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ABSTRACT

The ignition thresholds of TiH./ECLO MosTetlon, and an Al-torch
=]

8
-

a
mix Are measured as function of gas pre

]
i
1

szure for dgnition by S14.% nm

)

pulses from an argon ion laser. The TiH/KEClO. system in argon gas has
three distinct presswe regimes. The thresholds are very high below about

0.5 MPa, decrease rapidly between 0.5 and 1.5 Mba, and decrease aradually

and becaome constant batweaen

woand 7 HMPFa. Mgdieflon and the &1 -torch miy

also have decreasing thresholds with increassing gas pressures and decre

ing pellet densaities. lgnition pulsze lengths between 0085 and #0 millisec-

onds &t & spobt diameter of 6% micromns in the TiHe/HCI0, syatem 1ndl -
cate that the thresholds are predominantly power, not anergy, Lhresholds

for pulses longer than one millisecond. The increaze in threshold

below one millisecond 15 consistent with a calcoculated time to

mal eguilibrium of O.%6 milliseconds. The sffect of beam diamsbters

40 and 175 microns on the TiH/HULD, thresholds 18 consistent with
ignitions occwring at approdimately the sans temperatuwre at the center of
the beam. TiHL/HOLIO, and s 0L /MitonAbraphite pyrotechniocs are

also ignited in sealed devices through sapphire windows. lgnation the

nlds are comparable to thoss on open surfaces 10 pressures of O.1 to 0.5

Mia which suggests that zamples first decompose and dignite under a pocket
of presswre. [grition faituwres in TiH/ROI0, and 10 low density
Lr/ECLOa/V1ton/Graphite samples are attributed to increzased porosity
and/or gaps near the windows which allow resction products to escape from

the igmition zone,
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1. INTRODUCTION
The laser is proving to be a very useful energy sowce for studying

the igmition ot propellants, exdplosives, and pyrobtechnics. The power,

energy, time duration, and spobt size of the lassr beam on the sample sur-

face can be readily varied and preciszsely and reprodacibly measuwred. [oni-
g 4 7
tion proparties can unequuvocally be related to material propertiss when
¥
such & preciss lgnition source 15 usad.
Une of the most important parameters in the ignition of many energetic

materials 15 the gazs pressure &b the lgnition zone. Significant prassure
s

ef{iects have Sved in o the lagnitions of the euplosive HME and pyro-

technic Hole sealed in gla

the propellants TRX, KN~ and ARNFE<, in the propsllant ammonium

above® and belowd=-®«® atmospheric pressure,

perchlorate at pressure
in the Clx laser ignition of the explosive RDX, HMX, FETHN, Tetryil, HNS,
and TNTZ, and in the argon laser imitiation of iH./ECi0s pyrotech—

heat the bulk sample 1n a molten

i

Nics.® Most of these

periment
bath* or furnace™ or the whole sample surface with a2 rastered laser

aswime times to dgnition of several hundred millissconds

o

beame®.% and me
and hest input. Moach more work has

to seconds as a function of pres
besn done on pressure ettects in the decomposition of snergetic materi-
als®e2O.t3d than aon ignition, but the decomposition process must be relat-
2d to 1gnitian.

It was previously observed gualitatively in the TiH./FKCl0a system
that 1gnition times and thresholds deoreassed as the 9as pressuwre Was in-
creasaed.® Those sxperiments have been extended to obtain quantitative

measuremnents of the 1gnition thresholds as & function of pressure.

TiH, /EL10a and s 2e/KECL0a/Viton/bGraphite pyrotechnic have also been
lagser 1nitiated in windowsad, sealed charge holders to measure ignition

conditions wnder a more device-Lype configuration.

Another type of pressure effect on ignition is the pressing

used in forming & pellet. Chang igrnition thresholds for hot

wire*= -2 and laser lgnition*®»44.19 have been reported. We have ob-

served significant pellet density effects in the ignition of 4ree standing

pellets of Mg/Teflon and the Al-torch mix and in the powders pressed in
the sealed, windowed devices.

Mary i1grnition affects dependent upon the gas pressuwre, sample densiby,
b4 . r = 4 i Y s



powar, spot size, and pulse widbth have boon meamursd in the superimsnts
particular effect may have boon

reported here. Although a

LRy
one pyrotechnic, they should have a garieral
lant, explo

0y

applrocakbility
wES,  and pyrotechnios

that have gas phase reacticns.
2. EXPERIMENTAL

e e e -
D oapes {

T

o simplitied schematic i the laseor inttiation zystem is shown 1inm Fic.
1. It odetail ¥ The ¥ {

has previously beesn described i S14.0 nm line ot the

A2rqon 1on lazer was used for all of the resulte

reported hera,
beam of this laser has a Gaussian profile defined by Eqn. 1.

