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L5 LR N T U A TR A KE 2 AL TR AP 2
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A 300 0 S5 AR T B, SR FH 4 B 5 v R ) 25 kol
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TR A AL CICP) A5 4 HL 58 (SEM) XU 2 M3 R A3 S A
(XRD) F#AF M (TG-DSC) FAF T AP/KP & 4 4,
R TC R LR JE S S50 o AR RE DR RE R T
AN TRVRE it 1l 8 7 1 X6 2 A TR AR A R B 1 s ), T Y
Ty B A 1 N ) 28 Rk 4% 1 B A R ARk R 5
A B 4 T v RS ALK s X EU ISR TR [ A
B RE il R ALKy 08 5K RUBR e R R L S FHEAETR G KR 24 vh
RN AR AL T S0 FI IR S %

1 E6ESAFMIRIT

1.1 SFHNFEMTE

T NGy N E 2 R AR AR AP R KP &G
Al RETE A R A A I B AR ML 1 4 B ) A
(Molecular Dynamics, MD) J5 327" 3t 48 fk 7] AP
FKP Z 8] 19 F 181 53 5 30 01 2 ZHGHE TR .
e [ Sy K 2 i AR B0 B CSDS (Cambridge Struc-
tural Database System)'** /1 & zk AP Hl KP ) #H 3¢ &
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a. crystal structure of AP

b. crystal structure of KP

Bl 1 APFIKP ) SR S5
Fig.1 Crystal structure of AP and KP
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Fig.2 Diagram of AP and KP interface system construction
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4.184x107" kJ-mol™, FJUC ST B 0.02092 kJ-mol™,
1 BSOS B A 5%107° A,
1.2 SFHNESHITE

Iy T 12 S H0h A 1 IR 45 R S B Ik O3 F )
W 51 3 v 5 A 6 AN, RO A AR B AR T R Y B0,
B, B, 0=—AE, 45 & BEBUE B, W36 B 3% AP/KP 2 &
R R W45 G AR E , AP/KP Z 18] B AH BLAE F ) s>
AHE AR RE(AE) AT 2R A
Eyoo =—AE=—(E,, — E,, — E )
K, B B BE &, k)-kg™'s B i AP B 43 fiE A
kj-kg™s B KP &R0 U BE SR , k) -kg ™'

P 8 % FF (cohesive energy density, CED) J&
AR 1 mol BEERAK A 5 iRk 73 5 8] 4 HI i Ak i By

—~~
—_

AP KP )

F1 APKPEGIRFZBRIT B R g1 £
Table 1

Simulation calculation results of AP/KP composite system

i B RE R, T B S AT [ B R AR, — ok
I35 BT 5 A P A R PR 3 18] A iR
U A E 4 P 2R T L KL P R AR R (CED)
RN

CED — CEDtotaI X Vtotal (2)
VAP + VKP

X, CED,,, 3 AP FLKP Z [8] ) S A B B2 5 L k) - cm ™
Vi N AP FILKP (AR FL, cm ™5V, 1 V. 43 5 A% 3 AP
FKPEIEI ,, cm™,

24 AP/KP & 4 254438 1 Dynamics 155 5 452 481 ik %]
A 22 f5 R MS B ) Energy T) E B Cohesive
energy density T g 7155 SCOF v i J5 5 W AY 1A R AE i
NG % B JF IO E , 45 R sk 1 FIiE 3 s o

ratio of AP to KP Eou ! K-kg™ E/K-kg™ Ep ! K)-kg™ Eyoa ! MJ-kg™ CED / kJ-cm™
30:70 13678.39 15496.71 12627.86 14.446 0.251
35:65 13986.43 15453.64 13050.02 14.517 0.315
40:60 14155.48 15454.18 13317.67 14.616 0.336
45:55 14232.56 15525.19 13201.21 14.494 0.284
50:50 14364.61 15541.06 13210.07 14.387 0.225
55:45 14605.19 15535.75 13482.02 14.413 0.281
60:40 14619.12 15545.13 13216.98 14.143 0.245
70:30 14855.82 15542.99 13220.50 13.908 0.216
80:20 15091.79 15542.33 13232.26 13.683 0.204
Note: E_ : total energy of system; E,,: energy of AP; E,,: energy of KP; £ : binding energy; CED: cohesive energy density.
150 —r— NFERE K I a3, 3 LR Ho g5 402 60 R1 550 45 i H 3
1471 PJcoheste energy densiy[#5° 2 W (1, 4 0 — ¥ B8t B 0 5 A R 4 R o
o 00 8 KP4 REERT Rt KP HOARAL 42 T R ik 7 1L AP i KP
= | F ZPIHE OB R4 A RO
s - AP & BRI AP I NH, 8 2 AT (58 22 11
2 020 8 HIRT 5 KP 10 O BT I LS8, 7 Bk AP i KP — %
=. o] 3 Z IR 25 4 B 0 S B AP S Rk B8 1 B 0 K S
1321 P8 MM EERRR BT SEe Y AP/KP H ] 40: 601
129 0.10 5554 B R P R B B 0 B A A, I 4 4 45 4

