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1.1 E#

HATO, FI B K, FE S 4l KT 99% ., 1Lt
AR5 F il . AP, B AR B 4 KT 99%,
Bk 42 Dy, 290 150 pwm, PG % 3T AR A 2 BF 55 B
F il
1.2 #HAH&E

HATO+AP IR &%) : R TR # % , HATO 5
AP T HE R 7: 3 (R VA ) | 4% e FR B A HE
TE I R 3 2 % 3 SE B B A 5T

HATO-AP & & ¥« 5K FH ¥ 7 -FF ¥ 770 31 28 & 3k il
%, R4 HATO (AP 757 7] vh i A 5 8% HATO (AP $%
— 22 LA I A S 50 3 o AR R AR AR
JE AR R LR LT IR il W AR AT i, b 8 4
WA HATO-APEZ G W) . il & 52 A Wil id 75 1R K Uk
WA B AP 2 HATO i & 43 800 70.5%, £ &
G W L) SR A R — B
1.3 HREMIK

FAE BT BB (SEM) , H A H 37 A #
JSM-5800 4 4 HL BE , fn B R Ch 20 k. BB Y
(EDS) , % & 4 HE 28 @] IN-CA PENPAPETX3 RE %1, ]
IR B R =R R IR B o B2 (107 Pa) . A
H-FUE B (TG-MS) - 78 [ i 3t 23 7] 449C #4 TG-MS
B FHRMATAL IR FE B 2 mg, R = Ak A R, 30
R (P 25 mLemin™), FHEHZ 10 Kemin™, & 5
3 FEl 30~500 °C; 18 [E if 5t 2 5 QMS403 PO 4% FF it
TEAS, T BT A8 5 1 3% A R R 190 °C L 3 1 iR
J : 200 °C, M it 5 & ¥ [ : 1.0~300.0 pm, 43 #F R
<0.5 amu, K A FR>1 ng-g's

AL AR 3 0 3« i o SRR R A1 < G)B 772A-1997
J5i 6011 7 B MR KA R LT SR AT RS 10 kg,
1 25 cm, 256 50 mg; BRI R “G)B 772A-1997
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FJE 3.92 MPa, 25 i 20 mg.

SRR D SR H BT 0 B A5 K R ke
EHEAT HE OSSR PR R S TE I 2 em i
T O H R IR0 25 i 20 g, sk O SOR F 2# 65 1R AR
(NC)FI Ni-Cr g K 22 2 B 55k 2540,

R e Ik 7 R DA - 2 Bl GJB 770B-2005 J7 ¥k
703.1 %% ] & #5  5 B0r E JvR D HEAT 2 A AR
KA A B B 100 mL, 3K 50 B O R IR UK 2 B
12 g, K25 01 g NC, S KHLE 12 V.

2 FHR5WiE

2.1 RMAER

K SEM Xt JE B HATO |5k AP HATO+AP i
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Ry 2 Folr S A RSURL I BE MLTR 5 RS, 2 Rl UKL 45 G 8 R
5 M HATO-AP &2 & 9 (] 1d) 9 0L E 28 3R 8Lk 28
BRIE s i Bk, i B K DL IX 43t HATO At AP /Y
RURL . R #E— 223 Hr HATO-AP 5 4 ¥ 14 1800 2H 1
R, R EDS B AL ¥E B T 3 A5 A WOk k47 1 2% 1

c. HATO+AP mixture d.
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Fig.1 The scanning electron microscope photographs of four

HATO-AP composite

samples
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Fig.2 The test results of HATO-AP composite obtained by

energy dispersive spectroscopy

2.2 HHEE

HATO AP . HATO+AP i& & ¥ fl HATO-AP & &
Yy (LB N2 1 TR, T LA HATO B ML E&
JE K T AP, HATO+AP IR & ¥ B ML LR 5 AP 3%
A Y, M HATO-AP & & 9 19 HL AR AR TR &
B EHREAL

H A, 2 e M RHBURLZE HLAR I 28T & K ML HE— i
O B A R 2 e BB A AR Y
R RIBIBE ORL (] 48 o B 5 S 300 R AR R LA R
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78 & AR K, R KR R e A A R B A 2

Chinese Journal of Energetic Materials, Vol.31, No.2, 2023 (170-176)

T AFPEE T PR E

Table 1 Mechanical sensitivity of four samples
impact sensitivity friction sensitivity
samples 1% /%
raw HATO 16 24
raw AP 100 100
HATO+AP mixture 96 96
HATO-AP composite 56 60
B

