized.
Concerning the amount and rate of heat evolution, let it suffice to say that
the rate of heat evolution has more influence on ths maximum pressure than doses

the amount of heat evolved, In Table VI, compare Pmax for sample number 5

(A\H = 483.9 cal/g) with the Ppax for sample number 16 (AH = 271.2 cal/g).
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Number 5 has & Ppay value of only 12.3 psi compared to 21.5 psi for number 16,

2. The amount and nature of materials thaet will volatilize elso affect the
Lolil.wd pressure as well as the rate of pressure decline after the peak has been
reached (i.e., after reaction has éeased). There are primarily two materials
in the starter mix that will vaporize and thus influence the maximum pressure
and the rate of pressure decline: elemental lead formed during the reaction
Pb02 + Si = Pb + Si0p
and adsorbed moisture.
3.. The amount of PbOp and the high heat of reaction account for the extra-
ordinary size of /AP in samples numbsrs 1-4 in both Tables V and VI. High values
forjﬂ P are undesirable because the explosive expansion of lead vapor disperses
ths sample and clinger, often with considerable violence., Observe in Figure 3
the low value for A P for the Mk 25 Mod 2 starter formula: 1.3 psi.
4. TFigures 11 and 12 show the effect of humid conditions on the Mk 6-3 staerter
composition, The 0.55% of absorbed moisturse raised the valus of Ppay from 11,8
psi to 13.9 psi and AﬁP from 3.05 psi to 4.30 psi. Thus, adsorbed volatiles
have the effect of procducing & pressure-itims curve which is essentially the same
as that of & more energetic formula, It would also appear that the moisture
content of the starter composition can bs significantly increased in humid
weather simply by exposure to the atmosphere. The molsture content of the
compenents and the adsorption of moisture by the composition under extremsly
humid conditions are factors that should be controlled insofar as is practicabls.

Acceptable Range of Burning Characteristics
For Mk 25 Mod 2 Starter Composition

l. A second objective of the pressent investigation has besn to determine from
the eccumulated data an acceptable range of burning characteristics for the
starter composition used in the Mk 25 Mod 2 Marine Location Marker,
31 ‘
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2., It will be remembered that mention was made in the introduction of the
statistically designed experiment performed on the Mk 25 Mod 2 Marine Markars
by the Q. E. Laboratory in 1962, One of the significant factors affecting
the number of signal failures was the composition or formula used. The most
energetic formula (6L-68-8C) was involved in the most failures (51/135), while
the least energetic formula (2L-3C-5S8) was involved in the least failures
(4/135). The formula used up to that time--and still used in the Mk 6-3 Marine
Location Marker--the 5L-6C-7S formula, was involved in 23 failures out of 135
test signals, There seems to be little doubt, therefore, that the present for-
mula exhibits superior properties and that the acceptablse range of burning char-
acteristics for the Mk 25 Mod 2 starter composition is precisely the normal
burning characteristics of the 2L-3C-58 formula,
3. To define "normal rangs of burning characteristics" we will review the
laboratory data obtained in this study and develop from them a set of criteria
which can then be tried against the behavior of production batches of Mk 25
starter composition.
4. The study of pressure-time curve date on the 2L-3C-5S formula covers the
following rangs of variable factors:

a, Crystalline silicon, A.P.S. from 8.0 u to 14.0 u, JAN-S-2304,
Type I, Grede A, Class 6.

b. Lead dioxide, A. P. S. from 0.65 u to 2,23 u, MIL-L-376A, Grade A.

¢. Cupricoxide, A, P, S. from 1.4 u to 5.1 u, MIL-C-13600 (ORD).

d. Moisture, 0.2 maximum,

e. Contuminants which alter the burning properties of the silicon, none.

f. Density, composition placed in aluminum cup and tapped four times.

g. Supplier, indifferent.
The ranges of burning characteristics exhibited by the above factors are as

follows:
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Burning Characteristic Symbol Value Range
a. Burning rate ‘ 0 55°--68°

b, Maximum pressure Prax 6.75-9.65 psi
c. Reaction time : tPpax 6.1-7.9 secs

5. Table XV shows the values for these three characteristics for 48 production
batches manufactured at NAD Crane during late 1963. Only three samples fall
-outside these limits, all of which are on the low side: batches 408, 425, and
427. All have slow burning rates, and two have low P, values, indicating a
probable deficiency in PbOs.

