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ABSTRACT 

'I'tre effects of ambient pressure, from 22800 down to 27 n i~n  of Hg, on 

~nolybdenu~n tlehy inixes of high, medium and low burning rates have been 

investiga.ted. A s  is typical of most gaslcss delay compositions, rather mall  

pressure coefficient,s are obtained. Discontinuity of ignition propagation at 

reduced pressure is only observed in delay mixes of slow burning rate, or low 

molyhdetiurn content. I t  is attributed to the diminution of rate of heat 

release. Molybtlciiurn content has been recognized as the dominant factor, 

for increasing it will reduce the pressure effects significastly. 011 the other 

hand, the va,riatioii of tiurniiig process with a.mbient pressure is not 
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associated with the degree of compaction of the delay mixes. It is found that 

the pressure coefficients of molybdenum delay mixes can be further 

diminished by the addition of metal fluorides. Among the fluorides 

employed, lithium fluoride results in better performance at the moderate 

quantity of 3% by weight. 

INTRODUCTION 

Gas producing delay mix has long been used as the main component of 

pyrotechnic dehy elements. From experience, several drawbacks have been 

recognized, such as the burning rate alteration due to gas pressure, and the 

emission of gas products which are harniful to other components of a system. 

The limitations of gas producing delay mixes and the disadvantages they 

bring to the design of delay elements have led to the development of gasless 

delay compositions. However, there are still some constraints that must be 

taken into account i n  the use of gasless compositions. The constraints 

include limits on modifica,tion of burning rate, critical diameter, sensitivity 

to ignition, depeiideiice on anibieiit pressure and availability of raw 

materials. 

For many years, studies have been conducted to address these 

deficiencies. Nakahara' reported i n  his study that the burning rate equation, 

v=axpn, can be used to describe the relationship between buriiing rate, v, 

and pressure, p, for the burning of delay mix, in which 11 is the pressure 

coefficient and a is constant. The value of the pressure coefficient is affected 
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by composition, particle size of the metal fuel a.nd the initial ambient 

temperature. Comparative tests with different compositions of delay mixes 

give results that indicate, in  general, that metal fuel of finer size or higher 

initial temperature will  result in increased pressure coefficient. 

The influence of ambient pressure on the burning rates of gasless delay 

co~iipositions ha.s been shown to be unittiportant over broad ranges of 

pressure by I(rista.1 and I<a.ye2. 'Iwo factors have been recognized i n  their 

study to be of importance i n  sustaining the flame propagation of the delay 

element: (a) The decomposition temperature of oxidant should be lower than 

the reaction temperature. ( b )  Rate of heat output should exceed that of heat 

loss. A propagation index, Pi, was defined by Rose3, by Pi=ANpv/T, where 

All,p,v and T stand for heat of reaction, density, burning rate and ignition 

teniperature respcctively. A large value of Pi indicates a better flame 

propagation in the delay composition; at reduced pressure the burning rate 

and Pi are diininislied. Analysis by Conkling" verified that the pressure 

el'fect on biiriiiiig riite for gasless delay powder is not large. Ile also pointed 

out that the participa.tion of ariibient oxygen i n  the burning process will lead 

to tlie possibility of disrupting the ignition propagation at low pressure. This 

is an undesirable situation because the disruption could ca,use fa.ilure of tlie 

main charge. 

I n  the tactical a.pplication, there exists a broad range of pressure. 'Hie 

delay element in  a I-IESD (High Explosive Self Destruction) projectile may 

experience a reduced pressure at liigli altitude, while very high pressure may 

he exerted on it, i n  a gun barrel or in  a rocket motor. To tnaintaitt its delay 
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function as intended, an ideal delay mix is one with steady burning rate 

which will not be affected by the pressure change from ambient. 

Unfortunately, this kind of composition has not been found. Delay mixes of 

the molybdenum family are often chosen as the alternative. For 

compositions of this family it has been shown that the content of 

molybdenum is the dominant factor i n  controlling the burning rate5. In this 

study, a variety of molybdenum compositions have been studied to 

investigate the burning behavior of delay mix at  different ambient pressures. 

It turns out the burning rate equation can be used to interpret the 

relationship between burning rate and ambient pressure. It is also found that 

compositions with low niolybdeniim content, (SO%), are inclined to show a 

discontinuity i n  ignit,ion propagation at reduced pressure (less than 320 min 

of Hg). The lowest pressure at which the delay mix would ignite could be 

extended to 27 mm of IIg as the inolybdenuni content was  increased to 72%. 