The oatpat

Ler) = &L gral"m/g™ . (1)
Thg®

where 1(r) 15 the radially intensity distribution, P the total
and ro the Gauss

(AN G o

baam power,
1an beam radius defined at the point where the intensity
center intensity.

The cw output of the le

is 7% of the

LHEr 18
chopper-shutter combination
lens.

rted to an ignition pulse by the
arnd tooused to a3 smal l spot
Ignition is monitored by tF

the interfterence

on the sample by &

e two filter-photodiode combinations with
only retlected
tilter passing the incandescence {rom 1anition

frlter passing lasar light and the %ad fm

and burning. Yarlous spobs
with Gaussian diameters between 40 amd 175 MLCrONs werse achioeved with
different focal length lenses and a beam edpander hed

ors the focusing
lensez. The ftocuszed diameters were maamured by the Ronchi ruling tech-—
nigue'® ac previously described.®

For dignition experiments on the Opan swrtaces of pellets,
chamber w tilled with

pressurized to &.9 MPa.

i

8 firs

the samples
argon, hslium, oF

avacuated and then

gen. The chamber

mybroe
can be

The confrguration wsed for 1gnition of powders in

The charge holder consiste of
I omm o diameter w3

closure disk, 1t

sealed charge hold- |
ere 1s shown

a stainless

in Fig. 2

Fa |

shell, a

mm thick sapphire window, and a laser-welded

is clamped into a holdin
th

mdow staved

block which is mounted in
zample chamber.

closure disks sheared at

intact after

G thie
In a1l charge holders, 2 their
clamp points, and the sapphire wi

completion of
the powder burn.

3. RESULTS AND DISCUSSION
3.1 OFPEN SURFACE IGNITION OF TiH./kEC104 UNDER FRESSURE
3.1.1 Pressure Effects on Ignition Thresholds

Bamples of TiH /KCIO4 (0 = Oy 0.6, and 1.65) with 335/6&7




fuel /odidizer mass ratios were pressed into ceramc charne holders with an
)

mm 1 two wnorasnents at oa

innar diameter of 4,37 mm and & length of 3.

pressing pressure of 72 MPa. Resulting sample densities were 1.%, .1, and
Lo gm/om® for oxwo= 00, 0065, and 1,465, respectively.

Figure 5 shows typical date generated during an ignicion experinent.
The intensity of the iref l@-fﬁd laser light begins to decrease within seaver
al microseconds after dPQllCdtlDﬂ of the pulse and milliseconds beiors
ignition. this is an indication that there are chemical reactions accur-
ring long before incandescence from ignition is detecte

The ignition thresholds of the three compositions

twean 0.2 and &.2 MPa in argon for 65 micron diameisr,

i helium and

a5, The thresholds for Tily . aw N0 10 werse also meEasure

nitrogen at two pressures for comparison. fhese throshold
plotted in F1g. 4. A data point in F1g. 4 is typically the AVEITagE From

three ignitions whose threshold powsr was measured by approaching the
threshold in % to 10 milliwatt increments. A fresh zpot on bhe sample
surtace was used if no ignition occurred after a laser pulse. The tvpiloal
spread in threshold values is approximately the size of the symbols in
Fig. 4. The thresholds are plotted as powsr in the 5 millisecond pul ses
rather than energy because 1t was tound that the thresholds are predomi -

nantly power dependent under these igmition conditions. There is an abrupt

increase in the threshol below about O.3 MRa to & value larger than that
available +from ocur laser. The thresholds drop rapidly betwes G.3 and 1.5

MPa, and tor « = 0,48% and 1.4% there is a further graduzal decrcase to

-
05 MPa.

The decresse in thresholds with increasing pressure is similar to

iz
LS

the

i

effect of decreasing ignition times with pressure for a fixed 1grittion

stimulus that have been observed in explosives' and propellants.?-%.6
The pressure dependence of the 1gnition thresholds is also similar to the
pressure dependence of the decomposition of many other energetic materi-
als., Uyumi and rill?*e defined thiree pressure zones — 4 0,83 MPa, 0.14
to 1.4 MPa, and > 1.4 MPa -~ where distinct changes in decomposition P
ucts ococwr. lhese are the same pressure rones whers distinct changes in
the ignition thresholds of TiH /ECI0, occour.