510 3‘5‘33 WS 3(3'5“66 W0 »®

ratio of AP/KP
3 AP/KPE AR R BT 455

Fig.3 Simulation results of AP/KP composite system
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B A BR T4 2N w5 JEOREKP, 23 M dali, b g T 7 T A AL R
F A R A FLQT 4R BB 8Ky, (6£1.5) pum,
L N AT K2 S /N IS N 7 i | S
JAB A AL T w5 ek Sk, 43 A 4l b 5t T 3E A 40
L TAR KRBT K, RS AH .

G4 : ICPOES730 HL B & 45 5 Ok & /&
1%, 35 1 Agilent 28 7] ; SU8020 T 37 % 5 4148 ¥ T .1
B it E HORIBA EMAX mics2 B REEAX , H 2 H 7. 2%
"] ; D8 ADVANCE Y X it 2 By oK fiF 95 X, 18 &
BRUCKER {Y #8 /3 & ; STA 449 F3 [a] 5 #44r Hr A%, 18 [
Tiif 3 A %5 2% &) s TRHW-7000C %I {4 ML 4> 1 3l & $ A%,
S BE DR FL 0 W) 5 B AR K A% R CO, O A5 KGR 5
B e i E i
2.2 HRH&

TER RN il TCK B AE AR T 78
2B R R AR A 30 mL IS K & Bk B4 A
0.4 g APH10.6 g KP, e i g it W I 98 H8 2 20 s f5
o ol VTR A AE — A IR S 43 B 20 min, {7 FH U8 40 HE
UE L P JC K & Tk TR U 2~3 WK 5 E 60 CCHEAE
HET 2 h, 15 5] AP/KP Py 3R & #F 5t AP/KP-1%, 2
FXF H A I 2 A T SO0 52 A AR T A 1 B R

FE 40 CHAET P9 iR 7K 95 V8 (P T 0 K 5 T
HIRFLLE S 4 1) BB, 43 514 0.4 g AP F10.6 g
JAE] 30 mL PR K P b, 78 4 R 1 R R O 0 R
Gy TR K P ROR A R A A — R IE R R
20 min, {3 BT 43 B A0 5 0 R TS TR 6 W WO
50 CHZK VB, 08Pk 0 HE R 45, 2 R A
BT 5B FE T JEK 2B Pk U 2~3 1K, JF7E 60 CHEAS
Hogt T, ik 800 H I X 0 b A A5 20 R AR K RE A
AP/KP-2", AP/KP ¥ 7| 78 K #¢ i il 50 3% & a1 & 4
Fi7s

FEH AT R AR 5 A i o 211,
Z: [ AP/KP Wy 38R 5 FE i #5 7 I  EE R IR AT L8
FHTEK 2k s WA R AR 50 A BB F Beil & T A
[Fi] 41 550 F ALKy 19 498 b8 B i FE i AP/ALLKP/ALL AP/
KP-1*/Al fl AP/KP-2*/Al,

2.3 MERERIE

FH H R A 5 B Ol & B AL (ICP) X AP/KP &
ARAF TR & RIETIE, ZH TR KW,
SN SRR T R T BT (SEM) BT RE B X
(EDS) X} AP/KP & 45 Y & Ak 57 (14 SO0 T 55 A e R 43 A
HEAT WLEE, N B R R 5 KV X S 2R 8 Ok AT SR
(XRD) X} AP/KP 52 & RS AL 50 W) AR 20 A7) F AT
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evaporation