Additives that can lower the pressure coefficients have also been examined. 

Fluorides were selected for this study. At the optimuni conteiit, lithium 

fluoride and sodiuni fluoride are found to be superior to calcium fluoride in  

this respect,, while in Rose's study6 calciuin fluoride was found to be the best 

additive for the tungsten family of delay mixes. Finally, comparing the 

physical properties of fluorides with the performance of those fluorides in 

delay niixes, it seems there are some correlations between the ability of 

fluorides to suppress the pressure effects and their melting points, or boiling 

points. 
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EXPERIMENTAL 

Specificatiotis of components used to prepare delay iiiixes are listed in 

Table 1. Three types of rnolybdenum family delay mixes, i.e., fast, medium 

arid slow burning rates, have been prepared. Their compositions are as 

follows: 

burning rate Mo( %wt)  BaCrOl(%wt) I<CIO.+(%wt) 

fast 72 10 
nietliuiii 4s 40 
slow 30 58 

18 
12 
12 

All c1ieitiic;ils W C ~ E  used as received without further trca,tnieilt. Delay 

elenleiits were nixde by pressing the mixture into a brass tube of 4 inn1 ID, 8 

tiin1 OD atid 16 ti1111 length. Tliree loadiiig pressures, iiatriely 32, 80, arid 11 0 

k p i ,  were chosen to consolitlate the delay mixes. In the loading process, the 

i i i is  was added as four increments for each delay element, to reduce density 

gradients. Uiiless specificd otherwise, a quantity of 0.05 gram igriitioti 

powder wa.s iiitrotluced to initiate the delay mix. The ignition powder is a 

iiiixture of zirconiuirr powder wit,li ferr;r oxide (i2/28). 

Gas prodocts getierated from the buniiiig of delay  nix were collected 

with a.n a.pparat,ua specially made for deteriniiiiiig the qna.ntities of gases. 

‘l’his appa.ratus was mannfacluretl by Julius Peters 1<. G., Berlin, Germany. 

7’11~: gas voluine was obtaincd i n  teriiis of gns pressure. 

Heat, of reaction of delay mixes was obtaiiied witti a niodel 1241 
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adiabatic calorimeter together with a model 1720 calorimeter controller from 

Parr Instrument Company Inc., Illinois, U.S.A. Sample pellets for this 

measurement were consolidated at 110 kpsi. Measurement was carried out in 

a calorimeter bomb pressurized with nitrogen or helium gas to 25 atm. 

A delay element is characterized by its burning time. To learn the 

changes of the burning time under various ambient pressures, an apparatus of 

one liter volunie was designed as shown in Figure 1. An initiation circuit and 

photo sensor are part of the ignition device, which can be bolted to the 

pressure chamber with a flange and gas sealed with a rubber O-ring. A 

tungsten bridgewire of 0.2 111111 diameter is employed to set off the delay mix 

(the bridgewire is arranged to contact the ignition powder once the delay 

element being fired is in position). A t  the bottom of tlie apparatus is a 

second photo scnsor. Light emitted froni tlie burning delay mix at its final 

stage can be detected through a Lucite plate positioned underneath the delay 

element. Output from these two photo sensors is used to trigger a digital 

counter. The time span measured by the counter represents the burning time 

of the delay elenlent. 

H.ESULTS A N D  DISCUSSION 

Combustion of Delav Mix i n  Nitrogen Environment 

It is obvious that llie oxygen from tlie air will take part in the 

combustion of delay mix i n  its gaseous yllase. It would be interesting to 

examine the behavior in an inert atmosphere. Variations of heat of reaction 
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for de1a.y niixes of t.he same composition in  nitrogen gas or i n  Iieliuin ga.s are 

listed in  Ta.blr 2. Slight clianges of heat of reaction indicate the iiiert 

property of iiitrogeii and helium gases for inolybdeiiuin family delay mixes. 

It is for this reason. nitrogen gas was chosen as the gas medium to pressurize 

the test sample. 

Effects of Ambient Pressure on Burning Ita.te and Prona.eatioti of Ignition 

Molybdenum fa.inily tlrlay rtiixes give off smdl a,mounis of gas products 

duriilg their biirning. Gas volumes of 1.02i0.22, 3.47i0.65, and 4.62i0.64 

iiil/gm are measured for fast, medium and slow burning de1a.y niixes of the 

inolybdennni faiiiily, respectively, which all amount to aboout 1% that of 

gaseous delay niixes. For instance, a gas voluiiie of 271 iiil/gni is obtained 

for b 1 ack pow tie I co ti 11 wsed of pot assi 11 in nit rate/ s i i  If u r / charcoal 

(74.0/10.4/15.6j. 