For TiHi es/k0l0a, the thresholds are slightly higher in nitrogen
and much higher in helium compared to argon. The same dependsnce on these

gases was found 10 ammonium perochlorate at subatmospheric pressures.,

-



The presswes -dependent burn rates of T /7RG s are reproduced in
[l

Fig. &.'7 There is some correlation betwasn bthe burn rates and 1arition

thresholds. TiH. 2/KCL0s has the highest burs rate and lowest thre

olds below 1.7 MFa. the thresholds de and burn rates inore

prezsure, but the buwn rat dependent to much higher

sures than the ignition fhrwa ol des,
Fel1.2 Pulse Width Effects

Fulse lengths were varied between 1 and 50 millisseonds for
2

e g £

TiH. 2/EL0a 1n 2.% and 0.42 MPa of argon. Figure & shows the |asor

pulses and ignition incanle scence for 1 and 2 milliseconds at 2.9 MFa and

10 milliseconds at 0.4 HPa. The indicated threshold power levels are

1.5 milliseconds into the 3 millisecond puls

is typical of the timing

most samples at the higher pressures used. At the |ower pressures, the

all

approdimately the same for these three pulses. The tgnition atter about

1N

ignitions can occwr fturther into the longer pulses as illustrated by the

lower two traces in Fig. 6. However, the applied power has to be right at

[

the threshold; small incresses in powsr cause large decreases 1n igritior

time

would also ocowr, but it s difficult to adiust the applied oW 1n 6

encugh increments in this pressure regime where the thresholds are muck

lower. The ignitions ocowred after the 1| millisscond and 10 millise

pulszez in Fig. & which seems to imply that once & deco omposition has

Similar ignitions at longer times at the higher pressures probably

started, the reactions between these products and/or between them and the

powder will sustsin the igrition.

Fulse lengths between O0.25% and 3 milliseconds were 1nve

TiHy . o=/ CLHa in 2,848 Mia of mitrogen and srgon. The thresholds for

this composition and the Titl o/KCll, composition are summarized in

Fig. 7. Note the slightly higher threshold in ritrogen over argon at the

millisecond pulse width. The trend is a gradual decrease in the threshold

for pulses between 1 and 20 milliseconds and +for a sharp incresse 1n the

threshold for pulses lengths shorter thanm 1 millisecond. Thus, the thres

olds are pradominantly powsr dependent +or pulss lengths longesr than 1

millisecond with a crossover to more energy dependence at pulse lengths

shorter than 1 millisecond 4or the &% micron diameter spots. These pulse

width effects are the justification for plotting igmition thresholds as

powar thresholds in Fig. 4. A similar crossover betweoen power and ensirgy

thresholds has been measured in Fg/NMalNUx.”



F.1.3% Spot Size Effects

The eftect of Gaussian beam diameters betwesn 40 and 17% microns on

the threshold powsr and central powsr density for TiMH, | es/BG01H0L, 15

plotted in Fig. ©@. Larger powers ars requlired with larger spob sizes, but

the central power densities can be lsss at larger diameters. The central

9

amaller spot sizes and decrease

powar densities increase rapidly at th
t the larger spot sizres. Similar decresses in lgnition power

more slowly at
density with larger spot sizes have besn cbserved for Cls laser ignition
with a flat top beam profile? and in hot wire ignition with variocus wire
diamaeters, *=, 1>
3.2 OFEN SURFACES OF Mg/TEFLON AND Al-TORCH MIX UNDER FRESSURE

The laser ignitions of free standing pellets of Mog/ledlon and an
Al-torch mix ware also seasured under pressuire. Since consolidated psllets
of these materials cen be formed and the pellet dermzity shouwld remsin

constant, the stitect of pellet pressing pressurs and chamber

could both be determined. Table 1 lists the resultz of these
The pellets with the lower pressing pressure have the lower ignition
thresholds for a fixed gas pressurs. For a fixed pellet density, increas

ing the gas pressuwre also decreases the ignition thresholds for thess

A

material s,

Table 1

IGNITION THRESHOLDS OF Mg/TEFLON AND Al -TORCH MIX
214.5 nm, &S micron diameter, 20 millisecond pulses in nitrooen

Y
Hi

Sample Fressing Fressure {3 Fressuwe threshold
tMa) (MEa) watts)

w4l 158 0. 2%
Mg/Tedlon NI 1,55 w16

B2.7 .64 1.

