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Abstract

In order to improve the thermal stability of the complex, the micro-nano ammonium perchlorate
(AP)/cyclo-tetramethylene-tetranitramine (HMX) composite energetic material was prepared by
ultrasonic-assisted solvent-non-solvent recrystallization method, with acetone as solvent, n-butanol
and propylene glycol as additives, and ethyl acetate as non-solvent, and its thermal decomposition
properties were systematically investigated. The morphology, structure and composition of the
crystals were characterized by SEM, PXRD, and FTIR, and the thermal analysis kinetic parameters
and the synchronous thermal decomposition products were analyzed by TG-DSC and DSC-TG-IR.
The results show that the crystal particle size of AP/HMX composite is less than 10 pm with ellip-
soid-like morphology; The TG-DSC and DSC-IR analyses show that, the set on temperature of the
first decomposition of AP/HMX complex is 283.8°C with the peak temperature of 294.5°C and the
loss rate of about 25%; In the range of 280°C to 400°C, the infrared absorption curve of the decom-
position product CO; shows the same change pattern as the one of N,0O, indicating that the decom-
position of HMX in the complex occurs synchronously with the decomposition of AP. The thermal
analysis Kkinetics results show that the apparent activation energy of the first decomposition of
AP/HMX complex is 106.38 kJ-mol-1, which is 2.94 kJ-mol-! higher than AP, indicating improved
stability of AP in AP/HMX complex; the calculated heat explosion critical temperature Ty is 260.6°C,
which is 28.8°C lower than AP and 4.9°C higher than HMX. The prepared AP/HMX complex has a
good thermal stability.
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1. 5]

o R (AP) AT BEL T FE A (PR VU 0 FF SE DU A e,  HMIX) S B A LA 770 () S L e Ay, R S AT
FE T AR R e B RFTIRE I B A — e FEFERIEmA[1] [2] [3] NEPE fiRe A HESE
FH HMX 5 AP i ik il e 386 58 SR kAL 25 77 52 &, JLAE I TSR A7 1E R AP (G IR (90 C) W18 4
fif 7= NHa HCI1O, %175 5 HMX 7 KR B 32 R [4] [5] [6], & &40 43 AR IELRE vT LASRE AT 28 220°C~240°C
Z (8], RIS 2R L GAP SAPREZE I HMX S & [ A 3k 77 b A SRS B[ 7] 9 L T A
EHITER AL A VR 1) 22 S T U S AP AR IR AT S A SIS L, B gk R ke As e ks KA
£ BE4H 318 NEPE HEHEF (R be bk Atk LU 58] Alla N. Pivkina Z:[9]WF 7t T LATCK 2% AP ki .78 HMX
1) HMX/AP S& W #daEth, Feahh AP )25/ 10 pm, ZRBHILFHIZMEEW LR AP &
BEEK, AR a4 HMX B REERT: 24 HMXIAP E 44179 HMX & & 40% < Chux < 90%H,
AR FRAVER DU — NG, ORI TIE N 216°C <To<232°C, 7 ffRERE—H K
MEHERT. R, 75ZEGE HMX R AP 6775, AR mfdt R ge 0 [F) i, $2 m Hedhve e Mk loe
KR

B T B I RG S IR S5 B A A, SLTTE 2 R R R SEUAS R P 5 38 51 52 6 (1 R IF 845 . Liao

Tk
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Ning Z5[10] BABR SN RIEHR] . xARKEE A RIER], @RI REA S, S dyiie i 26 &
HMX/AP/EP(& REREE ) S AW 7T T Ha g, S5 BRI &N E MRS R EZN T 220C
~260°CZI0], 7RI HMX F1 AP KIBHERT, 7l RiEEe s . B 70 i o 8R4 7 48 1) = ot
DUEMR R, WIDREE I 286 HMX R AP EHTIE B BA, FHEwkig, FrHA RIEFNIRSEA KL 1)
R )E . Sherif Elbasuney Z£[11]3R VR G A RIFIA R - T4 HMXIAP JL[E 25 574, HH SEM 45
RAE R RERGE R, RORIERIETTE 237°C, BB —A 71 HMX F1 AP KiE
$erm, PO RERERIR N R, DL R iRIE LS AR T & A HMX 5 AP TE R il o R Hh R A EL AR R4
F, #or iR  RIRER AT T 50°C A A . A4, A KA AT BeH & —Fh o fRIE IR AT AT HMXIAP 54
W ? ABLBATREAT T R EFIGAE R HMXIAP JE A 25 /L pive et , DA & — Fhitie e e m i)
HMX/AP &9,