6. Finally, the heat of reaction should be 954 of the theorstical value of 385
cal/g--in other words, 365.7 cal/g minimum, This value is determined on the
Paar Model 1200 adiebatic calorimeter under 25 atmospheres of argon gas. While
calorimetry was not performed on these production batches, since this is a time
consuming operation, future batches falling outside the proposed pressure-time
curve limits should be further tested by calorimetry as well as chemical analysis
to determine the causs of the deficisncy and then reblended to meet the
requirements.

Feasibility of Using Mk 25 Mod 2 Starter Composition
In Other Phosphorus Signals

1. Work has not yet been done to determine the feasibility of using the
2L-3C~-58 formule in other signals using the phosphorus composition such as
the Mk 6-3 Marine Location Marker. This will require the manufacture and
testing of completed signals,

Specification for the Mk 25 Mod 2 Starter Composition
1. A specification for the Mk 25 Mod 2 starter composition, covering component
requirements, processing, and perfofmance of the finished composition, is to be

written based upon the findings set forth in this report.
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te

thax”

!Ti:,
ISd ‘qunssaud

Ne. 10
207 Pb0p, 2.23 u
30% Cu0 , 3.4 u
50% Si , 8.0 u
A H =375 cal/g

10¢T

4

tP4

Vi2 Y10

¥g TIME, SECS

L2

FIGURE 3, A PRESSURE-TIME CURVE OF A TYPICAL MK 25 MOD 2 STARTLR COMPOSITION

1333

max

e
tP1
thax
Pmax
c

AP
AH

te

8.5 psi
7.2 psi

1.3 psi

"

is attained.

64° = the slope of the curve at t#P

than one peak.

2.75 secs = the time at which one half ef the maximum pressure

m

5 secs = time to the first peak, in %ﬁe event there is mere

7.38 secs = time te the maximum pressure peak.

maximum pressure in psi.

pressure at which the normal cooling curve of the
system is established.

the difference between P .. and Pc.

375 cal/g = the heat ef reaction. This value is not derived fron

the pressure-time curve, but from calerimetric
determinatioens, It is included with the other data
far convenient reference.

= 10.5 secs = time until normal cooling cuve is established.
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No. 4
56% Pb0,, 2.23 u "0
14% Cu0”, 3.4 u
30% S1i, 8.0 u
A H = 461 .8 cal/g
t3P = 0.31 secs
o nax = 880
thax = 0,66 secs
Pmax = 70.0 psi
= 20.0 psi
c
AP = 41,0 psi
tc = 0.73 secs
g
'1
[0
4]
7]
g
»s
o
e,
n
ey
TIME, SECS IGNITION

FIGURE 4, A& PKESSURE-TIME CURVE OF A RAPID BURNING HIGH ENERGY STAKTER COMPUSITION
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TIME, SEGS

Ne. 9

104 Pb0,, 2.23 u

2
L0% Cul™, 3.40 u
507 Si , 8.00 u
AH = 399.9 cal/g

Isd ‘AUNSSIUL

FIGURE 5, A PRESSURE-TIME CURVE OF A HIGH.Cu0, LOW™ PbOs CQMPOSITION

nn

4.75 secs

45°
8.38 secs

6445 psi
5.88 psi
0.57 psi

10.5 secs



Ne. 12 :
: 409Pb0,, 2.23 u
10%Cu0 ’ 3.40 u
50% S , 8,00 u
AR =331.9 cal/g

10

W
$

ISd ‘FUNSSIUd

TIME, SECS

FIGURE 6, A PRESSURE ~ TIME CURVE OF A HIGH- PbO,, 1OW-"Cu0 STARTER COMPOSITION

4P, = 0.94 secs
e = 82 ¢
tP nax = 2.0 secs
tpz = 4.4 gsecs
Pmax = 1044 psi
P, = 7.75 psi
AP = 2.65 psi
te = 5.9 secs
Va
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Ne. 10
20% Pb02, 2.23 u
30% Cu0 ’ 3.0 u
506 Si , 6,00 u