Burning rates for the iiiolybtlenuni family at  different, ambient 

pressures are suinunarized in Table 3. For tlie measurement of burning rate, 

eight to t,en runs arc made for each sample. The standard deviation is 

expressed as coefficietit of varia.tion (figures in  parentheses) wliicli is tlie 

percentage of total  burrling time. It shows that, i n  tlie pressure range 

considered (froiii 27 to 22SOO in111 of llg), the burning rate is inclined to 

increa,se i n  accordance with the iucrea.se in ambient pressure. However, at 

reduced anibient pressure, discontinuity of ignition propagation is observed, 

but orily for clelay inises of low ri~olybdenutn content or stow burning rate. 

This happens at 114 nim of ISg for c.oiii~)osition (48/40/12) and 320 iiiin of 
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Hg for composition (30/58/12). It is a result owing to the dimiiiution of the 

rate of heat release. I n  Table 4, the rate of heat release for tlie molybdenum 

family delay mixes is calculated from the measured total heat divided by the 

burning time under various ambient pressures. It shows the dependence of 

heat release rate on tlie ambient pressure. At reduced ambient pressure the 

rate of heat release is so low for low molybdenum conteiit delay mixes 

(30/58/12) and (48/40/12) that the heat loss is no longer compensated, and 

will interrupt tlie ignition propagation. 

Degree of Cormaction and Its Effects 

Conditions of consolida.tion for delay mix can be expressed as degree of 

compaction. This is shown i n  Table 5, in which degree of compaction is 

defined as: 

loadin density 
ensi t y  degree of compaction = theoretic$ 

The theoretical density is calculated with tlie following equation, in which 

weight percentages of molybdenum, barium chromate and potassium 

perchlorate are designated as XI, x2, x3 respectively, and 10.2, 4.498 and 

2.524 are the densities i n  gm/nil for molybdenum, barium chromate and 

potassium perchlorate respectively. 

100 

10.2 i- i- 2.524 
theoretical density = 

XI xg 
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The results of Table 5 indicate that values of degree of compaction ranging 

froni 0.76 to 0.94 a,re obtained as the dehy mixes are pressed from 32 kpsi up  

10 110 kpsi. I M a  of pressure coefficient, 11, for each composition of the 

niolybdenuni family at different consolidation pressures are given in Figures 

2, 3 and 4, where burning rate, v, is plotted vs ambient pressure, p, on a 

logaritliniic scale. The fairly good linearity of the plot demonstrates the 

vii81idity of the burning rate equation. It also sliows that the way the 

pressure coefficietm cliange does not coincide with tlie variation in 

conipaction. Stirall values of 11 only are found in compositions of fast burning 

rate (72/10/1S), which iiieaiis the ttiolybtlenuni content is the doniiiiant 

factor i n  controlling the 11 value. On the other hand, tlie degree of 

compaction does have some effect 011 tlie stability of ignition propgation. 

Delay mix consolidated under lower pressure shows better behavior i t i  

ignition propagation. For instance, i n  slow burnitrg composition (30/fjS/ 13), 

the ntiiiiinutn reliable ignition pressure ca.n be extended to 251 I I ~  froni 372 

iiitn of Hg, once i.he consolida.tion pressure goes down to 32 kpsi froni 110 

kpsi. 

The Performance Cltanee of Delav Mix bv tlie Addition of Fluorides 

It, is known that the addition of calcium fluoride to the delay mix 

reduces the elfwts of pressure. IIencc? it is worthwhile to investigate the 

perfortmice cliangt! resulting froin the addition of different fluorides, 

especially to the molybdenum family of delay mixes. The effects of calcium 

fluoride on slow burning composition a.re illustra.ted in Figure 5, t,ogetslier 
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with Table 6. They point out that the effect of stabilizing the ignition 

propagation by the addition of calcium fluoride reaches its maximum at a 

CaFz content of 1%. The ignition propagation for calcium fluoride at 3% 

returns to the same value as that without calcium fluoride and is even worse 

at 5%. On tlie other hand, the smallest value of the pressure coefficient is 

found at calcium fluoride contents above 3%, if the pressure influence is the 

main concern. Also shown i n  the same figure and table, an improvement of 

ignition stability at reduced ainbient pressure from 372 mm to 320 mm of I-Ig 

has been achieved, due to a larger amount of ignition powder being 

introduced. Nevertheless, niore ignition powder also 1ea.ds to tlie increase of 

pressure coefficient, malting it necessary to balance tliese two factors in order 

to achieve a desirable conibiua.tion of effects. 

