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JE RPN M AT BT . 1,3, 3- S A AR T e
(TNAZ) J& —Fp Pk GE O 4 1% DU o0 0 2% PR 45 44 19 75 g 1L
YL EREE N 101~103 C, M a et R, il 5%
T BB MBI AR LI 4, A A5 1 R AP K B
200 TNAZ 5 DNAN il 5 i 3 s 4, 2 8 — %
FE TG B i 1K L 0 0 B 05 SRR AR, LA o £ A L AU
M PERE . Song "™ 4K TNAZ 5 1-H1 3£-3,4,5-=
T HE Nk s (MTNP) i 5 R AR SR 9, & 9 TNAZ 7] —
FEFREE EHE R MTNP (AR EPERE . K TNAZ 55 TNBA
il B B I S I 0 T A R AR SRR KE 2 1 0 A 4R
FAE T ATE, JF H TNAZ o] 2 55 TNBA Y BE P fE , £
TNBA/TNAZ fe I 65 1 12 e e Blsk iy 20K .

R T 55 7 T R S i RS IR R
IR FRL AT 5 55— B I /INTRTR , /N V0T 5 s R ik
BF 5 500 45 22, AR A5 g 2k 4 R 3 AT 46 e AR R K AR
AT IR 1 A0 R ARORE . R e [ TR PR A R AR T %
T oA Y SR DR UE T R AR TR )R BE A 2 S M
1% 55 1) 1l 2% S BB AR L4 W 1 J il v T N 2R A 24
TN AFAE 2 A Rk o T o i R e 55 R & 1 B
AR A 2y 2o T sl e fin A R T LA % 1) RE OB AR
RE A, AR NI TE TNBA/TNAZ 5 i 345 9 11
HH M BT, SR LIS 55 vkl A T ALl 110,
9:1.8:2.7:3.6:4.5:5.4:6.,3:7.2:8.1:9.0:1
TNBA/TNAZ RS ¥, iR 48 IR I 05 0 19 DSC it 42
T T-XAME S H-X A B B2 T TNBA/TNAZ i
gy i o it bE OF R A L B (SEM) JRE B 06
i (EDS) X 5F 2 by R A7 5t (XRD) (LT AMGE (IR) (X S
Lot HL T AE TS (XPS) \DSC  FRE - i X FH (TG-MS) |
K253 56 7 ¥R B S T A O vk 6 B I S A
TS ALy EE A RO AP BE  PILBIUER B | BRUEREE DL R
PR VERE AT A ST o

1 SLIGE 4

1.1 RXFNEE

TNBA (4 i 98%) , S5 5 % A il 5 TNAZ (4l £
98% ), P9 I ARALZA W58 T 5 DN L, Tl 85 43 A 4 5 R e
i o al; B L s oK

Z R I (DSC) ,DSC-60, H A I H A #
B 7 2 6085 (SEM) |, 5 78 TESCAN MIRA LMS, %8
B ED AR A e & 6B L (EDS) ,
Xplore, 9 [5 4= HEAL A W 5 8 ROR AR 6351, U3000,
FEE R R BB A A X G AT L (XRD) , Empyre-
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an, faf = M FFA w5 205063 L (IR) , Nicolet iS20,
FEB R BHEL A A s XL F BB IS AL (XPS) | ES-
CALAB 250Xl , F& 8k © /R Bh 42 28 ] 5 #4533 36
L (TG-MS),STA 499 F3-QMS 403 C, & [ ffit 4 1% £
N R SR AN, ETT-V-2, 101 B WF R A BR 2
A s fE o R A, WL, B T N FH 4 3 Ak 2 A0 5 T 5
PR AL, WM, B VG 7 FH 49 B8 Ak 27 BF 53