B4 AP/KP 5 2 K RE fl 1A 2
Fig. 4 Experimental device of AP/KP solvent evaporation

sample

D, 77T 56 ¥ AR Sy Cu B8 43 59 AR BE Ry 5°~90°, 41 4 3
R R 6°-min's A WL (TG-DSC) %t AP/KP & £ 7l
AL 1 R MR B R AT I, B BT A R 3 mg, TR
BOR A 10 Kemin™ AR s 50 mL-min™',

JH 2 #U AP/KP & A Y4010 3510 T AL RS 1% b 4
{ELFE AT I3, B B A 200 mg, 41 BB AU TR Tl
3 MPa; F %5 M 18 & 85 5F AP/KP & 4 B8 AL 7 Fi ALRY
JE 77 - 8]y £ 2E A7 003, A TR 50 mg, AR R
AR LRI 2 MPa, iR LR 24V, B8R SR 4R T8 B
0.001 s; FHHOE ATl 56 %< 2 6T AP/KP & 45 2 42 46 5
FIANTE FF AT B9 BO6 8t B 34T DU, B 5 I
i o 30 mg, WO YR DR R 20 W, HR B T [E]
500 ms, & B 4852 AT 15 5 10000 fps, B G E ]
N 50 wso

3 GRS

3.1 APKPEREBFUFB SR
3.1.1 TEHH

Ry T E i A B A b A SR AR R Y B B O R
X} AP KP AP/KP-1*Fil AP/KP-2* i iy K JL Z #E 4T T ot
Z T ICP M, JF AR 4 KP P K o8 2 10 Lo 191 /2 #E AP
HUKP A 0T 0 B, 25 SRR 2 iR o R 2 0] R
BEAP FIKP 48 FE 3 w5, Jo 2% 5t B 5 AP/KP &2 4 4 Ak 7
AP I KP B B e 20 0 46, 580 A — 2, Ut
R ] 4 3LTRE 5 1ok RIS R 28 v il 4 AP/KP 52 5 484k
b BUR X eb o R DN L B - R A I E R RS SO i
A TTIE A R
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F2  AP/KP-1*HI AP/KP-27[1 ICP 5T Z 43 BTl it 45

Table 2 ICP elemental analysis test results of AP/KP-1* and

AP/KP-2*

sample content of K/ % content of KP /%  content of AP/ %
AP — — 100.000

KP 28.159 100.000 —

AP/KP-1*  16.864 59.890 40.110
AP/KP-2% 17.024 60.458 39.542

3.1.2 EESH

R T OB S B RO A, XF AP KP  AP/KP-17LA
K AP/KP-2*#E4T T SEM FTEDS M3, 45 5 4 151 5 F /i .
JERE AP FIURL (1] 5a) 43 HUHE R 4F R0 o A 48 38 5, %
T RS o JFURE KPR (P 5b) 43 80t 3 4, ok 42 o0 A
ANB5Y JoURL 5 O BROF AU U IR, R DB H . AP/KP
Yy R A R A AP/KP-1* ([ 5c fitEl 5d)K JE R 40 i &
PR, YR A R I A B ORI SRR S, R

c. AP/KP-1*

d. K element of AP/KP-1*

e. AP/KP-2*
B 5 AP.KP.AP/KP-1*#1 AP/KP-2*f4 SEM FI EDS & K
Fig.5 SEM and EDS images of AP, KP, AP/KP-1* and AP/KP-2*
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gl e ) BRIR A . AP/KP ¥ FI 25 & KR 5 AP/KP-2*
(Pl 5e F1 & 5) o K T2 43 A7 76 4 A B i R 18, Ui B AP
I KP A7 R 28 A ok B o2 B 2R A 09, B f o R
R AT UK |, B S T AT A A R
3.1.3 XRD & #f

g TR ST [ o 5 ik Rk i AR AR AL Y 52
Wi, % AP KP  AP/KP-1*F1 AP/KP-2* ) ¥y #H 4 ik 47 1T
XRD 3, &5 SR & 6 Frox . &l 6 7l Hl, AP £
19.34° . 24.61° ,30.81° 45 4b Y 4§ 1iE 117 5 1%, KP 1E

—— APIKP-2"

—— AP/KP-1*

—KP

intensity / a.u.

