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Ak, BB B O XPS B SEM-EDS 25 A F B, il 1t
X BARIBEAL T Al/Zr/KCIO, 5K 25 1 B i Pk e
RIEEHMITER & &, W50 H 2 b iy fb s HLEE, JF i
— i R S A H S TR E S RN AL
WGP Iy AR JRAT TG A RE S AR C S 4,
K Jy2E R — A R T A R

1 LEHE

1.1 XA SEE

M, 2l 299.8% , ¥R AR 5 wm, BTz T 35
A g Ry B T R A R KCLO, , 4 B 46, 4l B >
99.8% , L ABFREAL 25 A FRTTAT /A | o

i) 2 43 B AL (TG/DSC) ,NETZSCH STA 449F3,
75 [ i 3 2N =) 5 T B AUBE (SEM) |, TM4000 H 57
O] X-HH R fE 3% AL (EDS) , Quantax75 %!, BRUKER
OS] X-SP O R T RB IS AL (XPS) , FEER KA F .
1.2 LEIHE

AL Zr , KCIO, W& & T % B b, 76 %= 0 541
g A R R T 10%, 85 Clinid & 4k & 28,70,
145 d 1160 d, 71 °C~ &4k 2 63,130, 160 d Al
258 d, fE 60 °C # 1k 96, 130, 258,399,438 d #i
469 d,50 C#196.130.258.539.578 d #1609 d.

BT 85 CEALIG 1Y s K 25 VR Ak fe W] &, TR Ik
WFFE X LAY Al/Zr/KCIO, 5 K 25 & 85 C T A fF %
fLIFE] (28,70,145 d #1160 d) B Al/Zr/KClO, 5 k24
AT T AT SRIAE SR TR 5

FHIEE A HTX LA 5,10,15 °C-min™ F120 °C-min”'
FhE R, L 50 mL-min™ [ &K, X 85 CHY
AETT 5 B AL/ Zr/KCIO, 25 K 25 3E 47 #4450 A

FIFH XPS A &5 K 25 22 Ak 1 2% 40 43 28 £k XPS FL
25 71107 torr, Al Ko i PR, XF Zr (CLLAI T R
35087 o 83 SEM-EDS 7E i B 5 KV, K A5 501
2000 fi5 i Xt 85 °C & Ak A i 247 R 0B L -O0 &= 40 B
i

2 FR5WiE

2.1 ZLETEXS AVZeKCIO, S K 25 B 5 5 B9 2 1

XFEATTIY Al/Zr/KCIO 15k 25 1 85 °C N AR &1k
Ha) (28,70,145 df1160 d, FHE#EZH N 10 °C-min ) #Y
Al/Zr/KCIO 35 K 25347 T DSC I, 45 3 1T % L Hi A1
ANEZAL I ] Al/Zr/KClO, ik 25 9 DSC il £k, IF
1 DSC it 4 B 5345 B H SO 4, S5 SR s 1 s
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Fig.1 Thermal decomposition of unaged and aged Al/Zr/KCIO,
ignition agent with different aging time (28, 70, 145 d and
160 d) at 85 °C
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B A 1482~1392 )7, F A R g T 70~
160 J-g7', UK 25 I A5 fR R REAT BT TR iX R 22
F &AL &R Zr 77 A T WA Ak KRR R B R Ty
il 22 BREAR T A5 K 2 I A O T L

E— W58 Z AL IS Al/Ze/KCIO, A5 K 24 1 3450 i
Bl J1 2% ¥ DSC 4 i 3 i 1R AR A Kissinger J7 2 il
Ozawa I BHEATIIA" A3 2% 1L HE Ea FFE HT 1 A,
SRR R, MR AT, 5AAETA LG, Al/Zr/KCIO HE
Z A IS B RS fif 6 AL RE AR BT T REAIC BE 5 2 Ak
[E) F0 184 T, #8043 M 106 AL B AN S 1 PR Bk BRI .

R1 AR ZAK R ZALHE # A/Z/KCIO, 51 K 25 1 3453 fif
EIPIES 3

Table 1
aged and aged Al/Zr/KCIO, ignition agent at the different ag-

Thermal decomposition kinetic parameters of un-

ing time
K -1 2 EO 2

system /- mol” Ig(A/s™) R - mol” RS
Unaged 287.64 18.60 0.9931 286.12 0.9937
85 °C-28d 280.45 18.12 0.9969 279.27 0.9981
85 °C-70d  265.11 17.07 0.9965 264.71 0.9979
85 °C-145d 258.78 16.64 0.9993 258.70 0.9993
85 °C-160d 258.07 16.59 0.9962 257.52 0.9962

Note: Subscript £, A, Ry, data obtained by Kissinger method; subscript
[ R data obtained by Ozawa method .