1.2 TNBA/TNAZ KB H I #l &

MR R 0:1.1:9.2:8.3:7.4:6.5:5.6:4,
7:3.8:2.9:1.1:0FHL 1120 TNBA 5 TNAZ iy IR &
Y, B 2 g s alan 4o 11~117, HAFRIR &
Y57 J5 43 S v i A6 R (10,15 mL) 3 571 o J il o
SRR 20% BRI . TEHLE 14 kV FZIREEE 12 cm .
YEREE R 5 mL-h™' i3k 4% 0.58 mm () &4 F 45
BRI S5 S, TR S A5 5] 11 41 TNBA/TNAZ AR 3L 4%
Y. R 2R A E Rk (DSC)X 11 4l TNBA/TNAZ
I 3 b o A7 I, AR S g R TX MRS
H-XAH &1 3 2ok A B335 TNBA/TNAZ 5 fik 3L 0
Y1) Tt L, AR G T o b AT R AN A P 1
e o B Rl & R B

) s

| 5e-. @ |
™
T @

B R A
Fig.1 Schematic diagram of electrostatic spray method
1.3 gk

S HIT 49 4 8 B8 (SEM) FlfiE & €4 HOG 3% (EDS) X
TNBA/TNAZ 5 A% 45 ) 19 T8 350 Rl o€ 3 43 A ilE 47 3%
HE 5 2R FH 3 0RO (3t (HPLO) 23 B e AR SL s W i 4143
0% 4 . Hypersil Gold C18(250 mmx4.6 mm,
5 wm) B30 C, 10 wl, Fii# : 1 mL-min™, %
AR 5% < K 230 nm, BN AE - HEEK=1/1(V/V) 5
K X G R AT 5 (XRD) 4047 T ARG W i ot R
FZE KL 4 A R 5~90°, I B R 5 ©-min”' ;2R
FH X 528 % T RE 3% (XPS) LA K& 21 4156 3% (IR ) X e 1%
A5 W 1) S AR AT 3 A s R ] 22 s Al G (DSCO) X
S ARSI Wy (0 I3 PR RE AT 20 BT L R R 5 mg, THIR
AR 5.10.15.20 Kemin™; SR TR BT (TG-MS)
X f AR I W 1) B8 il M RE R AT 40 A L AR A R 5 mg T
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IR R 10 Kemin™'; #2 B8 45 #E G)B722A-97" X}
TNBA.TNAZ K TNBA/TNAZ i % 3t 45 9y i $% i |
i o R R N A R AT DU, e IR B 5 kg ¥R
R PR AR Al 90°, R RN 3.92 MPa; Sk
EXPLO-5" i {4 % o AIG 0y 10 48 55 1 6 S 0 32 7
YA SR

2 #R5WiE

2.1 TNBA/INAZ —tik ZtBE

Xof A [ Jo fE L B9 TNBA/TNAZ 245 4 347 DSC
R, AR N 10 Kemin™ , BE A &R 8 5 mg. PR
SR 2 PR CRREEE S TR

XiF oA [] o H A TNBA/TNAZ 2E 459 1) DSC it
LI AR 5T BT A A B — W S R S R0 TR A
Yy B AT 2 20 WS UG, G R W A U 52 i A 2H Ay BT R I
6 4 B G JF BB I S0 o A 2 A W i 0 IR R Ab

F£1 AFEFE L TNBA/TNAZ K R B DSC 245 1E S %k
Table 1

gL TNBA:TNAZ
a0k " 11" 1:0
BE— 107 9.1

L - o 9 82 |

£ WF ~ O OO g 73]

=8 T G4
< 0 N_— 8 55
T osE 546
= 1ok £ 37
5L 328
) , . , . . L 101

%35 345 355 365 375 385 395 405 415 425

temperature / K
2 R R HE TNBA/TNAZ {4 5 1) DSC i £k
Fig.2 DSC curves of TNBA/TNAZ mixed systems with differ-

ent mass ratios

W AT U Sy VR 475 0 %) s A 06 i Ak 2 oA 0 Ay e s 20
Y IMALIE . 1T, TNBA/TNAZ Fhdg Uy i A% e 4
W EAE 347.3~349.8 K Z [A] 48 4k, - B IK 3L 1R %l
348.6 K; TNBA/TNAZ 2L 15 W) 09 44 Rl % Bl & 41 5
TNBA (1 38 i1 52 5 18 K5 /N iy B 34 7E it 1E 61 4
A HLA e KA

DSC characteristic parameters of TNBA/TNAZ mixed systems with different mass ratios

