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ABSTRACT

The characterization of aging of the pyrotechnic device is conducted thermally, chemically, and
spectroscopically. The device is comprised of two parts: (i) igniter composed of Zr and (ii) pyrotechnic
delay composed of ZrNi alloy. The thermally induced chemical reaction is identified through
Differential Scanning Calorimetry (DSC) and Thermogravimetry Analysis (TGA). The peak
deconvolution of the themo-chemical data is used to estimate the enthalpy change of each metallic
fuel component. Laser Induced Breakdown Spectroscopy (LIBS) and X-ray Photoelectron Spectroscopy
(XPS) are used for chemical species analysis. The decomposition of oxidants by moisture significantly
affected the fuel aging, and the formation of oxide film and metal oxide on the fuel surface gave rise

to the thermal energy decrease.
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Table 2. Aging conditions for Igniter and Pyrotechnic
delay.

Relative
humidity

9 (%)

Period
Class | Sample type

(weeks)

delay.
Mass L w R
.« | Purification Size
Class | Component fraction
(%) (%) (um)
. Zr 41.0 975 53
Q
E Fe,0; 49.0 98.0 45
& sio, 10.0 87.0 111
o Zr/Nis 8.0 9.0 15
fan]
D
S &| KaOo; | 150 99.5 75
o D
A= BaCrOy | 520 98.5 45

*Mass fraction error +3.0%, **Purification lower limit, ***Size lower

limit for 90% particles.

Pristine - - -

Naturall
aturaly Seasonal change | ab. 470

aged

Hygrothermally 95 08 8

Igniter

aged

Thy 11
ermally 95 i 8
aged

Pristine - - -

Naturally Seasonal change
aged

Hygrothermally 95 08 8
aged

Pyrotechnic

delay

Th 11
ermally 95 i 8

aged




=% oo =
- RAE - YES -

'S
ro

c!

e

2FF

- K. Cnanaprakash - O{Afe] BI=FZIZE 3| X|

ojm et FRt& ob# Eq. 28} Zo] A 2 +
U

flo

E;= 2743 oA (activation energy), R
Fhos A2=ol] s

919l Eq. 13 Eq. 20 93 ===
748t s el A dA o] Aol A
=3 7172 AskAel A 149.70d
131600l st ole, drt&Ewste A
doll o7 =37 Fw3] wkgel ¥
o3t metA, 4 7hERst A& F' 7t

o
N
)

ox

X
re oo
N

ol
-

o o rr rr 2

Lzt MEY HwE F R 4TS F1
stAl & 4 Uth
3. g 2N 9 55 HhSA
31 € &4 7ol 7INiek HsiAlet AdAe] whg-2
DY)
LM |
sistEde] d AL 53 WA E =3
WRe dibF o g AgHE A s 7
o]t}. Mei et al.[5]% Wang et al.[6] 5= H

(Thermite)?} Zro. 2 F4H oufz] EZ 9
13212 DSC9 TGARFE E&317|% gith
xS DSCEHE] =&% heat flow signals ©]&
3l kinetics parameter, & &/43} |\ (activation
energy), Ea, 2} %A 4?)A}(pre-exponential factor),
AE ot s de ARREE AR e
WHo R 4HA ATH7

webs, siAlet A AAe] iAol 7wk
513t whg4& ‘3231'7] -?’]5]'04 ‘—T—il-ﬂxl ‘1’%%

RN
.l
)19

¢

#B3A k. ob# Fig. Z(a)E @ﬁ}zﬂ, Fig. 2(b)f
AAAA sl FPE DSC TGAAIHE H
Zt}. DSC A= kinetics 3fAo) 23 27
7F =H7] W&ol heat & T3F7] 93 baseline
#, F(peak)& TE3H7] 913 1 derivative line

=3 P /1590

A= oF 388°CH-E| EEE AZster o
= A&l 7] AAste 493 & dAT
o A Ae 28AY HEE RolEd, 1
derivative linecllAl W& Hols AR T
FHol & & 4 Utk Wang et al[6]®] A7
of m2H, F Igig BT ZrOyt 4EHE
a2 dHA Ao

Fig. 2(b)ollAl B%, AAAE oF 303°ColA 1
Mo F4E whEF olF F 2709 Y (Region
A, Region B)E o]Fo]x U} =7] F4 1
< KCIO,Y 24 & Wz g Aoz o4y
7 ATH8]. Region A ZrNi®} KClO,, BaCrO,
7b wkgetm sk eItk 1% derivative
line Region A°lA W=HE Hof, Region A
T 20 Ed whgol FHE vEYE B