AR ERFIS /0, HATO FI AP ¥ FRIR & )5 2
AR SR P8 15 5 JERE AR [R] B o AAODR 28 FLRE o BB I
HATO+AP IR & ¥ 0 BIL AR B 3 28 iy v 2% 3 10 AP 2
A o T3 A R R R R 4 A T S 1 HATO-AP &2
AW, HLBORL B SOV T S5 3 A SR S ERE , AL
B BT BE R e DL I X HE HATO Fi AP JURE
(R E A, T BEAEAE HATO F1 AP 3E & TR 5 ol 2 40 .4
BRI S , 25 HATO @R F0 AP ) 4 52 B 1 3
INETIOW R I 545 B35 i, &2 5 ) i AR S 4k
FHA SR G Y B, I 2 A W 0 FLAR R B A L TR
G WK IEREAR
2.3 HEANFFMESW

K FH BT 9 BRI s KR be 4 & TF J'e HATO Sz H:
AR GRS, WP 3 BT R 56 A aE o AR Ak
2 0 SRR AE AN ) K2 R Ak SRR R
PE F PR A A 0 T AR R AE A A B
P BR b I 75 H T, L3R W RE KIS 7R T Ah B 45 1 4l
BT A8 A5 WA be o6 4, B Jm 38 ok 2 T AR AT K g

1 58 114 AR T 2R SR FH K Sk R R 2 20 Y R
K PG HEAT IR AR B8 2 IR e 7 A PR R [ 44 B s
23X BRBEAL 4 10 1 W i s ), AR A 5 R R
2#NC FINi-Cr 5 K 22 20 B ok 254, s kCR 12 V
ok b FiL UL, A5 KCRE B BEAR A A NC Y TR E
R B T HATO., AP, HATO+AP & & ¥ A
HATO-AP & & W75 AN [6] 55 K 25 1 5 19 K R L ik
SRR 2 i . R 2E5 R, Lk 4 FhRE S AT
TEAR B e/ a5 K 258 (0.5 ) BT S8 R O0FfE E
BRI 5E 4, MO 15K 285 NC Y BRI 3 4 B b ) 1
KRB BN = T 1850 ), HHEATBAF By v A #¢k o
2.4 WBRIGRIENHES W

FIFH 100 mLE R A #E T HATO AP . HATO+
APIR G Y HATO-AP & & W) W B ek 1 1 K T #2
R A SRS 45 R, A 56 b 4 bR i 4 BB A% 1T E
N Lk
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a. before ignition

b. after ignition

B3 PR bR

Fig.3 The pictures of annular ignition and combustion device

R2 APIEE AL AT JAR IR 45 R

Table 2 Ignition test results of four samples

ignition dose(NC)/g threshold of energy

samples o

3 2 1 0.5 forignition/)
raw HATO Vot L+ Y Yt
raw AP Yo+ o+ o+ Vo

<1850
HATO+AP mixture V,4+ v, + v,+ +,+

HATO-AP composite v, + .4+ .+ V., +

Note:  is ignited, + is combustion self-sustained.

KRR BE E 4, iR 50 30 R % IR AR AR AR Bk b i R R
FI-BFE G R MR (p-tilh 48) , IF ik — 2B R A5 B
A5 Ak 2R B I TR] A A8 £k it 26 (dp/d et il £2) , W&l 4 B
N BRSBTS R RRE R R R R T A A I (i 5]
IR IE] R ) b T R DA R e K ) 5 A SR, b
SR T3,

XL 4 FTFE 3 1 HATO 5 AP (1 JE ) ith £k 12
B, HATO R be 1) 38 W (8 B[R] 40 R 7 W =, AP R %58
) 3k W {E B (RS e JT (B, HATO B9 H 7 I {5 24
J& AP Y 2.4 4% IR HATO BYBRBE IS 7 b Th o R By
T AP B R B HATO BB be ORI B 38 = T
AP, AP [y dp/de-t i £ (& 4b) 52 B XLl B 42, 36 3

CHINESE JOURNAL OF ENERGETIC MATERIALS

200

i
160 — HATQ+AP
—— HATO-AP

120

p/MPa

80-

400

0.00 0.04 0.08 012 0.16
t/'s

a. p-tcurves

600000
— HATO
500000 — AP
. —— HATO+AP

400000F ' —— HATO-AP
300000F
200000F

100000} J

0

0.00 0.02 0.04 0.06 0.08
t/'s

b. dp/dt-tcurves
B4 4FPRE G BORRBE IR Oy il 2

Fig.4 Combustion pressure curves of four samples
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XFo B 4 %k 3 HATO+AP H & W1 5
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Yy 1) . 3 Vg (B A B R D) WA B ] R AR 5 HATO 4b
THARIK S B B ML T HATO #1 AP Z ],
Horp dp/de-t fiT 42 (& 4b) IF A H 3B L4, HATO+
AP IR A W) K b b e T ELA BN HATO B R¢ 1
AP IR A W 1 35 2 H g U {E B R] A8 K, He g 0 A
%5 1 HATO-AP & 4 ¥ 11 3k 31 He 7 W {8 B H] B8R 5
HATO M [l , (05 & 9 (1 6 J7 16 {8t HATO /17
17.3%, Z B HATO-AP Z A WTHBR T AP 1Y X e [
IO 14 AN 1) 5 )