H = 375.6 cal/g
t3Ppax = 1.62 secs
o = 76°
tP, - = 3,62 secs
tPpax = 5.50 secs
Prax = 12,75 psi
Pc .= 11.75 psi
Ar = 1.0 psi
t, = 7.62 secs

TIME, SECS

FIGURE 7, PRESSURE.TIME CURVE OF MK 25 MOD 2 STARTER COMPOSITION MADE
WITH AN ATYPICAL SILICON
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60

50

&
o

PRESSURE IN PSI

N
o

50 60
COMPOSITION, PERCENT OXIDIZER

70

FIGURE 8. GRAPH SHOWING INCREASE IN PRESSURE AS PERCENT OXIDIZER INCREASES

( RATIO OF Pb0, te CuO is 11145 in all instances)

41

¢ e mmen




MAXIMUM PRESSURE, PSI

15

@
& 10
®
@ o®
©
du 5
5u 10 n 15 u 20 u
‘%

SILICON AVERAGE PA..RTICLE SIZE, MICRONS

FIGURE 9 EFFECT OF SILICON PARTICLE SIZE VARIATION ON Ppax OF PRESSURE.
TIME CURVE FOR 2L- 3C - 58 FORMULATION “**



PRESSURE, PSI

20% PbOy, 2.23 u
30 Cu0 , 3.40 u
L] 5“ si » aom u

Slepe A = Only Pb0, Varies
Slepe B « Only CuO Varies

AVERAGE PARTICLE SIZE, MICRONS

FIGURE 10,EFFECT OF Pb0
T

and Cu0 PARTICLE SIZE VARIATION ON P
CURVE FOR 2L - 3C = 58 FORMULATION
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Mk 6-3 Formula

27.75 % PbO,
33.33 % Cu0
38.9% 84

‘é 10 &=
0
S
&
&
()
tdP . = 2.6 secs
g = 72°
tP, = 5,6 secs
tP = 7.8 secs 5 ’
Ppax = 11.8 psi
P = 8,75 psi
AP = 3,05 psi
= 8.5 secs

TIME, SECS

FIGURE 491, PRESSURE. TIME CURVE OF MK 6 . 3 STARTER COMPOSITION AFTER
DRYING IN THE DESICCATOR FOR 36 HOURS



Mk 6 - 3 Formula

Isd ‘smgss:aud
o
N

¢ = 72°

tP1 = 6.0 secs

thax = 7.5 secs \ 5 ‘+
P, = 9,6 psi

Ay = 4.3 psi

tc = 9.0 secs

12 10 8 6 A
el el A A f T~
TI¥E, SECS U

FIGURE 12, PRESSURE-TIME CURVE OF MK ¢ - 3 STARTER COMPOSITION AFTER
3¢-HOUR EXPOSURE TG HIGH ATMOSPHERIC
HUMIDITY
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No. 3

42 % Pv02, 2,23 u
28 S Cu0 » 3.0 u
30 ’ Si ’ 6.00 u

tp = time from ignition' to peak
= 1,75 secs

h = height of the peak in millivolts
=>50 av ( 1231°C)

t; = time the termperature exceeds
1 6000 ¢

e 30

» 20

TEMPERATURE, MILLIVOLTS
——

FIGURE 13, HEAT TRANSFER CURVE OF A HIGH ENERGY STARTSX CUMPOSITION

46



L ' Yo 1g$m 2,23
° u
40 n 32 % Cu0>, 3.40 u .
60’31 ,6.00n

o 30
N
S
o
=
3
-
=
)
Sle 20
3
E tp = 10.8 secs
. b = 30.1 mv ( 723 *C)
= 23 secs

FIGURE 14, HEAT TRANSFER CURVE OF LOW ENERGY STARTER COMPOSITION .