TNBA/TNAZ
samples - - T./K T./K T'/K AH, /)-g™ AH /) g™
mass ratio molar ratio
1 0:1 0:100.00 374.4 374.4 - 135.00 135.00
2 1:9 6.21:93.79 347.3 370.1 293.8 17.40 130.29
3 2:8 12.97:87.03 349.8 366.8 311.0 37.90 129.53
4 3:7 20.35:79.65 349.6 363.2 322.5 57.89 126.95
5 4:6 28.44:71.56 349.5 357.4 331.6 77.80 124.35
6 5:5 37.35:62.65 347.6 353.6 339.5 98.10 121.56
7 6:4 47.21:52.79 348.8 348.4 346.5 118.50 118.70
8 7:3 58.18:41.82 347.9 353.5 353.1 93.68 115.96
9 8:2 70.46:29.54 349.0 357.0 359.3 56.10 112.08
10 9:1 84.29:15.71 348.3 362.7 365.3 27.50 110.36
11 1:0 100.00:0 373.8 373.8 371.2 107.00 107.00

Note: T_ is low eutectic mixture melting point; T, is liquefaction temperature; AH,_ is low eutectic mixture melting enthalpy; AH is total melt enthalpy of the system.

TNBA/TNAZ ok R WAL E S 55 & &1
KR (1) FraRe,
AH, 1 1
R

Ho, X2 I3 iR EE IR 73, %05 TP SRZL 7 i 3L K

In X, = (1)

TR i Z 0K R BRI K AH ALy i

TE 7 — W5 jAEAE T BYIE Bk L) - mol™ s RJE BE IR SR
HH

HR A5 AN [] 2H B 0 YAk TR 5 (T 7. — ot T-XAH A,
0 3a ff s, R B X (1) X AL IR AR InX~1/T Y
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PR, Horp L TNAZ [ 945 2] i 5 208 -
InX, =15.155 — 3915.85/T,R = 0.9999 (2)
Fe ()T HEA R A T B AR BE (T) 5 T 3R 1,
M TR PR R B AR AR IR 348.6 K,
TOeIR R AR Y TNAZ (19 BE R 20 %0 M 50.5%,
AL E Y TNBA/TNAZ 9 )i 2 L R 62.2:37.8.
ZIon R Y i s R RS (AH, ) - mol ™) R ELH (3)
AR
AH =3 x)-H)(i=1,2) (3)
b, xR E AR IE P 4T W EE IR 38K, Y% s AH S 4
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a. T-X phase diagram
B3 TNBA/TNAZ —JCiK &M T-X K H-XH A

Fig.3 T-Xand H-X phase diagrams of TNBA/TNAZ binary system

JC (A RS L) mol
A 21 A TR) 41 RS B A9 0wk g 7 H-X & BRI
B 3b, £tk Il A 2

AH, =-0.3 +2.589x, R =0.9905 (4)
AH, =228.7 - 2.299x, R =0.9988 (5)
AH,=132.6 - 0.273x, R =0.9905 (6)

MAH=AH, B}, TNBA B FE IR 70 80K 46.9%, 4
AH,=AH, B}, TNBA [ FE /R 47 % B 46.6%, 24 AH,=
AH, B, TNBA % EE R 70 80 R 47.3% , W38 3 5K (4) ~
(6) 715 7T U453 — ik R AR LG ¥ b TNBA 1Y B

140

120t Ak,
- AH =

o

100 » AH
80F
60F
40+
200

46.9%
12066 J.g"

AHIJg'

A Jt.'l1 AHz

b % Iy 50 80100
TNBA/ %
b. H-X phase diagram

IR E R 46.9% , Fe AR L 15 ¥ TNBA/TNAZ 1 it & H
4 59.7:40.3, 383X H-XAH B FT-X AR A e, 2
PO A2 R 22 BN R, B B i — Bk . I
I A AR M oy 1) B L 2 T 4G R 0 B RO
P, B TNBA 5 TNAZ it i 4 60.95:39.05

Fie B TNBA 5 TNAZ T it It 60.95:39.05 il %5 15
#| TNBA/TNAZ 1y s AR E WAL o R DSC 7 43
B BE e AS ) TH IR 5T 1 300 i v dg L OR iz R
(7))~ B B AR IE Wy W 2853 i Bl 0 2 S 80, 45
T2,