J T A BT A/Zr/KCIO, A3 fifk 3 %
B 52 K 2 1 B3 H 2 280 A Arrhenius R,
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RS RME 2 Frw, B 20 LA S, &k
Al/Zr/KCIO, 5 2k 25 11 43 fift 3 % 35 10 s7', 2k )5
Al/Zr/KCIO, 55K 25 1 53 i 8 R 35 10 571, Bl & & AL i)
[ (o 380, S o R R B T BB S, TR T HIR
B 4 1F R (10 °C-mol™), 85 CH# 4L XF Al/Zr/KCIO,
B4 il 1 SR AR AR 2 TR, 7E 1000 °CRY iR T, 24k
XoF 3 fif 1) 52 W) B R o 3k R fR T 2 A0 3 b e TR T
PRl A AR, A AU B /0N, AR A 2 5 T B
F L HR R BB R, AN A & Ak B AR AR K 2 A
1000 CHF iy Sz I 2 2 8 22 IE 28 5 T 2 7 H il o %
T P g fie R B
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Fig.2 The reaction rate of Al/Zr/KCIO, ignition agent before
and after aging at different aging time at 1000 °C(a=0.5)
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J T WFFE ZALKE AZe/KCIO, 5k 254k 2% 40 43 1)
AL, FH XPS XF % 4k A K 85°C F & b A ] B (1] A1y
Al/Zr/KCIO s K 25347 RAE , 25 R & 3 iR .

M 3a ] LIF H,208.7 eV ALK E] Cl-2p, , 45 &
fiE F1 206.5 eV 4b i Cl-2p,, 45 & BE , 43 9 X 1 KClO,
KCIO,,198 eV A4t} KCl, X XPS ¥ AE g FL 43, 18 i 45
Fofr e AR T R 5 A %) T B =2 A B SR A5 0 S5 A R
Fa EALET Al/Z/KCIO, /5 K 251 KClO, Fl KCI 7
05 29 24% . 15% (K 3d) ,KCIO, & 5 2 60%,
Ut KCIO, fE M BHE & it B vh Rk O F k4 T 2 it
Iy, M7E85 °C R4k 28 dJE  KCIO, & & T
B G R R RIS, KCLAY & B3 T 6%, 1fif KCIO,
K S M BRI ) AR 5 B A S A R Y RE K KCL Y & i
BT KCIO, 1 & & TR € KCIO, & & TR T
2 7%, i Kurt H S % {38 /Y KCIO, 4 fif 1 B 45 I
N AT H L, KClO, Je 43 i A KCIO,, F #F — 4 43 it A KCI,
T A B 5 1 43 W DL 6 1) 45 SR R B KCIO, 1Y & i i T A
SE LR KA B AR M, AL E W P R KCLL X
M &4k 2 5 B KCIO, 43 A= i KCIO,, KCIO, i — 2 4
fif A= BT KCIL KCIO, 43 i 2E i KCIO, 1y i % 5 KCIO,
3 B KC Y 3 238 LT 4 55

M & 3 AT DL B, Ze b2 06 PR AE R IR T 5 R
A4k, Zr-3d,, 5 Zr-3d,, 34908 ZrO, B R AE I (1] 3b)
P #2210 6 % L B B AR R AR L 5 Clon & &
BT AL AL (8 3e) o Zr-3d,, 76 Z AL 9 0 B B
et 0 RN A B S A B RD RS 5 i 3 U i
. MEAAE 160 dit, Zr-3d,, & IR ETE
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Fig.3 XPS peak fitting of unaged and aged Al/Zr/KCIO, ignition agent at the different aging time
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R R KCIO, o & 4b v B0k 2% T8 52 80 i AS 00,
ELCRERE K PR A O Zr 5 Al £, Hidh 4 )8 e
EhzZr bR R FHS R 31.55%, Zr 3 —1k
JBT 3 i N 66% , H I T HE T I UKL 32 2 Ze 0K
Kl 4c HEL AR R 5 wm BUERCR B0k d, AL T A 2 L
7 87.74% , H It AT BT 0 0K S ALSORE