/
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™ 40

te 30

TEMPERATURE, MILLIVOLTS
3

— T
o

No., 10

30£Cu0, 3.40u
50 ’ 81 » 6.0 u

oG ¢ @ S OO O S Degy oo e S0

t =6 secs
B = 41.4 mv ( 1002 °C)

ti = 22,6 secs

|
|
|
|
|
I
|
|
l
|
|
|
|
|
l
l
l

P 20 25 30

FIGURE 15, HEAT TRAMSFER CUF/E OF MK 25 MOD 2 MARINE MARKER SIARTER
COMPOSITION
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TABLE I
BASIC STATISTICAL FAMILY OF STARTER MIX COMBIRATIONS USED IN THIS

STUDY
S1 : PbO-Cu0 RATIO PbO, 3 CuO RATIO
‘ 13 4 13180 1.5:1.1 Z3:1 1
g NO. 1 ‘ "o. 2 NO. 3 NO. ‘
o Si=30% Pb0,=14% | Pb0,=28% | Pb0,=42% '| PbOy=56%
- CutR=56% | Cu0 =428 c\l:g2 =28% Cu02=11.$
No. 5 No. 6 No. 7 No, 8
R S1=40% PR0,=12% | Pb0,=24% |Pb0,=36% | Pb0,=48%
i Cu0 =48% | Cu0 =36% |Cu0“=24% | Cu0 =2%
No.9 No.10 No. 11 No. 12
- Si = 50% Pb0,=10% | Pb0,=20% | Pb0,=30% | Pb0,=40%
- . Cu0 =40%| Cu0 =30% |Cu0"=20% | CuO =10%
- No. 13 No. 1‘ No. 15 NO. 16
- Pb0,=8% | PbOx=16% | Pb0,=24% | Pb0,=32%
0 S1=60% Cu0®=328 | cu0 =24% | Cu0“=16% | cuo“=eg
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TABLE II

BASIC STATISTICAL FAMILY OF STARTER MIX COMBINATIONS USED IN THIS

STUDY

k4

FUEL TO OXIDIZER RATIO = 1 1 2,33

STLICOR TERD DIOXTDE ] CUPRIC UXDE
No. 3 Ratio ] Ratio 3 Ratio
2‘ 30 1.07 28 100 42 1.5
3. 30 1.07 42 1.5 28 1.0
4 30 2.14 56 4.0 14 140
FUEL TO OXIDIZER RATIO = 1 5 1.5 -
5.1 40 3.33 12 1.0 28 2.0
2. | 40 1.67 36 1.5 24 1.0
8. | 40 3.33 48 4.0 12 1.0
FUEL TO OXIDIZER RATIO = 1 g 1
9. | 50 5.0 10 1.0 0 4.0
10. | 50 2.5 20 1.0 30 1.5
11.] 50 2.5 30 1.5 20 1.0
12. | 50 5,0 40 4.0 10 1.0
FUEL TO OXIDIZER RATIO = 1.5 5 1
13.] 60 7.5 8 1.0 32 70
14, 60 3.75 16 1.0 24 15
15.] 60 3.75 24 1.5 16 1.0
16.0 60 7.5 32 4.0 8 1.0




TABLE 1III

CALORIMETRY ON STATISTICAL FAMILY OF 416 STARTER MIX COMBINATIONS
( For 6 Mioron SILICON )

SAMPLE HEAT OF REACTION :

NO, * EXPERIMENTAL THEORETICAL % OF THEORETICAL
1. 575.5 cal/g 570.0 cal/g 100.9 %
2, 53047 538.6 98.5
3. 49541 5064 97.8
4e 461.8 474 97.3
5, 456.0 488.9 93.3
6o 436.4 461.6 9.5
7, 410.1 4344 96,0
8. 390.6 406,8 96.0
9, 399.9 407.4 98.2
10. 375.6 384.3 97.7
M. 355.7 362,0 98.3
12, 33149 . 339.0 97.9
13. Ve no fire - -

1‘0 “r, 29803 30708 96-9

15. 280.3 289.6 96.8

16, 264,3 27.5 97.3
TABLE IV

CALORIMETRI ON FOUR RANDOM SAMPLES OF 46 STARTER MIX COMBINATIONS
( For 8,0 Micron SILICON )

3. 49343 506.4 97.4
7. 413.2 434.4 95.1
10. 37446 384.3 97.4
16. 267.0 27.5 98.3

Notes A1l samples made with 2.23 micron PbOy and 3.40 micron CuO.