MWy R AR S R UTUE BUE R 4 S, E e TR A RIFMEFENA A HMX ¥ T R AR
(DMSO0), 7£ N, N-—HIEHELZ(DMF). WEHH —E R, Mg T LR OB MR, T
KFE, BESE . AP I T/KAIEZ . DMSO, TENEAFI/N Gy FRERHE — BB/, MIET Ol LR
LBE. R, BRI, B DMSO X HMX 1 AP [l B2 #9EH# K, 20°C~25°C, WA 50 g Zifi. fHIR
IHESLER R I DMSO 5 HMX 1 AP #8 5, 4= B A, fELLIECEE . LHBEA 4R QB AR R f
FH 8 75 % Bh E 45 AR AR VR I 5 2 SORSARAR D, DR At ) ARV B SR AR w1 7ESRIG SRS, 20°C,
AP TETE AR T IRE AR L2078 0.13 9/(10 mL); HMX 7E A B VA R FE 208 0.22 g/(10 mL).  [RIE #7 I Ji
¢ DMSO, ik 5 H e AR E R AREA HMX FT AP (LA RS H5E, RFE %
S 2R 2B ARV, T LR B FIVEH O AP /N> TR IE T BEAN R =R 45 b7, SR iR i
3 HMX/AP L [E] 25 S =) 1) s AR T3

BT UL L, ARSCLAAE N HMX F1 AP 3L [EEFR, 1E T BEA =REABR, OB Ol RARER, 1
PR B R [12] [ A - AR s g ok = 45 5 il &gk APIHMX A& Red kL. il id SEM,
PXRD. FTIR Xf dif&HIESN . Gt AL gt AT 1 3R AE, FIH TG-DSC 1 DSC-TG-IR X HHAa € 1 247 55
M, BT HRSW N 15 S H RIS R =) .

2. SCIOERSY
2.1, RS

HMX, #O6k TR AP, WAL T TIERAF; ZBRLFE. Wl CRE. HFE. 7=,
IE T EESE N i e, BB L TR .

Tensor27 BUH AR LT AN TEAY, 8 E A& o H A AR, EVO18 B T B, 1EHE
AR AF] ;s STA449 F5 Jupiter 24 2 /R A4 B # W (DSC-TG), STA449 F5-Tensor27 & - 2Lk H [A]
S HTA(DSC-TG-IR), 4 [ i 3t A 245 1) 12 A PR A &1 s TD-3500 B4 X SFFLRATHL, FHARBIARHE A R

AP
2.2. SERFE

2.2.1. WK APIHMX S &S REM B EIS R EHI&

R - ARIEFTREE LS, RBURINE. ARG AT, 35°C/KM, KRy 1:1 11 AP Al
HMX HERFR & #0 T — E R AP E I — € S BRI (IR T B 3 =), 58 29 il Jm 48 5588 75 20 min;
SR ST 38R 1% HMXIAP Y305 5 2 A IRV I — € B QR CFETh, 4k A k% 10 min, B,
ORI YEH (5 mLx3) (i B O ANRETS 7070 I, AN pE I 98) . AT, SRAFHLEEE ST
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NPRL APIHMX B &S ReM Bl 548 F AR [F]K) 7y A0 464 % HMX R AP 43 551 347 B8 45 s 1) 46 75 3] 22 4%
& HMX £ AP,