2k L iR  HATO 5 AP il i ] Fr g BRIR &, H%
PV RE S 2 FhE A B HATO (AP BRI 8 2 B —
FE I IR TR A 0 W K be i 07 W RN D B T TR
I T HATO, i T HATO+AP IR & ¥ o HATO 5 [t
70% , PR TR & 0 1 A b 1 B B i 230 F HAT O 5 1 SR
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Table 3 Combustion pressure parameters of four samples

samples peak pressure /MPa  peak arrival time /ms pressurization rate /MPa-s™' maximum rate of pressurization /MPa+s™'
raw HATO 164.2 0.7 234.6x10° 381.8x10°
, , 2.261x10°
raw AP (bimodal) 67.4 108.3 0.622%10 s
3.684%10°
HATO+AP mixture 154.1 2.6 59.27%10° 233.7%10°
HATO-AP composite  192.6 0.7 275.1x10° 573.0x10°
U T Y FLIR & S EU AP SHABE I B AR, BFHATO AP BRI SN 4

7] BF &2 45 0 A IR 58 s WA R D7 1 T %6 L HATO
HE L, RUHATO 5 AP & & 5 HAT L 2 F 5k HA-
TO AP B A BBt fiE . 45 & &1 v A TRl B R AY Bk
W45 F AT 43 B, A T HATO 5 AP S K B0RE 1 1 42
BAGELER-AEER B SRR E S, —
ERRBE A T HATO 5 AP UL 25 & IR 2 | g g fii
HATO 5 AP 7£ B /N B A 00 R BE | 2 fily, 8588 1 41 4
[E1) P9 AF AR FE A W9 4L i) 1 e sz o7 i 36 T 2% 1,
4 0T BE AR SR TP 2 TR RN T R, PR O
HATO-AP & & ) Ji& 30t 55 P i R e s 1o A P
2.5 HATO-AP E &1 & Bz 51 53 #f

H T B0 5EIE HATO-AP & 495 HATO
FAP Z 8] 52 I [ A2 1 5% W, R F TG-MS B 4 R
AR T T HATO . HATO+AP IR & % \HATO-AP
2RSSR, TR E RS 10 Kemin™, #4
Hwor A&k an & 5 s . K 5 AT LUA H, HATO+AP
TR G W 1 Jo a4 2R D AR AR 5 AP B AR AL, 5T 4 2R
KB R 2 A By B, BT i 408 2R 4 00 o 44.1%
55.8%; HATO-AP E &% 5 2 F 5 # ¥ HATO AP iy
JoT e A5 Kk D RS AN TR] o A G B I 0 3 N B B,
T AR RN 12.8%,72.1% F113.8% ., 45 H %
B, HATO-AP & &Y YAt i FE 5 HATO+APIR &
WIAFAE B R X5, 26 W0 04 43 ik 1 R A, 91 Al 2 F s A
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Fig.5 TG curves of four samples heated at a heating rate of
10 Kemin™
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&l 6 1) J 1% 46 5 B, HATO i 1y il S AR 7= ) 3= 5
A NH,.H,O0.HCN.N,.NO.N,0(CO,) .NO,; HA-
TO+AP IR & W) 09 #43 fif SAR ) £ %A NH,  H,O .
HCN.N,.NO ,N,0(CO,) ; HATO-AP & & ¥ i) #4 4>
i AR =) E A NH,,H,O0,HCN,NO,N,0(CO,),
NO,. MIEH LS, HATO-AP & 49 iy 40 it <Ak
FE IR RS N, T HATO FI HATO+AP IR & W1 Y
A it AR W) b A N, #E— PR ] HATO-AP &
G WAH IR A P A R D R R AR R AR L i — 25
Xt kb &l 6b 1l 6c, Mt T HATO+AP 1R & #1
HATO-AP & 4 W1 18 43 1% 7 %) vh NH, . HCN L4 &% NO
(485 F 4 ik B AR A A B B, UL B 7E & A A1 T HA-
TO Fil AP 43 F AN P2 0l Sy 43 fife T 2 4 ) 40 B RO
A3 F N JCE ] (8 B = AR B NH, .(HCN NO
g H LT NO,, MATHEN, HATO 5 AP & & 848
T RRE I S5 SN P R