# Refer to Table I for composition of each sample number.




TABLE V

PRESSURE = TIME CURVE DATA FOR 8,0 MICRON SILICON

t
No.| *4Pnax | # Py Yoax | Poax P Ar to
1. | 0.5 sec| 84.5° | —- 1.6 sec | 36.5 psi| 20,5 psi| 16.0 psi| 2.88 seq
2, 1 0,75 83.0 — 1.38 45.5 25,0 20.5 2425
3 . 005 8600 —— 1012 48l0 23 05 24-5 1 062
4e | 0,37 88.0 — 0.75 56.0 22,5 ' 33.5 1.37
5.15.38 . | 8.0 |- 1175 | 875 |. 7.9 081 | 15.75
6 . 3 068 5600 ——e 7088 9075 ’ 8 0910 0081 9.38
70 2055 6500 o 505 9088 8025 1063 7.12
8. 0.88 86.0 1 .75 sec 2.12 16075 8.50 8025 4038
9. | 475 45.0 — 8.38 6.45 5.88 0.57 10.5
10.] 2.75 66.0 5.0 7.38 "7.90 6.75 1.15 9.31
11.] 1.75 74..0 5.50% 3.25* 8.38 7.13 1.25 T.75
12,1 0.94 82.0 4 440* 2.,00% 10,40 7.7 2.65 5.90
13.] Composiltion too sensitivJ to be ighited by fgormal muiu.
14.{ 3.25 47.0 — 8.75 6.50 5.50 1.00 11.00 -
15.] 2.25 68.0 3.38 7.00 6.88 6.00 0.88 8.75
16.| 1.50 7.0 5.50% 2.38% 7.83 6.95 0.88 7.00

’O

* Note: Indicates that the maximum peak is now the first peak instead of the
second peak.

All samples made with 2,23 mitron PbO; and 3.40 micron Cu0,

See Figure 3 for explanation of terms.

#% Refer to Table I for composition of each sample number,
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TABLE VI

PRESSURE = TIME CURVE DATA FOR 6,0 MICRON SILICON

[

k]

‘ - ——
**No.| t¥Ppay ¢ tP, Yoy | Foax P, AP te
1.] O. 59eec 86,0° | 1 == - 1+168ec | 60.5 psi] 30.0psi| 30.5psi| 2.00sec
2. 069 87.0 Y ——e 1 039 60.3 . 30.3 30.0 1 .94
3.0 0.44 88.0 L 1.00 70.0 28.5 41.5 1.50
4o ] 0,31 88.0 VE exd 0.66 70.0 29.0 41,0 0.73
5.] 4.00 56.5 —— 8,50 12.3 11.25 1.05 10,00
6.1 1.56 80,3 5.60% 3.38% 1543 12.40 2,90 725
70 0063 85.0 hsmand 2.25 1709 12.50 5.40 5.25
8.] 0.38 88.0 -— 1.00 20,6 13.10 7.50 3,70
9.] 340 | 6.0 | —- 8.00 1.9 1.3 1.30 11.5
10. ] 1.62 76.0 3.62 5.50 12,8 11.8 1.00 7.62
1.} 1.00 84,0 5.12% 2.12% 15.3 12.5 . 2,75 7.75
12, | 0.50 87.6 1.25 3.25 21.4 13.1 3.90 5.75
13, | Composition too :Insensitivq to be izpited by nprmal means.
14.| 2.88 69.0 - 8.38 15.3 139 1440 10,00
15.| 1.69 7.0 —_ 5450 18.3 17.3 1.00 8.40
16. 1 .63 82.5 - 4013 21 05 2003 1 020 7.25

# Note: Indicates that the maximum peak is now the first peak instead of

- the second peak.

All samples made with 2,23 micron PbO; and 3.40 micron CuO.