®2 WIRIUEY(TNBA S TNAZ BTN 60.95:39.05) #4pif 8 J1 £ 2 51
Table 2 Kinetic parameters of thermal decomposition of lowest eutectic mixture of TNBA and TNAZ with mass ratio of 60.95:39.05

samples T /K T /K Acls™

E./k*mol™  k/s™

AG*/kJ-mol™  AH*/kJ:mol™" AS*/J-(mol-K)™

TNBA/TNAZ 350.18 522.45

8.90x10° 64.44

0.33 135.21 60.10 -143.78

Note: T is the melting point; T is the average thermal decomposition temperature; A, is the preexponential factor; £ is the activation energy; k is the thermal de-
P

composition reaction rate constant; AG” is the activated Gibbs free energy; AH" is the activation enthalpy; AS” is the activation entropy.

— (7)
T; E. R-T,
k=AK'e7(TP'R) (8)
& . _,AG
AK,e(R'R)z thTP _e(R»TP) (9)
AH" = E -R-T, (10)
AG = AH - T, - AS” (11)

X, B TR A, K- min™ 5 T, 2 T 48 B I 1Y #4
O3 R L K5 R W BE IR AR B s kg O BUR 25 2
1.38065x107 )+ K™'sh A B s 1 ,6.62618X107 ) +s7'

[l 4a rft DSC 45 3¢ 57 « e AR AL 05 1 B 5 AE T IR
R 5,10, 15,20 K-min™ T & & 1k & 35 2> 5 K
348.0, 349.3, 350.0, 353.4 K, 4> fit W& I 4% 5 KN
498.6,518.9,530.5,541.8 K. £ & (045 16 1g IR AL H
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14>, Ut BH 2 B8 5 B 1 60.95:39.05 18 B T B Ik
Yo AR LA 10 0% s A G Tk R ik 0 L TS B A T Y
S TE O ¥ AR B 350.18 K, OF- Y43
MBEN 522.45 Ko BRI 10 165 sOAH B T J50RE TN-
BA.TNAZ 7 Bk 22.72 K #124.82 K, fit i /2 45 24 1R
JEER . AKX (7)MIn(B/T,) 5 1/T, Lt 1l , i
o B 4b 4B il 2k KA 20 (8) B SR A AR T T
(A FIELRE(E) -

2 IS R B ) 2 SRR I g R R B R LA
Yy [ ;58 4 T W 60.10 k) B BE B 5 B0 A 2 I A 2
FoR B, Wl 135.21 k) BE & K R & I 58 2t A
H BE B/
2.2 RELBEVHRERRASHH

R i I B OO T BN T 3R o A L 1
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4 — p=20K:min’
ob ~348.0 — B=25Kmin]
Bl 498.6 ﬁ:10 K.min“
P\\ 3953 =5 K-min”
2t : _"\5189
= 350.0
3 6 IL/A _-5305
g8 8\ J\‘A
= g | \ 3534 T 5418
oy N — T
14 '-'-'\

323 373 423 413 523 573 623
temperature / K

a. DSC curves

95

981 .

)

-1011

2
P

n(BIT

-10.41

1071

1. : : : :
8.80183 0.00187 0.00191”_ 0.00195 0.00199  0.00203

3

b. fitted curve

B4 RAULEEY (TNBA S TNAZ i hk H o 60.95:39.05) #3443 H7 il £k
Fig.4 Thermal analysis curves of lowest eutectic mixture of TNBA and TNAZ with mass ratio of 60.95:39.05

1 H FL A B B T SORT B AU M0 0 2 4T ORI 55 4 45
C.N.O.BrJG % W0 &K & 5 o0 A i F 4, 25 L 5
fin o it 5a,5b AT H (R 1 00 i 1 R T
RO WA I A AL AR B AR AR S T R
W AR TR 25 7R AR T R AR 2 ARSI
T KEZY RN B 5] B2 A TE RS TR B R BUR i
SEOLE YRS I A S TR B R K
M 51 K A 2 FR R b M 2 o e AR I 4y 0 b Ak 2 T S

)