245

EX0 | ——DSC Pristine Region Al Region B
T —— DSC_Ist derivative 240
—-——DSC_Baseline 235
g ~~~~~~~~~~ TGA_Pristine
B 2.30 ’5\0
Q =
< y 225 E
o = =
< _— ; 220 4
o Interflection S
® pdint o 215 >
o
T B 2.10
l 2.05
Endo 2.00
100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)
(@)
- 2.50
Ex0 |——pSC _Pristine Region A Region B
—— DSC_1st derivative Inflection 245
DSC Baseline point

.......... TGA Pristine

Mass (mlg)

« Heat of reaction
\ I

sl
=
o
)

100 200 300 400 500 600"
Temperature (°C)

(b)
Fig. 2 DSC and TGA results for Igniter (@) and
pristine Pyrotechnic delay (b). DSC baseline
and 1% derivative line are marked.



M24A HN25 2020. 4.

zrdl ZrNi2 FAME aAH=Zel 3 A7
Part 1:

Lo
M
HI
I
(8]

VA Ve |

ol= Zr9 4ta X3l=7F Niol wls) €53 =
7] WEo R Zro] WA AksiEw A WA =g
< T3, vtE FHolo] Nigl 4s) whgo]
out= Zo|tH9]. FH Region BY UE ¥hE2
HH3etA] 2 KCIO,9 EF 2 A AR
48 g 4+ den TGAZIAE KCAO~

KCIHOy( 1) §HollA A7 A5 Ho o5 &
sy s e

F F9 4kgA, KCO.8F BaCrO,o] 29
E HEs Zelsr] fstd, UaE ebolof
(nichrome wire)E AH&3te] A4 HPE +Y5
R, 1 AE Fig. 39 YeERRAT KCIO.7F
e AAA Y 4 $(Fig. 4(a)) WEA &S A
g R, KCOsF gl AAAS] A -9-(Fig.
4(b)) °F 1400°C7HA] A4 ¥HgS 89l &
Atk WA KClOs= ZrNidgh 279 REg-&

M, o]F T3] 25E = FH BaCrO}

Ny
a9

o 2o

-

oo
o
>
3
of
rlr
N
o
il
ot
re
o
it
£
Z
jov)

=
Q

3

c

1S

et al.[10]2 ®2el(W)Z KCIO, BaCrO,9] 4
+, luminescence zone, melting zone, bulk
reaction zonel 2 F 3TWAIZ Yt Hu3)
t}. A luminescence zone?] VA += KCIO.9
We] ®hgo 93] FAo]l Hi, o|F melting
zonedl A& KClo] &3l¥H= 7%t Folo] bulk
reaction zone®lAl= BaCrO4$} kel Wol HH&-
st FeE o]FoXtty Ryt HE B
AT AE7F ZNiZ2 9231 SR, 4hshA| 9

(b) ZrNi+BaCrO,

Fig. 3 Combustion  experiment  with  nichrome  wire.
Pyrotechnic delay with KCIO, (a) and without KCIO,
(o).

g Y & Aoz ool HW, Fig. 3%
< da AR o & WA A A
QA A =71l REE3sk= KClO,2) H&o] Hf
¢ a3t KAO,8 =3 E APES A=
&4 8l luminescence zoneS WEAF)A] B
a ExE ojojd 4 Q7] wjEold. wepA &
Aol AHEE AAA ] A4 FEE Fig. 49
7 2ok JA ) AAA Y v GAE RS
I A=< Aefstd obef Table 33 2o

Fig. 5+ A3lAle} A QA =i Ee] x4
Q1 DSC curveE RAED (a)~(d)& HSAE
(e)~(h)= AAAe]™ =AHZ, Pristine, Naturally
aged, Hygrothermally aged, Thermally aged®]
o AEAY AS Zry TET e G
reaction kineticsE R AFU7] o] Ex9
peak deconvolutions 342 ¢kgkom, A
Ao A$ 3709 ©E reaction kineticsE R Y

7] @ &ol, peak deconvolutions 433} T}

Luminescence Melting Bulk reaction
zone zone zone

= koS -

<+— Reaction

Fig. 4 Combustion phases of Pyrotechnic delay.

Table 3. Aging conditions for Igniter and Pyrotechnic
delay.

Reaction products by the

Class  Reaction reaction step

1st 2r\d 3rd

j

2 Zr ZrO,

EO Fe,0; FeO,
9 Zr

C .
< Ni ZrO, NiO KCl+
£, oo Kao. Kdoz J o
g5 KAO% g0, Bacroz
Ao BaCrO4

* x becomes (0<x<2), y becomes (0<y<3/2),
and z becomes (0<z<4).
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