%% Refer to Table I for composition of each sample muixber,




TABLE VII

VISUAL BURNING TIME OF BASIC STARTER MIX COMBINATIONS
FOR 6,0 MICRON SILICON

Burning time in seconds of 12 grams pressed in a
0.,75" I.D. X 2" length steel body.under a dead
load weight of 2.5 kg to expel air,

M= (2

(5) 11.0 secs (6) 7.5 secs
11.3 7.4
10.5 7.6
12.5
12.4
12.4
10,0

(9) 10.0 secs (10) 6.8 secs
9.2 6.8
9.8 Ted
6.8
6.5
6.7
6.9

(13) 21,9 secs (14) 12.4 secs

21.2 1.8
19.0 12,0
11,8
10.5

* Note: Burns explosively.

)

(7) 4.5 secs
4.6
46

(11) 4.8 secs
4.8

(15) 7.9 secs
7'6
7.7
7.8

(4)

(8) 2.9 secs
2.9

(12) 3.4 secs
, 3.7

(16) 5.4 eecs
5.6
5.9
5.8

#% Refer to Table I for composition of each sample number,



TABLE VIII

HEAT TRANSFER DATA ON STARTER MIX STATISTICAL FAMILY
FOR 6,0 MICRON SILICON *#

(2)*

1

(1)* (3)* (4)*
h = 44.6 mv )50 av
t_ = 3.0 secs 1475 secs
t‘; = 14,75 secs 8,00 secs
(5) (6) (7) (8)
= 4005 mv 41 02 mnv . 4305 mv ‘6.5 nv
= 5,6 secs 4497 secs 4.37 secs 3.2 secs
= 26,2 secs 20,1 secs 16,8 secs 14.9 secs
(9) (10) (11) (12)
= 36,7 mv 40.5 mv 43,0 nv 4.0 mv
= 8,0 secs 7.0 secs 5.6 secs 4.2 secs
= 23,6 secs 22.1 secs 21,2 secs 19.2 secs
(13) (14) (15) (16)
= 36,2 mv 37.6 mv 38.9 mv 37.5 mv
= 10,9 secs 6.3 secs 5.5 secs 5.1 secs
= 21,4 secs 19,5 secs 17.9 secs 18.5 secs
h = the peak height in millivolts.
tp = the time interval to the peak.
t, = the time the temperature of the burning and

cooling sample exceeds 600° C,

* Note: Explosive burming,
#* Refer to Table I for composition of each sample number,



TABLE IX

TIME ABOVE 600 °C AS DETERMINED ON THE HEAT TRAKSFER

APPARATUS FOR 8,0 MICRON SILICON *** °

L

(1) (2)

(5) (6)

e

22,75 secs
23,00 secs

26,00 secs
26,25 secs

(9) (10)

L2

17075 secs
15.25 secs

22.50 secs

(13) o (14)
*4

18.00secs
16,75 secs

#Note: Burns explosively.

(3)

(7)

- 22,00 secs

(1)
18,50 secs
19.75 secs
23,80 secs
(15)
19.50 secs

(4)

(8)
17.50 secs

(12)
18.25 sets

(16)

16,00 secs
16.25 secs

#%Note: Difficult to ignite with an electric match,

#%% Refer to Table I for composition of each sample number,



TABLE X

EFFECT OF SILICON PARTICLE SIZE VARIATION ON THE PRESSURE -

TIME CURVE
No.| t3Ppay g tP P P, . ADr | ¢ An
1. | 0.5 sec 87.0° | 2.0 sec 15.6 psi 10.8 psi 4.9 psi| 4.4 sec[416cal/g
2. 1.2 76.0 305 9.56 7063 1 .9 7.5 -
3. | 1.6 72.0 5.5 8.80 . 7.60 1.2 7.8 ——
4e | 1.8 75.0 4.3 12.8 10.8 2.0 79 375.0
5. ] 2.8 63.0 T4 7.90 6.8 1.1 9.3 374.6 |
6. | 2.7 60.0 6.3 8.1 7.3 0.8 9.6 373.7
7. 2.5 65.0 7.3 7.9 7.1 0.8 9.8 Lamand ¢
8. | 3.0 57.0 7.1 8.1 77 0.4 11.0 358.0
9. | 4.5 33.0 9.5 6.3 4.9 1.4 17.0 372.6