To study the effects of fluorides on slow delay mixes, 3% of sodium 

fluoride and lithium fluoride were added separately. The results are shown in 

Figure 6. Ratlier sinall values of pressure coefficients are obtained for delay 

mixes with 3% of lithium or sodium fluoride, which shows a better 

perforinance than that of calcium fluoride, but the ignition propagation is 

jiist as poor a,s that of tire latter. Exa.mining tlie physical properties of tliese 

three fluorides reveals that the burning process is related to some extent to 

their melting atid boiling points. As the 

nielting point a.nd boiling point of tlie fluorides are arranged i n  decrea.sing 

order, tlie same trend appears for the pressure coefficients. Furthermore, the 

small difference i t 1  pressure coefficient between delay mixes with sodium 

fluoride and litliiuin fluoride corresponds to the small differelices of physical 

This is illustrated in Table 7. 
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properties that these two fluorides possess. It has been proven that for slow 

burnitig delay mix a forniulation with fluoride will materially lower its 

sensitivity to ambient pressure. The effect of fluoride on medium and fast 

burning delay mixes is then explored. Litliiuin fluoride of 3% is selected for 

its extraordinary performance in the slow burning composition. Pressure 

coefficients sliowii i n  Figures 7 and 8 verify tlie effects of lithium fluoride on 

fast buriiing delay mix (T2/10/1S) and nietlium burniiig delay mix 

(*fS/40/12). 

CONCLUSIONS 

‘rhe burning plienometia of molybtlenuin family dehy mixes i‘ollow tlie 

burning rate eqriation in  principle, a,nd the low pressure coefficients 

demonstrate dependence on a.inhient pressure oiily to a slight degree. 

Uiifavorable performance has been observed in slow burning delay 

compositions of tlie molybdenum family; they exhibit relatively high pressure 

coefficients and may lose their ignition propagation ability a t  reduced 

atnbient pressure. Fluoride can be added t,o the delay mix to reduce the 

burning rate fluct,uation ca,used by tlie variation of ambient pressure. 

Quantities of fluoride up to 5% have been introduced into delay mixes, 

resulting i n  significant red\iction of pressure coefficients, but this jeopardizes 

ignition propagation at  reduced ambient pressure. Among the fluorides 

employed, lithium flrtoride sliows bet.ter performance than calcium fluoride, 

at. the moderate qua.ntity of 3%. Reducing the fluoride content to 1% only 
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slightly alters the pressure coefficients. 
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SpcciI'ication of Cori~poire~it,~ in De1a.y hlises 

Cliei ti iw l Purity Size Manrifactiirer 

CERAC 

Riedel-De Haeii 
Flolta 
Merck 

CERAC 
F'luka 
h4crclc 
Flulia 
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TAIILE 3 

r j u l m i l l q  Il;ltcs (ciii/sec) o l  hlolyl~tlcnuni Family Delay Mixes under 
1) i I'l'wnt Ainbicnt Press ti1 es 

A I I I I ~ C I I  i4 I ' I C W I I  I o 
(111111 of 1 is) SO/%/  12 45/40/12 72/10/1S 

Composition( Mo/BaCrO~/I<CIO~)b 

2 2 S O O ~  0.23 0.61 5.02 
(2.6) 
4.8s 220G 0.17 0.46 

7:Hi 0.15 0.41 4.71 

372 0.14 0.39 4.71 

152 N.1.d 0.36 4.6s 

4.54 27 N.I. N.1.e 

(2 .2)c  (1.4) 

(2 .5 )  (2.7) ( 1 4  

(3.0) (3.7) (1.6) 

(2.1) (2.7) (3-4) 

(1.9) (3.9) 

(2-1) 

i l .  The ~)rcssiirc ol' 22800 1111ii of IIg (or 31kg/cm2) is an averaged pressure the 
dchy ~ ~ ( ~ I I I ~ I I ~ .  cspcricticed wlieii the primer is used as igiiition source in 
l)riiCt,ical i1ppli~a.ti011. The mea.surenients were carried out in a close vessel 
equipped wit,li a. prc?ssiire gwge. 