RYB AT T A S AT BUR e, A B TR %
ko B 5c~5i M 359 17 EDS I, Il 5d~5h 7]
F il AR Y B & CLO N Br It R ¥ 4] 5 Ai 15
kR, KSihr &t RIS, i TR
fig 2 7 e P BOR T 5 oT &, Bt LR 51 TR il Aot
UG Pl Se~i U WY G R IS 55 ] A Y e I 3

5 FALIKEY) (TNBA 5 TNAZ it 60.95:39.05) SEM Al EDS i
Fig.5 SEM and EDS images of lowest eutectic mixture of TNBA and TNAZ with mass ratio of 60.95:39.05
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R T EL I 55 TS R AR R i 2B 43 AR X
S G, X AR LA W AT s RO 335 (HPLC) 43 #T
SR MIE 6 IR o RIS Y TE LR B B ] 5.067 min B}
WL — 8k g 0 TR Ch 378.19 mAU * min;
19.685 min B} A 3% I [ 1 24 583.05 mAU - min, 2 Ff
W B R Tl 0 & TNAZ IR A K
25 HPLC 23 At , Wit sh A Sy B - K =3:7(V/V) , 4
T TNAZ ZEE BB ER] 7 min Z2 4 i H B35 0% . i
T4 SR P A B, 2 5 B0 W ] R R
I, P 6 F A% B B TE] 5.067 min B 30 ) €833 i
25y TNAZ (1 o35 0, £ B4 B 8] 24 19.685 min B i1 (4
W Sk 41y TNBA B9 o 3% i o P e 0% i B HE (E
(TNBA: TNAZ=60.65: 39.35) 4 fie fik L 45 ¥ it & e
(TNBA:TNAZ=60.95:39.05) i 2= A K, [ A Jy & H
Mt 55 3o AR AN 2 AR SR AR 0 40 21 43 79 A X

25001 Retention Time: 5.067 min
Area: 378.19 mAU-min

20001
= Retention Time: 19.685 min
E 15001 Area: 583.05 mAU-min
8 i |
é 1000 W
2
< 500 } I

G ‘I\ 1 L IlA
0 ) 10 15 20 25

time / min
6 I A% ILHE ) (TNBA 15 TNAZ 5t 4 [L 2 60.95: 39.05)
HPLC % Kl
Fig.6 HPLC spectra of lowest eutectic mixture of TNBA and
TNAZ with mass ratio of 60.95:39.05

23 RIEELBEBVOLEHSH

Shy ) U T L TS 55 T S5 A T A 2 R D R Gy A
o 18] 09 AH A 02 A & A2 284k, X 5UEE TNBA . TNAZ
F AR IE Py AT X S5 28 AR AT 55 (XRD) 43 #1 F 4151
6% (R) 4 M, 25 S & 7 7R . &l 7a 9 XRD 3% &
Al LA L RO TNBATE 20 13.17°,18.45°,19.00°,
25.20°F1 30.87° B 47 7F 3 38 (177 5 0 5 JsURE TNAZ 7
2604 20.15°,24.75°F1 33.30° W] 77 75 5 58 A4 17 5 0
K YIAE 200 13.17°,19.00°,20.08°,25.18°F1
30.90° B £7 75 5 5 /9 AT 4 0 o 28 2k XF L R B, bR
TNAZ 7E 33.30° 0 iy 417 5 e LA Ah , f A1 395 9 09 737 559
I 25 AT 5 J5URE TNBA L TNAZ Y AF 5 16 — — X 1 . R
B TNBA \ TNAZ Fl 55 Ik 2 65 9 19 260 {8 22 {H 7E 0.55°
P, AT LA Ry A 1 2530 T DY B AR LI W Y R AR 2
5 ROREAR — 2, H & 7b A IR JEE AT AL, fe 3 S Y
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20.15
B L Lk e T
2590
1845 19.00
1347 UF\ s
AN é‘x,,,.d'”‘uw.,\,n,.ﬂ::,f-_ s el
19.00 20.08 “”
{ag7 o - 9030
LUl LA /s, TNBATNAZ
10 20 30 20 50
201(%)
a. XRD
S 1548.08
: \ S 133649
ot il S
58 " 52867
308352~ _ | e
2895.52 L AT
- TNBA/TNAZ ’{\{J
—— TNBA R
-~ TNAZ . : : ‘979.3‘3 70052
3600 3150 2700 2250 1800 1350 900 450
wavenumber / cm’
b. IR