ZEA R B HATO+AP IR A ) Fl HATO-AP &
B I AR i 2o R TR B TR R L R FH I AR -l 7
FEE A HATO 5 APE G5, LI T 2 Fpbt BHE T
AN BIOW R BE b R A B2 i, o HATO 5 AP Z [R] Pt 3
R EEAE T A R SR E . TEANARE EL T L HATO-AP
HAEYH HATO 5 AP W 43 7 4 ) F & 4 ) 1, 1
Ik HATO 5 AP Bl 43 it J5 7= ) 22 18] 34T — R I,
A B RN JT % T B B O AR R NH,
HCN NO 5 # HB NO,, 1Ml & I it P2 AR FAT N, A B
HATO-AP &Z & W H % 1 5 A EL HATO #l AP 58 4
AN TR B 2 A, S R B e s i — B e T E A
VIR BRbe FE 7 W (BN R ) b TR X TR A MR
BR e 52N R ) AR T R R o TRt
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Fig.6 Mass spectra of thermal decomposition gaseous products

i — 7 5t JBE B2 W AR B D R, T RERE— B X
FHRHA B8 s 1 R 17 R R T
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(1) R FH ¥ 790 - 5 790 32 485 & 1 1 45 19 HATO-AP
B AW R BEAEAE HATO AT AP L & TR sl & M |
A7 5 0, L AROUL TR 300 0 A IX 4 HE HATO AP Y
i R UK i HATO-AP & & W) 19 HL R SR M L
HATO+AP & G 1) K IR R ARG , 48 4E 26 B 96% [ AR 3
60% UL T,

(2) 78 Fr A5 B b 35 BB 4% T 5 a3k 0k e 5 4= 1 i
$ET L HATO B BA B i g 0 AR AN T g 1 T 3 A6 1 07 vy
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T AP, HATO+AP IR 5 W) 52 AP 5% ) 3 BUR KR 5 7 6
(B R R F7 1 T 3R KR B AIG, 1 HATO-AP B &9
RS T I HATO 3 T 17.3%

(3)HATO-APE AW S8 T 2 FhobA 72 B /N i
WREE bR A AN A RRRM AT . E6W T
HATO 5 AP W 43 ¥ 17 3 B 4% = 1, 1 Jf 4 HATO
55 AP BN Gy it 5 7 ) 2Z () EAT AR RO S ) R e
N JC 2 7] 58 1 #2302 AE B NH, (HCN (NO 23 H
B NO,, 1M 50 it BEAS FEA N, A
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Ignition and Combustion Characteristics of HATO-AP Composite

FENG Bo, FENG Xiao-jun, ZHANG Kun, XUE Le-xing, PAN Wen, TAO Jun, WANG Xiao-feng

(Xi"an Modern Chemistry Research Institute, Xi'an 710065, China)

Abstract: The mixture and composite of dihydroxylammonium-5, 5'-bistetrazole-1, 1’-diolate (HATO) and ammonium perchlo-
rate (AP) were prepared by dry-mixing and solvent-nonsolvent recrystallization, respectively. The microstructure and mechani-
cal sensitivity of HATO, AP, HATO+AP mixture and HATO-AP composite were analyzed by scanning electron microscope
(SEM) and military standard methods, and the ignition and combustion pressure characteristics of four materials mentioned
above were also compared experimentally. In addition, the reaction characteristics of HATO-AP composite was discussed based
on the thermogravimetry-mass spectrometry (TG-MS) results. Results show that HATO and AP may be cocrystal, crystal mixed
or coated with each other in HATO-AP composite, which makes the mechanical sensitivity of HATO-AP composite significantly
lower than that of HATO+AP mixture. The peak of combustion pressure and pressurization rate of HATO are much higher than
that of AP. The HATO-AP composite can eliminate the adverse effects of AP in combustion property, and increase the peak of
combustion pressure by 17.3% compared with raw. Because of the intimate contact between HATO and AP on a smaller micro-
scopic scale in the composite, this allows these two molecules to react directly. The N element may directly react to form NH,,
HCN, NO or other NO_ instead of N, in the reaction process. The changes in reaction mechanism may make a difference on
combustion pressure characteristics of HATO-AP composite.

Key words: dihydroxylammonium-5,5 -bistetrazole-1,1'-diolate(HATO) ; composite ; combustion ; reaction mechanism ;recrystal-
lization
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