I). C!onsolitla.t.ioii prcssiirc for all composition is 110 kpsi, a,nd the ignition 
illistiire iiil.rotlricctl is 0.05 gra.in. 

c. C:ocl!llicienI, ol' varia.t.ioo, a staiidard deviation calculated as the percentage 
of to1.a.l I)ririiiiig t.iiiic. 

(I. N o  ignitioii, a.(:I,tIid pressure is 320 nini of Ilg. 
c. N o  ig i i i t h ,  a c l m l  pressurc is 114 111111 of IIg. 
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TABLEM 

Rates of Heat Release and Other Burning Properties of Molybdenum Family Delay Mixes. 

Compositiona Weight Heat of Total Ambient Burning Rate of Heat 
(g) Reaction Heat Pressure Time Release 

(Mo/BaCrO,/KCIO,) (caVg) (cal) (mm Hg) (sec) (callsec) 

22800 4.46 47.1 
2206 6.04 34.8 

30/58/12 0.61 345 210 736 6.84 30.7 
372 7.33 28.6 
152 N . l S b  - 

22800 1.69 132 
2206 2.24 100 

48140112 0.69 324 224 736 2.51 89.2 
372 2.64 84.8 
152 2.86 78.3 
27 N.1.b - 

22800 0.201 1428 
2206 0.207 1386 

287 736 0.214 1341 72/10/18 0.19 363 
372 0.214 1341 
152 0.216 1329 
27 0.222 1293 

a. All compositions were consolidated at 110 kpsi. 
b. No ignition. 
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32 
so 
1 I0 

0.79 0.78 0.76 
0.SG 0.SG 0.S5 
0.90 0.91 0.04 

TABLE G 

‘l’lic 1’:llwt.s 01‘ Ignit.ion h;lixture a.ud Calcium Fluoride 011 the Burning 
Iti lI  c a n d  I’rcsstirc Coclficieiits of Slow Burning Delay Mix 

kIo/BaCr04/KClO.p 

A i i i I ~ i o t ~ ~ ~  i’rcwrirc~ Ignition Mixture Calciuiii Fluorideb 
(%”,wt) 

0.05 1% 3% 5% 
(111111 01’ 11:) (9) 

0.20 

22500 0.32 0.23 0.25 0.22 0.21 
2200 0.22 0.17 0.20 0.1s 0.17 
7 d (i 0.20 0.15 0.19 0.17 0.1G 
372 0.1s 0.14 0.18 0.16 N.1.c 
320 0.1s N.I. 0.17 N.I. N.I. 
2s I N.1. N.I. 0.17 N.I. N.I. 

l’rcssii rc! Corlli cici I t. 0.127 0.096 0.0S4 0.069 0.067 

a .  A l l  wiiipc)sit,ioiis \\ere coiisolitlated a t  110 lcpsi, and the composition is 

11. Tlic c.oiiIi)osi tiotr for calciuiii fluoride containing dehy iiiixes is 
hlo/l3a.CrO~/I~C7I0.2/CaF?, 30/5S/12/X, and the igiiitioii iiiisture used is 

c. N o  igiii t , ioi i .  

hlo/l~aC:iO,,/li(.:IO.I, 30/58/12. 

0.05 ~ ~ i ~ l l l .  
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Ca 172 2.310 140.3 0.069 
N;I I- I 70 1 993 0.042 
I,i L‘ IiiS1 S4 s 0.036 

IIO n t l t l i t i \ v  -- 0.096 - 

a .  ‘Tlre coiiipoxit ion for delay mis of slow buniing rate is hio/BaCr04/I<C104 
/flrioi~itlc(:~O/~S/ I?/:l). All  miiiposithiis were consolidated at 110 kpsi. 
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- 
T o  
press 

1. Ignition device 
A. Photo sensor 
B. Electrode 
C. Tungsten wire 

D. Delay element 

2. Photo sensor 

3. Rubber O-ring 
4 .  Lucite plate 
5. Metal plate with 

a small hole at 

the center. 

1:IC;UIiE 1 
J)ra.wiiig of 1Jic tlcsigii lor the iiieasureiiient of pressure effects on the burning 
tiiiir of tlela~; rlciiic~irt~s. 'llic volnme designed for the pressure chamber is one 
liter atitl tltc! niet.a.1 pIii.te i n  the clia.mbcr is placed to block the light from the 
ciitly stage ol' c:oinl)iist.ioii. 
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