No. 1 = P.A. 562 amorphous silicon, average particle sise 1.65 microns.
No. 2 = Bummel cubic silicon, ae pe 8¢ 4.6 u.
No. 3 = Hummel cubic silicon, a. p. 8. 5.1 u.
No. 4 = Hummel cubic ailicon, a. p. s. 6.0 u,
No, 5 = Glidden cubic silicon, a. p. s. 8.0 u,
No, 6 = Glidden cubic silicon, a. p. 8. 9.4 u.
No., 7 = Hummel cubic silicon, a. p. 8. 12.4 u.
No, 8 = Hummel cubic silicon, a. p. 8. 13.6 u.
No. 9 = Hummel cubic silicon, a. p. s. 19.0 u.

Notes All samples made from 2,23 u l"bo2 and 3.40 u Cu0, All samples are
the 2L - 3C ~ 58 formula.
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TABLE XI

EFFECT OF LEAD DIOXIDE AND CUPRIC OXIDE PARTICLE SIZE

VARIATION ON PRESSURE ~.TIME CURVES FOR 8,0 MICRON
SILICON

No.| t3P g tP, tPrax | Pnax Pg . P tg

1. | 2.4 s6c| 64.0° 4.5 sec | 6.6 sec | 7.6 psi | 7.0 psi 0.6 psi| 9.3 sec
2. 2.6 66.0 5.4 8.0 8.1 6.5 1.6 9.8

3. | 2.6 62.0 4.6 6.4 8.5 8.1 0.4 8.5

4. 2.9 61 .0 - o 700 7.0 N 601 009 809

50 2.4 6700 409 703 805 705 1 OO 90‘

6. | 2.5 68.0 5.3 7.8 9.5 8.4 1.1 9.1

No. 1 = 8 u Si; 3.4 u Cul; 2,23 u PbOz.
No. 2 = 8 u S1; 3.4 u Cu0; 1.2 u Pb0,,

No. 3 = 8 u Si; 3.4 u Cu0; 0.65 u Pb0,,
No., 4 =8 u Si; 5.1 u Cu0; 2.23 u PbOy,
No. 5 =8 u Si; 1.4 u Cu0; 2.23 u Pb0,,
No, 6 = 8 u S1; 1.4 u Cu0; 0.65 u Pbo,y

Note: A1l samples are the 2L - 3C ~ 55 formula,




TABLE III

PRESSURE ~ TIME CURVE DATA ON COMPOSITIONS WITH DIFFERENT PARTICLE

SIZEs

No. | 3P | g tPoax P P, AP t An
1. | 2.758ec | 66.0° T sec| 7.9 psi| 6.8 psi| 1.1 psi| 9.3 sed 37% cal/g
2, | 1.62 1 76.0 5¢5 12.8 11.8 1.0 746 375.6
3. | 2.50 60,0 6.3 8.1 7.3 0.8 9.6 373.7
4e } 3.00 57.0 71 8.1 7.7 0.4 11.0 358.0
5. | 1.78 7.0 5.8 12. 11.0 1.9 8.9 377.0
6. | 2.03 75.0 6.9 1442 12.0 242 9.2 375.2
7. | 1.88 68.5 844 12,6 11.2 1.4 8.4 373.5
8, | 1.99 715 7.2 144 12.2 242 8.2 374.2

No. 1 =8 u Si; 3.4 u Cul; 2.23 u Pb0,.

No. 2 = 6 u Si; 3.4 u Cul; 2,23 u PbO,,

No. 3. 9.4 u Si; 3.4 u Cul; 2.23 u P%O .

- Noe 4 =13.6 u 813 3.4 u Cu0; 2.23u P '2.

No. 5 = 6 u Si; 5,10 u Cu0; 2,23 u PbOy.

No. 6 = 6 u 81; 1.41 u Cu0; 2,23 u PbO3.

No. 7 =6 u Si; 3.4 u Cu0; 1,2 u Pb0,.