2.2.2. HMX/AP E& &8 BB RAE

K EVO18 UL 2 494 v AR (SEM)XTRE it I RO TR Sk AT 8%, I8 SE: 3 nm, 1E
EETSER; BSE: 4 nm, fEMRESHA. K Tensor27 FLH 37 H AR B 21 4 A (FTIR) A RE S (I £ 40
WAL HEAT 43 M, KGR 4E KBr J£ 4, St i 145t 1l 450~4000 cm™, 43 #¥ R4 T 4 cm ™. 2K Ji] TD-3500
B X S AT A (PXRD)FAT dt AR 5 1 70 i, B R HIE: 50 kV, HCORE N 20 mA, 20 AT
Fil: 0.5°~170°, K Fl NETZSCH TA 449 F5 Jupiter 422 /R4l & # (DSC-TG) X Ff & (1 4 H: BEEAT 04T,
THE#EZE A 5 Krmin, 10 Kr-mint, 15 K'min™*. 20 K-min™, JHEJEHE 30°C~500°C, &<, #HiHH. X
F NETZSCH STA 449F5 #¢-Tensor 27 B ALK A [F) 25 7473 Hr A (DSC-TG-IR) % HMX/AP & &) 7E FHiR 2%
PET B ERP=EAT M, THESE AR 10 Kemin?, JHEIEH 25°C~550°C, @<, =%4L 40N,

3. &R5ve
3.1. HMX/AP E &I RAE

3.1.1. SEM

XF PTG FE A AT SEM NS R AN 1 Pron. & 1(a) v EEE 5 HMX (RS, TEH, HMX
AR R ZONRIAR/N T 20 um DT AR. [ 1(b) N E LS AP ISR TES, BRI IET5 . KITBAEE
B, @UARARNT 10 um. HEE5E HMX R AP 1R RITES#E G R T, SIS @ik R AP Al
HMX AR >, TREA AT &AL R E A, 18 1(c) NIt 4S5 APHMX B &I f RT3,
UKL R RHEERTE, R SO GBI, ROEE 24 LA gk B LRCK, RSPk . HMXIAP &
RIS RS EARRTESUAR L, ZSIRK, W] HMXIAP SEE 4SS S RE T AP Al HMX

10 pm EHT = 15.00 kV Signal A =SE1 Date :21 May 2021
WD =14.5 mm Mag =5.00 KX Time :10:17:51
(a) HMX
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Signal A =SE1 Date :21 May 2021
Mag =5.00 K X Time :10:22:18

(b) AP

2 um EHT =15.00 kv Signal A =SE1 Date :21 May 2021
l—i WD =14.0 mm Mag =10.00 K X Time :10:25:08

(c) HMX/AP composite

Figure 1. SEM images of crystals from recrystallization
1. EFmEFRRMERE

3.1.2. FTIR
Xt 45 HMX. AP HMX/AP & 441 & HMX/AP ¥ #IR A Y3E47 FTIR MK, 4538 aE 2 Fis.
MIE 2 W, 78 AP K IR W, §3143.8 cmt. 81400.2 cm ™ [IFIANIE Ny NH FIAH 45 4% 50 W i e
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§1085.0 cm ™'\ §628.8 cm {1 AN Ay CIO, (¥ 45 Zh IR UL . 7E HMX 1 IR B+, §3033.8 em s
31394.4 cm™*. 437.5cm ™ A N 24 J\JC 3k _E-CH- I 4 4R sh W i, §1564.2 cm™ . §1283.6 cm ™! y-NO,
R4 R BRI I, 81141.8 em ™ N 2% J\JC3K _E-C-N-fiRBhIE . HMX 5 AP KL AR IS4 £ 4k
WA AL B PT A . AT LA, HMX/AP YRR A V) FIRE %y AP FI HMX &% H 70 T H g

FIRFE R IS, 1t B EEIR S 90F . AP R HMX £ &4 FIRIFKAHEAEH . HMXIAP E4 Y1 IR
W, §3128.5 cm ™ A NH; FIHZE RSN IS ; §1400.7 cm ™ XF B AP i CIO, 18 45 41k ) i Wk g i
{EL UG TRy pe B B — 0 0 T AR B FL 2% B B R IR A, B HMX H—NO, 14 45 41k 31 R WA BT 28 7E 63031
cm™t. 415.0 em P ARFELE HMX 3R _E-CHo- R4 IR 0 R b . FRETAM BRI, &40 HMX 1)

HMX/AP phys.mixture

947.0 7618

1402.2
3134.1

HMX/AP composite

3128.5 3031.0

HMX crystals

yars

AP crystals

absorbance

3143.8

1137.8

4000 3500 3000 2500 2000 1500 1000 500

-1
wavenumber/cm

Figure 2. Infrared spectra of AP, HMX, AP/HMX physical mixture and AP/HMX composite
&l 2. AP, HMX. AP/HMX ¥BER&H¥5 APIHMX E &IV SMEE]