—— AP

KP PDF#70-0488
AP PDF#70-2207

60 70 80 90

6 AP .KP .AP/KP-1*H1 AP/KP-2"[) XRD i1 4 &l i

24.5°.28.35°,30.94°% &b B R¢ AE AT 5 0 24 R AR L
A% AP/KP 91 BEIR A BE i AP/KP-17 11 AP/KP % 7 78 &
FE i AP/KP-2" 1 47 9F 1§ S bR #E AP K i (PDF#
70-2207) fl b5 #E KP + R (PDF#70-0488) iy & il , 1
BH V5 ) 28 2 105 1 T8 A % Db b 11 A% o 58 D A 4 [
I3 A R BL B 45 R4 77 A 5 ) 5 FLATT S 06 £ W A A e ik
1o, U B N 2R R R A R R R AR AR AR R R R

TEE
3.1.4 OB ESH

XF T WEGEAS [RIRE i i 2% 7 AR G218 I AL TR Y
P REEPE X AP .KP . AP/KP-1*L) }2 AP/KP-2* 347 T
TG-DSCI, 25 SR & 7 o o

M & 7a Bl 7b AL F, AP Y IR IR 53 ff 0 7R
294.94 C/ A7, KP 1 i ik 43 fif I 7E 633.38 C A2
AU 7 M 7d BTEL A T RCRE AP FITKP,
AP/KP & & B E AL 7 1) TG-DSC i1 £k K& h AP Fl KP
T MR SN AR R IR R T RS . o
FHIR A BE i AP/KP-1*H AP 1 G T 43 fifk 068 L 56 A A5 45
AN AE KPR R o i IR R 633.38 CCRERF| T
624.87 °C; ¥ 7 76 K FE 5 AP/KP-2* i AP (R 1L 45 fift

Fig. 6 XRD diffraction patterns of AP, KP, AP/KP-1* and
AP/KP-2*
140 6
— TG
1200 ——psc 4
100 -
0 [=>]
= 801 e /-2 =
E o] 224247 C =
g o 72.06% i B
40 ke =
20 2 £
o] eo
$294.94 °C -4
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temperature / °C
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140
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1204 ——DSC r0
100 7?3.51 kG -1
s BSE < ) a0l 2
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S 60 =
2 624.87 °C He4 8
407 294,03 Ce 55
2y *377.28°C 6=
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I I I\
20 I
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temperature / °C

c. AP/KP-1*

7 AP .KP.AP/KP-1*HI AP/KP-2*1) TG-DSC i1 &
Fig.7 TG-DSC curves of AP, KP, AP/KP-1* and AP/KP-2*
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100 16
= £
S 80 48.95% r12=
= [S
=2 60 g &
= 40 91“’ 608.71 C <
50 5205% 4 8
N +304.14 °C semadc\ Lo
1 — 4
100 200 300 400 500 600 700 800 900
temperature / °C
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140 1
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1001 e
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d. AP/KP-2*
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W5 1 294.94 °CFEF] T 283.69 °C, KP 1 {5 1 43 fifk g
1 633.38 CCREE] T HARA 619.51 °C. AP/KP-1"r1
AP (AR I 53 fiff Ve T JE AR O 5 AN A2 | T AP/KP-27 1 AP
) AT TR 4 e W SR B AIG T 10 °C 22 4T, Ui WK AP T KP T
P AL R 2 A 7E — R BB IS 7F — 8 B B L2 iF AP I fIK
AT 5 AP/KP-1% v KP 1 757 T 43 i U 118 %) B A, 10
BKE AP A1 KP 32577 9 PRIR A B AT 78 — 2 R B I 4
KP B 43 i , AP/KP-2*H KP () 5 T 43 i W 3L Ay ik — 2
B AT, 106 BH A1 V5 300 23 2 3ok il & 17 5 78 4 91 11 4
I3 VEREZLAL T BIR 5, B A A T o 7R
(R HEAT 00 D5 A1 T A O VS R 7 vk 4 1 B L A
TR, 2 P s8R Ak R 7 ) B2 T B ARG AP
8 AR il o v B B G KP i A A3 i ok R R T
Jr LA AP/KP-2" rfr KP 1Y 5 T #4473 il 0 U A4 g ik — 20
FEAIR .
3.2 APKP E & B FULFIF0 Al B84 158 14 &8
3.2.1  BRkEIE