P

b

s

A 4 1.

i
Al -tarch 8.7 1.5 1.

&

6.9 S &/ 0. 58

e 7
o/ e i S O, 7o

P L]

Lo ol

3.3 TiHL/EC104 AND Zr/KCl04/VITUON/GRAFHITE IN SEALED DEVICES
F.3.1 Typical Ignitions
TiH. 2/FULQa, TiHy | am/FECL04, and Zr 7EC104/Viton/Graphite

(EB/536/7/571

ratiod pyvrotechnics were pressed at 4% MPa into the

windowed charge holders of Fig. 2. Typical ignition and buwning incandes.



cence 15 shown 1n Fig. 9 for VTiH_ o/EC1 O, for 1gmition by 20 millisec

ond pulses; data for the other two pyrotechnics 1s simliar. & ma1or i f4 e
ence 1in the 1ncandescence from the segaled devices and the opan pellists iz

the time duration of the incandescence; it is on the order of & {ew hun-

= i

dred microseconds an the windowed devicoes comnparad to many millilssconds 1n

the open pellets. This time1e¥fmct is due to the predominance of a conveo:
tive bhurning mechanism in the sealsd systems and a2 conduchive buirning
mechanlism in the open pellets.*?

The ignition thresholds in the windowed devices were also found to be
predominantly powsr thresholds for the pulse lengths betwesen & and 20
milliseconds. Most samples igrnited within about @ milliseconds. [The power

had to be right at bthreshold (within about 2 miliiwatts) for the igni-

tion to occur at longer times into the laser pulse. The middle trace 1in
Fige 7 18 an example of igniti atter about 10 milliseconds, and the
upper trace shows how a small increase in power can greatly reduce the
ignition time and the 1gnition energy.

Meazsurements of the ignition thresholds in the windowsd devicss are

summarized 1n Table 2 for Gaussian beam diameters of &0 and 1725

Hpot size effects similar to those on open swiaces are also observed;
larger spot =i1zes require more power but less powsr density.
Table 2
THRESHOLD FOWERS IN SEALED, WINDOWED DEVICES

914.5 mme SO millisecond pulses
Sample Beam Diamstor Threshold Cerntral Fower
(microns) Watte: PRensity W/ cms
Zr /R 04/ &0 0,20 14.1
Viton/Graphite 25 0. 47 Fad

i il" s #4] U 50 0O, 40 oL

L0 Q.74 1i.7
TiMHy . em/HC10a &0 Q.S 4005

1325 1.18 1ed. %

3.3.2 Fellet Density Effects in Windowed Devices
A comparison between ignitions at pellet densities of 2.4 and 2.1
gm/om® for the Zr-fuel pyrotechnic is shown in Fig. 10. The threshoid

power and 1gnition times are increased considerably in the lowsr density

samples. Several incandescence spikes from quenched ignitions ocour bhefors




sustained ignition.

Igmition failures have been observed in TiMH, | o=/ B0 0, powde

which may be attributed to a powdsr ation with a density decrease
and/or gaps that developed between the window and powder surface. Figure
11 shows the pellet surfacethrough the window with two positions of
failed ignition. It can be sesn that reaction products were driven SWEY
trom the ignition points into & gap batween the window that was preoexist-
ing or craeated by the pressuwe generated during decomposition. lhis sample

had incandescence spilkes and quenches similar to those in the upper trace

of Fig. 10, the lack of encugh confinement at the ignition point cau

quenching of the ignition.

A decrease in lgmition sensitivity with decreasing sample density has
also been observed in laser lgnition?®-% ang hot wire ignitiont< of
explosives.

Z.4 IGNITION PROCESSES

These experiments on the open suwrfaces under pressure and in confined

powdsrs at the window may be compared to inter process that are occuricing

during ignition. The change in the intensity of the reflected laser 1ight

l‘,|

shown 1n Fig. 2 and the visually obssrved darkening of sample 1mplies

that the powder’ s chemical compositieon, optical constant and thermal
properties are probably changing long before 1gnition ocouwrs

The temperature under the focused beam must resch a minimum values to

start the igmition process although the 1gnition temperatuwre may decresse
with increasing pressure.™ The temperaturs rise produced by a Laussian

beam has been calculated, '®-149.29 14 the optical and thermal properties
of & material can be considered constant (which may be a valid approsima-
tion atter the sample "darkening" has reached completion), Lax?® has
shown that the temperature distribution T in the sample with attenuation
constant X can be written as