3.1.3. X-B 175 53 (PXRD)

KRR A X LA S RE S AT IR0 [14] [45], &5 Rl 3 fon. ME 3 aTLAE H: 1) 54l AP
AT HMX FIRHEVE(E AR LLE, APHMX I3RS YIRS S AP Al HMX BIRHEIEE A E &, UL
MR AN AP Il HMX FiRl AR EIR & . 2) 78 APIHMX E&YINEHEWEF, KEZHIEM 5 AP )
FRIE VR IE AR —5, W R AR AP N & &5y HAEIELL 20 O 40.510° 40 BL T Hri%, I HAE
20 4 14.742°. 16.012°, 20.323° %54 HMX [RHFAEIETH 2%, 1€ 20 Jy 47.128°, 49.802° 4k AP [RAHFAEIETH 2K ;
A, AR 2 HUE NGRS AP A HMX ANE], oA i b il A2 T B AR Ak AR A B A7 5
Ji R, U B R R AR A AR K T R AR T AR, RORTREAE K TR ISR, PR T S A
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Figure 3. PXRD patterns of AP, HMX, AP/HMX physical mixture and AP/HMX composite
3. AP, HMX. AP/HMX HIHR &S APIHMX E & 48 XRD &E

3.2. HMX/AP E& S 8EM RIS

3.2.1.DSC

WIHT AR PUASFE 5 i DSC Bk an & 4 froR . I 4 /T 2 1) E 455 HMX ) DSC #h 4k I, 279.8°C
H HMX (P06 Rl #idg, 283.7°C 2 HMX (18 Z4 73 A TRC el , TR s 2) EE45 4% AP ) DSC Hf
2 b, 243.2°C %R IE, 313.6°CoH AP R 7 MR IS g, 411.4°CoN AP IS 7 iRl kg, R
A U2 A TN R, PRAS TR AW BRI B FEAEOR, T BH AP 2 304y R U218 9T
HFTB IR =K -3) 75 AP/HMX [FHLIIE A4 DSC i £k 71, 189.6 'C A HMX [ 5% & e #4Ug , 244.2°C
N AP [ I 7E 221.3°C Al 247.7°C N HMX 52 AP I 45 o o 400 5 1 1T B2 11 0 e FFAD TS0 0
280.9°C N HMX T 73 i s A0, BTS2 117 20 A TR B A RRRE I 7 HIMIX 78 I8 ik 1 1) 18 4 il £ HMIX
T G s R A A B T 4 B B A iR, sl HMX BRI RT T 3.7°C; #E 300°C~450°C N AP
(5, 5 HMX ISFAIEAREE , AP FRMIGHR 70 fif TS A R SR 20 A TR AR AR T 9, X2 T AP
HI o R RS . AR D . FUBIR A Y AP 5 HMX [ R0k 2 1817 52 AR A fE M ELAE T . AP
SRR NH3. HCIO, A1 CIO; I EAL /N T HMX [ISALIG L RE, T LA/E AP 5 HMX I ER &4,
B AP Jedr i . FAr =t HMX 153 il AN R R BE I 520, NHg W] DU B 72 HMX R 1 I 5 2 %
R, NHa FEJE T2 HMX G50 s ORI R, T2 0 A I BB iR T HMX R0 AR
R, SECHMX 850 H HMX 5= 41 NO, 5 NH OB K E I, Mt —5 ik T
HMX [f143fif; CIO3 A1l OH XF HMX [ 40 52 AN K, OH 1] LLF#AE HMX 1) N-NO, $ i B3 g, HMX
) N-NO, ¥IUE i B 58 5y kAo AR, HMX 25t AP fI =45, Har =4 NO, F1 N,O £ 1E
AP [ i 2 R R AL AE L, A AP 2 ARG IR A% . Tnitt, AP 5 HMX TEZ TN IIM BEAER, TRk
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“CEBIEZ)” RN[9] [16] [17] [18]. 4) APIHMX &%) DSC ik I, 248.0°C N AP e il #iig, 5