4 SEM IR A% Bl 2= 2000 1%, % 85°C F A [H] %
A B5F 18] 22 AL BT S 69 AL/Ze/KCIO, J5 K 25347 T R HE
WRAE, G5 R 5 o . B, P1~P5 i KCIO, i
Wi, Z1~Z5 K Zr kL, B & 5b~5e 7T LLE ), B4~ FE
A B AR RN — [ ERCR UKL A 2R 72 KCIO, JH L B
RS HI T 1 BBk J5URE U] X5 5 43 50AE ok 8 50 X
KCIO, 2 It 47 /b [H BRODR 0L 58 7 171 88 R 19 MR 5
ZALET L i — R (K 5a) , ZA L RE S R ok P
M0, BEEH I AR5 1Y) 43 i 15 A X Uk i A 245+
PE B3R

1 XPS 438 45 AT AT, ALZE #0240 o 2 R 2 2 M
X H SRR, A T M A o A I R e AR TR e [ 5
H KCIO, M AR A Zr ¥y oK SR #F i 47 EDS 73 H7 , JL 3R &

HAY AR 2 R . XFF KCIO, 8K , AL J5 i Al/Zr/

KCIO, f k 25 % f & B A T & Ak iy b iy 80 & &, i
CLKE &I, AT REZMITELILEMRT Y
16% , Cl & RAEH N T 29 6.5% , Cl % 7 /3 1§ 5 XPS
H KCIO, JC & & & Y 28 Ak I B — B, 1M Zr UKL Hh 4R
N Lk

www.energetic-materials.org.cn



Al/Zr/KCIO, s 2k 2l 1 A% 3 #4324k HL

683

Al K series

O K series

Cl K series K K series Zr K series

a. element distribution of KClO, particles

O K series AlK series

Cl K series K K series Zr K series

b. element distribution of Zr particles

0 K series Al K series Cl K series K K series Zr K series
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d. energy spectrum of KCIO, particles e. energy spectrum of Zr particles f. energy spectrum of Al particles
B4 FK#ZALAl/Zr/KCIO, ) SEM-EDS 43

Fig.4 SEM-EDS analysis of unaged Al/Zr/KCIO,
FHEM T 13%,Zr TR S5 T 20%. EDSHSE R
BE—UESE T XPS o KCIO, # Ak F v B 28 b Zr K
AT LR EAL
2.4 AVZrKClO, Wyt B3h 1%

DL ERFFE R W, Al/Zr/KCIO, A5k 25 76 AR 8 P % 1k
i, 2053 TR i KCIO, 0 Zr 23 e A 78 Ak B T 55K 245 1Y
AT B — 20 WY 3 A v TR R ) 5800, A RE
7 S BACTEAE FIVERE SR T, 8 B 5 Al/Zr/KCIO, £
K ZHE 85 °CF EALA R N 18] J5 1 #4 fif A 35 T JE 3
Kot Z AR, K BLAE 85 CHALIY Al/Zr/KCIO, 1 K 2y
F o3 il A R IR T 23 LR (1000 °C) (KCIO, 7Y F
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HLEE bR BN n G0, %43 ff ks KCIO, AT KCIY

A B, 7E 50,60 CHI 71 CEALA R B[] 5 T R AR 1k

P14 TR T AT, U045 T 5 1) 0 g 2 bR, H G R B /1

T 0.4, UE W] X 2 2 hOJF A AR A 4R R B

e “ ”"*?LE.?'}' - g
x

.......

c. aging 70d d.

e. aging160d

B 5 A[E#ANE LT E Al/Zr/KCIO, 5 K 25 1 SEM TE 51
AL

Fig.5 SEM morphology characterization of Al/Zr/KCIO, igni-
tion agent before and after aging with different aging time

F2 [E5HKCIO M Zr i K JHH EDS M e R & it [ 4 e
Table 2 The percentage of element content in the local EDS
analysis of KClO, and Zr agents is shown in Fig.5

sample (@) Al Cl K Zr
P1-unaged 78.85 0.41 11.83 8.55 0.36
P2-28d 62.58 1.57 17.95 17.7 0.2
P3-70d 71.32 2.51 14.36 10.51 1.3
P4-145 d 58.96 2.15 16.02 12.22 10.65
P5-160 d 62.36 5.39 18.13 13.48 0.64
Z1- unaged 55.67 4.93 1.16 1.07 37.17
72-28d 59.82 13.74 2.15 1.45 22.84
73-70d 80.53 5.93 7.16 5.25 1.13
Z4-145d 57.44 6.89 16.35 7.95 11.37
Z5-160 d 68.92 12.72 0.62 0.52 17.22