T = TomanNOR, Z.W0, =)
where R = ritrg, & T 2/For W = e and 7 13 the coordinate noirmal to
the survace. Tmaw 185 the temperature that is generated at the beam cen-
ter (R =0) on the surface (Z = 0) for large attenuation (W=e0 ), NIR,Z,W:

is & compler ftunmction that must be evalusted numerically, but Lain shows

1iMueygo M{G, O, WY = 1, va)



N iz less than onoe for other values of R, 2, and W. Lax further stows
i o -L 2 (4
TEvEr G S
whaere ¥ 15 the sample therma!l conductivity, P the lasev power, and ig
the Gaussian radius.
Equations ¢ through 4 explain the spot size and pressing density
dences observed in these ignition ssperiments. I & taixed temperature

reguired to begin the ignita

with beam F o

Fradius intinite W.e For finite Wy fmae 135 waighted by N,
Caloculated valuss of N'Y® show that N tends to becone smaller as re
decreases. lhus, the trend of threshold power with zpot sizs shown in
8 is the trend that would be esupected if ignition started at approxdima
the same temperatuwre at the center of the Gaussian heams of different
diameters.

Donaldson®* and Fierce and Leith®® have used values of 0.9 and .8
W/m=-ekl for the thermal conductivity in the modeling of the
TiH /EL s systems. 14 we use 0.9 and as that 70% ot the incident

laser power is absorbed by t+

1,240
reduced by N(
We

for

210 and ok for

be

between
tures would
do rmot calco

o.

estimate

TEESUNE gas.
eatimate

nable

These oa

for an u

" ERABO0!
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imation.
However, heating an energetic material to 2 certain temperature only

begins one step in the ignition procesz. The temperature produces decompo-
sition products, and these products must be confined at the ignition point
for the ignition to become selt-sustaining. For open swfaces, the JAS
pressure provides the confinement. A fixed cas pressure will also 43 ANy
pressuwre-dependent gas phase reaction kinetics. Theretore, with open sur-

face ignition at a fived pressure the ionition threshicolds should be
u/ P 3

ed to decrease asz the sample density decreases. O Lowsr density sample
k b4

will have a lower thermal conductivity, and less power is needed to reach

the same temperature as defined b

<

Egn. 4 and measured in Table 1.

For sealed devices that are ignite

m

by & laser or a hot wire, the
powder and header must provide the confinemsnt at the 1gnitiaon point. The
incandescence spikes in the low dersity sample of Fig. 10 and the dig-

persed products ain Fig. 11 can be interpreted as reaction products forming
but being dispersed from the ignition point through pores or gaps. (he

density incandescence trace in Fig. 10 is probably the result of the

tion process starting, products diffusing away but increasing the pre
in the device, heat tlowing away from the 1nert salid reaction products at
the laser beam and igniting surrounding material, and repeating the pro-
cess until the pressure is high enough to lower the igniticn thireshold to
the applied power. Munger and Woods*® has also been able to gquench 1ogni -
tions in hot wire devices with pressure vents under the bridogewire. To
prevent igmtion gquenches, the pellet porosity must be low enough so thatb
the decomposition products can form a pocket of pressure at the 1gnition
point, confine the reactions, and sustain ignition. There should be an
optimum powder density for minimum ignition thresholds in sealed devices;
there will probably be a trade—off between increasing the density to pro-
vide better confinement and decreasing the density to create a higher
temperature for a given power.

The necessity of confinement also 1mplies that there are chemical

Feactions occurring in the gas phass among the decomposition products that
are probably pressure dependent,Ts%.19.31 The reacticnse between +

hetwesen them and the condensed phase near the ignitiron point is a critical
tactor in determining whether the ignition will be zelf-susteining. The
obszervation of no incandescence aftter 1nput power has stoppad and betfore

ignition incandescence also implies that creation and confinement of the



decompozition products start a chemical reaction thalt svolves into igni-

tion. Ignitions have even been observed 3.5 milliseconds atter applilication
of 15 nanosscond laser pulses, ™
4. CONCLUSIONS

fhe use of lasers as iamition sources provides the advantages of being
able to precisely measures aﬁd adivst many lgnition parameters. The tmpor -
tance of gas pressure, sample density, spot size, pulse length, and con-
finement on 1gnition has been shown. A comparison of ouw results on difdfer

ent materials and the results of others suggests that the observed sdifects

[N

should have general applicability to most propellants, szplosives, and

pyratechnics, particularly thoss with gas phase or gas-condenszed phase

reactions involving deconposition products,
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