H4G G AP ARLL, #2757 4.8°C, L APIHMX HLIRIR &948¢ 5 1 3.8°C, UHIER G4+ AP St e ;
1E 294.5°CHI 7 fRTHRIE, HEZL S HMX ML, EEE® . AR, [FEHLEL S AP 1R
R IR TR . W AR AR AR L GREIE N, I ELkig Sy — i, R OE BT 04N HMX R AP [ 3
A 7 fR T A s #E 350°C~450°C 2 IHA 4 A WLAIISHIE, S APHMX [ sl i o il i A . M\
APHMX E 515 APHMX PIEER A Y1) DSC #i£8 %t L rl %0, 249 K H B HMX 3R T 7 i A&
JEI o3 A, AR B ML TR &

313.6 411.4
AP crystals b et
243.2

~ 294.5 3574 420.1
"on |AP/HMX composite
s
= 2480
g
= 283.7
=
= | HMX crystals
S| —

AP/HMX phys.mixturei

' l 1
100 200 300 400 500

temperature/°C

Figure 4. DSC curves of AP, HMX, AP/HMX physical mixture and AP/HMX composite
E 4. AP, HMX. APHMX HIHIE &S APIHMX E& & 8EMFIH) DSC fhZk

3.2.2. TG-DTG

P 5 N THEEZE 10 Kemin i, BER PU/MREAH ) TG.DTG 2k B VE4H Ak R FIHVK B E % (DTG)
By T35 1.

LEEAMTIEI B A 1, T RAE e 1) 4 HMX 7 274°CTF 1840 fif 2 T, 1840 fif 2 TE %2 4 7.85%, 279.8°C
~291.8°CARIRE, KREZXN 83.43%. 2) AP FERICANMBIAE, FHRENXIE N 3000C~500C, 1
302.5°C~341.2°C /& AP fIRil 7 I R B4 0k, SR04 10.32%, 7 358.0°C~418.5°C X [ A AP i 43 fif
Frr=tE iR, KREZFRN 68.96%, 7E 302.5°CZ Al MPA TR E X 2 (B HAFELEMERLE, Jil] AP
FFe . 3) APIHMX HIMIR G7E 213 CHIGRIG IR LH, FERE XN 210°C~420°C, FA#ENY
ANEG I R 2R E X [A], 213.6°'C~225.3°C fl 225.3°C~253.0°C A HMX 7 AP W14 53 i = s i (13 Rl 20,
RERLN 12.39%, IRJE HMX A8k 2 2R, SRR E R AELE 272°C~295°C, JE429 AP i)
B AR R, R EERENE, T2 HMX @Y, KE X L7 420°CHEARE
g, thai AP A —ERRERIEAT. 4) APIHMX E6 Y EERIAPA K E X, 283.8°C~312.5TC AP
REX, KEZX 24.91%, F KM EREZEK 20.52% min *, 5 AP FMRIEMEX 2, )8R HMX-AP
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FESRAE, FHST—NEIENME, SRIGTE 349.1°C~422.5°C KA E, EE 78.76%, i KAHNTH

S FEHE 23.08% mint,

M7, APIHMX LA 4 5 2 Sk & L AP fI APIHMX HLIRTR SR aG SR L 40k SRR,
WHHE SV e E. A REER ., SRR BERENR, I HRNEAETYEREESY . [F
254 IR PXRD. DSC-TG 4r#r&i i, RPEE S HMX nlaew AP L2, MIIfETS HMX 117 fif

W 55 AP IR 2 & 97, JF B HMX 5 AP (B R - i AE LA E T AP IR & i 20 AR F2 AT

283.8
100 | L
358.0
- 349.1
X 50
wa
w
<
=
—— AP crystals .
—— HMX crystals
0 b —— AP/HMXphys.mixture 422.5

—— AP/HMX composite

2914 381.0
| 1 | L 1 L | L L
0 100 200 300 400 500
temperature/°C
(@) TG curves
HMX crystals L2918
213 2740 284.0
253.0
AP/HMX phys.mixt:n& L2924
\O r-
3 AP/HMX te nl3) 2812
2] composite 2253 2720
Bl 7
2
=t
Q
e
295.8
AP crystals
0 100 200 300 400 500

temperature/°C
(b) DTG curves

Figure 5. TG and DTG curves of samples
B 5. #&H TG 71 DTG gk
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Table 1. TG-DTG information of the samples
=1 MR TG-DTG iR

Samples temperature zone/°C thermal weight loss velocity(DTG)/(%-min) thermal weight loss rate/%