Note: Spots P1, P2, P3, P4 and P5 were the domains of KCIO4 particles;
spots Z1, Z2, Z3, Z4 and Z5 were the domains of Zr particles
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Al/Zr/KCIO, & 1 I 14 Tt B2 A1 18] 2007 o AH R 3 T
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X Z%00.94, 1516 AE 128.90 kJ-mol (B 6¢) , 3T Zr &
TR 2 %00.93 76 1L BE 117.80 kJ-mol ' (& 6d) , 1
ETXILNSRIUA S = BR T M O R B
0.90 LA I, BE A H AT 847 43R Al/Zr/KCIO, 2 AL s i
JEE VIS ] 240, 2 A6 AL BEAE 95.86~128.90 kJ-mol™
N AN

1 3 19 XPS 43 B 25 S v] i, Al/Zr/KCIO, 2% T 7
WEAEN T KRB KCIO, kA= T B iR, IR i) Zr
Wk T A AL . FIH KCIO, #1 Zr 1Y 24k 3l g 27 A% 4
Al/Zr/KCIO, TE A [8) 1 Tk B2 22 A6 R B T /Y 5 0 ik 7%

KCIO, #y & 3h Iy J5 e -
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Table 3 Aging kinetic parameters based on Al/Zr/KCIO, de-
composition rate (1000 °C), decomposition enthalpy, KCIO,

degradation, Zr oxidation, KCIO, and KCI content were fitted

type /Eakj~mol'1 Ig(A/s™)  f(a) R?

reaction rate (T=1000 °C) 95.86 18.80 T-a 0.90
heat of reaction 44.96 2.94x107 (1-a)® 0.34
KCIO, 128.90 31.13 (1-a)* 0.94
Zr 117.80 29.45 (1-a)4  0.93
KClO, 102.60  18.66 (1-)?  0.24
KClI 144.27 27.85 (1-a)* 0.37

Note: E, A, f(a), R’ data obtained by Arrhenius fitting.
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Low Hygrothermal Aging Mechanism of AVZr/KCIO, Ignition Agent

PENG Wei'’, HU Zun-jian'’, ZHAO Chuan-de’, SUN Yi', XU Rui-juan’, WANG Xin-feng’
(1. School of Materials and Chemistry, Southwest University of Science and Technology, Mianyang 621010, China; 2. Institute of Chemical Materials , China
Academy of Engineering Physics, Mianyang, 621999, China)

Abstract: In order to study the low hygrothermal aging mechanism of Al/Zr/KCIO, ignition agent, samples were aged at 85, 71,
60 °C and 50 °C . Thermal analysis, X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM) X-ray
spectroscopy (SEM-EDS) were used to analyze the thermal decomposition performance of Al/Zr/KCIO, ignition agent and the
changes of surface elements and morphology with temperature and time. The results show that some molecules on the surface of
KCIO, crystal are degraded to KCIO, and KCI with the increase of aging time. The surface of Zr is further oxidized to ZrO, under
the action of heat, and Al does not change significantly. Meanwhile, the surface morphology of each component did not
change. The thermal decomposition activation energy and enthalpy of Al/Zr/KCIO, ignition agent showed a decreasing trend
with the increase of aging time. Compared with the unaged ignition agent, the activation energy decreased by 29.57 kJ-mol™
and the enthalpy decreased by 160 J-g™' after aging at 85 °C for 160 days. The aging mechanism function of ignition agent was
obtained by fitting reaction rate, enthalpy value and surface element parameters of each component. It was found that the reac-
tion rate, oxidation of Zr and degradation of KClIO, could reflect the effect of time and temperature on low hygrothermal aging of
ignition agent. The aging mechanism function was N-order reaction, the aging process is the oxidation of Zr and the degradation
of KCIO,. The oxidation rate and reaction degree of Zr is greater than the degradation of KCIO,, and the aging activation energy
was 95.86-128.90 kJ-mol™".

Key words: thermal aging;Al/Zr/KCIO, ignition agent;thermal decomposition;surface element analysis;aging mechanism
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