No. 8 = 6 u 315 3.4 u cuo; 0.65 u Pﬁ .

Note: All samples have the 2L - 3C - 53 formula.




TABLE XIII

PRESSURE - TIME CURVE DATA ON COMPOSITIONS MADE FROM COMPONENTS
FROM VARIOUS SUPPLIERS"

No.
W, | 8 P, Pl P |A® ty Ax
1. |2.62 sec| 68.5° | 8.4 sec | 13.2 psi| 11.8 pai 1.4 pei] 9.3 sec 375.5¢cal/g
2. |2.25 77.5 8.1 14.6 12.2 2.4 9.1 379.2
3. }2.62 75.0 73 14.6 12.8 1.8 10.7 37%.2
4e 175 75.0 6.9 14.4 12.1 2.3 8.3 375.2
5. [2.72 65.0 8.2 8.1 7.3 0.8 9.6 373.7
6. ]3.50 59.0 7.8 8.9 7.7 1.2 10.6 358.0

No. 1 = Baker & Adamson PbO with average particle size of 1.2 u.
No. 2 = Shepherd 2.5 u PbO

No. 3 = Eagle-Pitcher 0.65 u PbOz.
No. 4 = Calumet 1.4 u Cu0,

No. 5 = Glidden 9.4 u silicon,

No. 6 = Hummel 13.6 u silicon.

* Note: All samples have the 2L - 3C - 55 formula, One component in the
basic composition is varied at the time; the component which is
varied is shown above. The basic composition utilised these
components: 6.0 u Hummel silicon; 3.4 u Glidden cupric oxide;
and 2.23 u lead dioxide identifiable only as P, A. 245,
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IGNITABILITY OF STATISTICAL FAMILY OF 16 STARTER MIX COMBINATIONS

(1) *

(5)

(9)

(13)

# Note: Samples consisted of 12 grams of starter composition
loaded in a Mk 6 - 3 Marine Marker phenolic cup fitted

TABLE XIV

( Por 8,0 u Silicon )*
1

-

(2) )

| o -

(6) (7)
(4]

(10) (11)
, .

(14) (15)
X

(4)

(8)

(12)

(16)

with the usual nitrocelluloss cup and powder fuze,

I indicates i-eproducible ignition failures,

%% Refer to Table I for composition of each sample number,
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TABLE XV

PRESSURE = TIME CURVE DATA ON PRODUCTION BATCHES OF MK 25
MOD 2 STARTER COMPOSITION ( 16 OCT - 26 MOV 1963 )

BATCH NO, 0 Poax P,
# 390 57° 6.75 psi 7.5 secs
391 59,5 6.88 ' 6.4
392 58 7.13 6.6 .
393 67 7,75 6.6
408 46 6.56 7.6
409 60. 7.00 7.
410 62 7.50 6.6
411 60 6.86 7.1
412 68 8.63 7.1
413 65 8,76 7.3
414 63.5 8.13 7.6
415 63 9.25 7.3
416 61 9,00 7.6
417 63 9,00 7ok
418 63 9.63 7.0
419 62 9.1 7.3
420 68,5 9,13 7.0
421 65 8.88 7.4
422 56 7.25 7.0
423 56 7.31 7.0
424, 62 7.88 7.0
425 41 6.88 7.
426 58 7.75 7.3
427 52 7.50 7.6
428 58 7.75 7.0
429 55 7.63 7.6
430 64 7.30 7.3
432 59 7.63 7.9
433 59 7.63 7.5
434 60 7,00 6.5
435 63 7,10 6.6
436 65 7,00 6.9
437 59 7,00 744,
438 60 " 7,25 6.9
439 56 7,00 7.0
440 61 7.38 7.1
441 66 7.25 7.0



BATCH NO.

# 456
457
458
459
460
461
462

1
2
3

TABLE XV ( CONTINUED )

7.10 psi

6.88

' 8.13

63

7.49
8,06
8.06
8.25

8.3%
8.31
8.19

tP_
maAX
7.4 secs
7.6

7.9

7.1

7.6

7.5

8.0

7.6
743
8.0
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