0~200.0 —-0.09~-0.78 6.73

200.07302.5 -0.20~-1.71 2.87

302.5~341.2 -1.71~-3.50 10.32

AP 341.27358.0 -1.98~-2.86 3.97
358.07418.5 —2.86~-18.07 68.96

418.5~500.0 —0.65~-1.72 7.15

0~200.0 —0.01~-0.13 6.67

200.0~279.8 -0.01~-0.93 7.85

HMX

279.8~291.4 —-3.04~-13.17 83.43

291.4~500.0 —0.01~-0.99 2.05

0~200.0 -1.14~-1.35 0.03

200.0~283.8 0.00~-5.35 0.27

283.8~312.5 —5.35~-20.52 2491

HMX/AP composite

312.5~349.1 —1.80~-5.35 5.56

349.1~422.5 —4.77~-23.08 68.76

422.5~500.0 -0.11~-8.78 0.47

0~200.0 0.00~-0.08 3.23

200.0~213.6 —0.01~-0.08 0.42

213.6~225.3 —-0.01~-0.55 4.17

225.3~253.0 —-0.08~-0.97 8.22

AP/HMX physical mixture

253.0~295.5 —0.45~-7.36 48.26

295.5~310.9 —-0.10~-0.30 2.78

310.9~381.0 -0.30~-0.75 31.22

381.0~500.0 -0.03~0.17 1.43

3.2.3. #TIRENHE(19]

1) RWIEILRE Ea

i DSC /AT BIRE S TEA A FHEE R B R INF I - iR bdl, SR S 4% (Kissinger)v& THHURE i (1)
POMREN SR (BFE RO RIELRE Bay FRATIN T A)o LT ZLRAKIE A T,  #o it ih 28 (iR
JE A P SR SR P R B FEIN A o A S N — MG n RS, KSR A P e R 2R 8 1 B R
BB FRAT KRR

B _n[AR)__E
In_rp2 _In( = j @

XA, pABERITHER S, Kmin™; T, ATFHRER g PG MRIEE, K A NIRRT, min' E AR
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Table 2. Thermal analysis kinetic parameters of the samples®

® 2. HRIASHESHhESHK®

heating rate pre-exponential apparent activation linearly dependent

Samples BIK-min! Te/K factor A/st energy Ea/kJ-mol ! coefficient To/"C
5 558.25
10 573.35
AP 1.62 x 107 103.44 0.99 289.4
15 583.95
20 592.05
5 552.15
10 556.85
HMX 9.00 x 10°% 400.22 0.99 255.7
15 559.05
20 560.95
5 551.25
o 10 554.05
p?fg’a' g"ﬁ‘tM“;‘z 9.53 x 10 535.37 0.99 279.9
0 an 15 556.35
20 557.65
5 550.35
: 10 567.65
ﬁ‘P/ HMX Cortposite 423 x 107 106.38 0.98 260.6
y CO-Crystallization 15 573.85
20 582.85

(@ BFEM ) T 20 AHLE « AP IIMKIR S 0, HMX (73 fifide, AP/HMX HLIRTR &4 HMX 1) 32 2253 i, APIHMX
AV RIR > fif i, )

2) HIRVEWE FHRE T, [19]

S DU P RE S 7E FHEEZ N 5 Kemin™, 10 K'min™, 15 K-min™, 20 K-min™ ] DSC sz $dEAE N
~(2).

T, =Ty +bB +cpi+dp’ (2)

K pONTFHEIE S T M RFHRIEZR N B B fRIEIR, SR B—0 ISP Too BIME, FRRF Too A
IR FHRE Ty ARG 3), K1E Tyo

E. —E?—4E_RT
Tb _ a a a p0 (3)

2R

E., AEMIEILRE, Jmol™?; R NA4ER %, 8.314 Jmol MK, iHELEHRWNZE 2 i, ATULEH, T,
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3.2.4. DSC-IR 43#f
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SRR A EE A NoOL CH0. CO,. Hy0 [13], At CH0. CO, N ERRIL G, T
C Sk H HMX, NyO N HMX Fl AP fFLFEAS AR =40, M 6(b)Ai(c) I & H, N,O Hil CO, 7 AT i it 2
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Figure 6. Graphs of the synchronous DSC-IR analysis of the HMX/AP composite
6. HMX/AP £ &¥I89[E 2 DSC-IR 5347

4. Z5ig
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