R TR HEAS TR BR 58 B2 L i 58 4 MR 68 B 114 R o 44
{H , 8 & #4XF AP/ALL KP/ALL AP/KP-1#/Al F1 AP/
KP-2*/AL AT T A b I (E M, &5 R niEl 8 i o
[ 8 WI AL, AP AL IR B 4 H 4 11.582 M) kg™, KP
AL ERBEPAE 4 9.489 MJ-kg™', /N T AP F4 1% 2 4
{8, (H 3 1 4 BRIR A R b AP/KP-1#1 AL () B8 b A (E
HIH KP AR B2 A 5 1.982 MJ-kg™, [ELATS b AP 4%
Pe MK o I 570 78 & B i AP/KP-2FF1 AL 1% e 44
A LE AP 5 0.646 MJ-kg™, 4T J5 X AT 8 /2 &2 & A
AALFI PR E R B KP AR A S ERE, 5
AR Y511 A 1 KPRl DL (R BT 2 i) 403 & A4 S Ak ik
J RN, AR b B0 78 43, 15 R IR 22 11 A A 1
AR F G R, DT AE — 5 B B L3 R AR 9 K 56

F 1 calorific value 12.228

11.582

9487

calorific value / MJ-kg"

AP/Al KP/AI AP/KP-17/Al  APIKP-2%/Al
8 AP/Al KP/Al AP/KP-1*/AI Fl AP/KP-2*/Al iy A 58 A (i
Fig.8 Combustion calorific value of AP/Al, KP/Al, AP/KP-1*/Al
and AP/KP-2%/Al
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3.2.2 [E71-Atfial g &

R T X LA R R e S I A it E MR g Bsf ) D 1 )
FUR e F g 3 2%, Al 9% P98 k2 X AP/ALLKP/ALL
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Laser ignition combustion process of AP/Al, KP/AI,
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Table 3
Al, AP/KP-1*/Al and AP/KP-2%/Al at each stage

Laser ignition combustion duration of AP/Al, KP/

sample t,/ ms t,/ ms t,/ ms
AP/AI 0.6 7.1 363.4
KP/Al 9.4 78.2 135.8
AP/KP-1%/Al 2.7 46.1 261.4
AP/KP-2%/Al 2.2 5.1 197.2

Note: t,: ignition delay time; t,: ignition increase time; t,: ignition burning

time.
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Design, Preparation and Combustion Performance of AP/KP Compound Oxidant

LI Sheng-wei', XU Dong’, SUN Sen', ZHOU Jin-giang', WU Cheng-cheng', GUO Xue-yong'
(1. State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China; 2. Beijing Institute of Space Long
March Vehicle , Beijing 100076, China)

Abstract: In order to solve the problems of low density and effective oxygen content of the existing oxidant NH,CIO, (AP) for
mixed explosives, the oxidant KCIO, (KP) with higher density and oxygen content was compounded with AP, and the optimal
ratio of AP/KP composite oxidant was determined by Molecular Dynamics. The novel AP/KP composite oxidant with high density
and high oxygen release was prepared by physical mixing and solvent evaporation method, respectively, and its elemental com-
position, morphology, structure, composition and thermal properties were characterized by inductively coupled plasma spec-
trum generator (ICP) , scanning electron microscope (SEM) , X-ray powder diffractometer (XRD) and thermal analyzer
(DSC-TG). The results show that element and particle size distribution of the AP/KP composite oxidant prepared by solvent evap-
oration method is reasonable and uniform. The crystal form has not changed, and the crystal form is relatively complete, as
proved by XRD. The thermal decomposition peak temperature of AP and KP was decreased by 11.25 °C and 13.87 °C, respective-
ly, which was more conducive to the thermal decomposition process. In addition, the composite oxidants prepared by physical
mixing and solvent evaporation method were introduced into typical metal combustible agent Al powder, the ignition and com-
bustion properties of samples prepared by different methods with Al powder were compared and studied. The results show that
when the AP/KP composite oxidant prepared by solvent evaporation was mixed with Al powder, the combustion calorific value
reached 12.228 MJ-kg™', and the pressurization rate reached 5.21 MPa-s™'. The laser ignition test shows that the shortcomings of
slow AP combustion reaction rate and difficult KP ignition were greatly improved.

Key words: AP;KP;composite oxidizer;thermal decomposition;combustion
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