B 7 J5URE TNBA TNAZ Al R L5 4 19 XRD 5 IR 1 4]
Fig.7 XRD and IR spectra of TNBA, TNAZ and their lowest

eutectic mixture

B R AR I8 B 3 %K 4 il A 528.67, 700.52, 979.38,
1336.49, 1548.08, 2895.52 cm™' Fl 3083.53 cm™',
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Table 3 Detonation parameters of TNBA.TNAZ and their lowest eutectic mixture

samples p/gcm™ OB, /% vy /mes Q, / k-kg™! T,/ K p/GPa V, /dm’-kg™
TNBA 1.948 -47.20 6318 3474 3389 19.3 571
TNAZ 1.840 -16.66 8854 6282 4162 36.2 726
TNBA/TNAZ 1.903 -34.83 7598 5102 4100 27.9 645
TNT!2C) 1.634 -73.96 6928 5066 - 19.1 624

Note: p is the density of the explosives; OB, is the oxygen balance; v, is the detonation velocity; Q, is the heat of detonation; T, is the explosion temperature; p

is the detonation pressure; V, is the total generation of detonation gases.
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Fig.12 Detonation products and their molar ratios of TNBA .TNAZ and their lowest eutectic mixture
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Preparation and Properties of TNBA/TNAZ Lowest Eutectic Mixture

YU Zhi-hong', RAO Wen-jun*, SONG Xiao-lan', KOU Yong’, WANG Yi‘, AN Chong-wei'

(1. School of Environment and Safety Engineering , North University of China, Taiyuan 030051, China; 2. Jiangxi Xinyu Guoke Technology Co. Ltd., Xinyu
338034, China; 3. School of Chemistry and Chemical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China; 4. School of
Materials Science and Engineering , North University of China, Taiyuan 030051, China.)

Abstract: The eutectic mixtures of 2, 4, 6-trinitro-3-bromoanisole (TNBA) and 1, 3, 3-trinitroazetidine (TNAZ) with different
mass ratios were prepared by the electrostatic spray method. T-X and H-X phase diagrams were drawn according to the differen-
tial scanning calorimetry (DSC) curves of the eutectic mixtures to obtain the mass ratio of the lowest eutectic. Scanning Electron
Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), High Performance Liquid Chromatography (HPLC), X-ray Powder
Diffraction (XRD), Infrared (IR), X-ray Photoelectron Spectroscopy (XPS), DSC, and thermogravimetry-mass (TG-MS) spec-
trometry were used to determine the morphology, component content, element distribution, crystal structure and thermal de-
composition properties of the lowest eutectic. And the mechanical sensitivity, thermal sensitivity and detonation performances of
the lowest eutectic were tested and theoretically calculated. The results show that 60.95: 39.05 is the optimal mass ratio of
TNBA/TNAZ lowest eutectic mixture; the microscopic morphology has no sharp edges and corners; the component proportion
is the same as before electrostatic spraying; the surface elements are evenly distributed; and the crystal structure is basically the
same as that of the raw materials. The eutectic temperature is 350.18 K, which is 22.72 K and 24.82 K lower than that of raw ma-
terials TNBA and TNAZ. The thermal decomposition reaction rate constant (k) , activation enthalpy (AH"), activation energy
(EJ) , activated Gibbs free energy (AG”), and activation entropy (AS") of the lowest eutectic are 0.33 s', 60.10 kJ-mol™,
64.44 kJ-mol™, 135.21 kJ-mol™, and =143.78 J- (mol-K) ™', respectively. The impact sensitivity (H,,), friction sensitivity (FS),
and 5s explosion temperature of the lowest eutectic mixture are 42 cm, 20%, and 558 K, respectively. Its detonation perfor-
mance (OB=-34.83%, Q=5101.78 kJ-kg™', V,=7598.37 m+s™') is between TNBA and TNAZ. The main detonation products are
N,.C(d).CO.CO, and H,0.

Key words: electrostatic spraying;eutectic explosive; TNBA; TNAZ;binary phase diagram ;detonation performance
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