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Fig.3 Cell structure of RDX
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Fig.4 Simulated and experimental results of RDX crystal
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Table1 Important crystal faces of RDX crystal

facet N dy P /A EY KemolTt ALY A S %
(111) 8 6.60 -114.50 235.06 52.54
(020) 2 5.64 -95.33 137.54 20.00
(210) 4 5.78 -134.33 268.62 9.94
(002) 2 5.11 -115.41 151.75 9.53
(200) 2 6.73 -142.10 115.368 5.29
Note: 1)multiplicity. 2) lattice-plane spacing. 3)vacuum attachment energy.

4)surface area of the crystal face in unit cell. 5)percentage area.
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F2 RDXHEZ G5 DNAN I fig By 7 847 ifd B 45 4 ik
Table 2 The binding energy of unit area between the impor-
tant crystal faces of RDX and DNAN, functional additives

binding energy per unit area/kJ-mol='-A-2

(hkl)

RDX/DNAN RDX/MNA RDX/Tween60 RDX/CEF RDX/CAB
(111) 0.25 0.49 0.60 2.12 4.57
(020) 0.53 0.65 0.89 3.64 8.21
(210) 0.36 0.40 0.46 1.72 3.42
(002) 0.37 0.54 0.75 3.41 6.30

H 2 2 W %0, DU RE Bh 77 55 RDX 2 [6] () 45 A REA7 16
B 22 S XRP 22 S BRI AE W i (1) Al — )
fig B 71 5 RDX AN (7] &b 1 A9 25 5 N 3550 5 Dy g Bl k) 3 31
HEHO20) WA AL, 521 0)Mai 68 %E.(2)
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A% Young 5
Y. =Y, = y,cosb (6)
A, 0k [E AR FE il A, (°)
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W, =v9,(1 + cosf) (7)

A 5T B B T g B A0S A AR RO 2%, R
P (2) & (7), B e X DNAN  DNAN+IBE B 5 Y
FAE K ) B B AT T A, S5 R L 3 A L T
DNAN/RDX.(DNAN+Zf fig B 7 ) /RDX 1Y 4% fik /1 , fx
Jo TR B S R R O, AR LR 4,
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Table 3 Testing results of the surface tension and viscosity
of DNAN and (DNAN + functional) additives at 100 °C

7R B4 2 THI 5K 3 e B RE I A5 AR

sample surface tension / mN-m~"  viscosity / mPa-s
DNAN 34.897 4.5
DNAN+MNA 28.38 4.1
DNAN+Tween60 30.3 4.9
DNAN+CEF 36.689 3.9
DNAN+CAB 43.853 6.8

F 4 DNAN/RDX.(DNAN+Ifg B ) /RDX 4% fil £ 55 B it
(100 °C)

Table 4 Contact angle and adhesion work of DNAN/RDX
and(DNAN + functional additives)/RDX at 100 °C

contact angle adhesion work

interface /(°) / mj-m™2
DNAN/RDX 77.395 42.51
(DNAN+MNA)/RDX 40.966 49.81
(DNAN+Tween60)/RDX 25.406 57.67
(DNAN+CEF)/RDX 45.263 62.51
(DNAN+CAB)/RDX 35.812 79.42
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F , DNAN/RDX ¥E 25 i 5 1 &5 BE 2 43 il 42 & 1
46.47% .31.99% .26.29% . 14.66% , 4 T & Bl 57 X}
DNAN/RDX 5 1 & b 2 2ie 2% i 3 2 I HE 7 2 CAB
>CEF>Tween60>MNA, [ It , 52 55 45 5 5 8 45 R
—

4.3 IhEE
#m
TN WL RO X BT &G BE 2 BE AT 5 E DA

DNAN/RDX(40/60) by & fiff , R FH B 74 52 96 0 38 i A

0.8% JIRE B B 25 BT h o i, 45 R L% 5,
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RS 5 PR PR GO TT R BT R E

Table 5 Tensile strength of five melt-cast formulations

component  tensile

formulation components
strength / MPa

content / %

1 DNAN/RDX 40/60 0.97
2 DNAN/RDX/MNA 39.2/60/0.8" 1.03
3 DNAN/RDX/Tween60  39.2/60/0.8 1.38
4 DNAN/RDX/CEF 39.2/60/0.8 1.86
5 DNAN/RDX/CAB 39.2/60/0.8  2.33

Note: 1)2%x40%=0.8%

3R 5 AT, 2 ACHE [ 5 0 D) AE Bl Il CAB .
CEF . Tween60 . MNA Iif , DNAN/RDX % 24 () 3t 41 5%
FE 4R T 58.37% .47.85% .29.71% .5.83%
UL, Ty B Bl 390 % B i 5 B ) 52 R 5 G 28k B T 5
i # 4 — 3, Bl CAB>CEF>Tween60>MNA, ¥E 24 [#
T LT R B 2 5 2k 2 ) Ak e [ AEAE N TEER R L D
Z80 B T R ) 25 A £ 5 B AR

S T i — 2% b B 2 S 5 2 SR AT I E , R
PR 6 I PG 52 3 5 DNAN/RDX 25 4 (1 2L 50 i e i
2 B W FUE S AT IOW 43 BT, L3 25 R LI 6.4

i P 6a A %1, 24 DNAN/RDX 45 85 K 25 b 3% 47 1T
fu] Dy aE B A, W7 MDY ORSF 5 i T ST R R
Wy 1 A7 E K i RDX UK B B 422 DA E [51 9 DNAN H1
PR A G . R ey R T 5 BOR 1 RDX 0k 10
GRIEf, A A /D RDX R Bt 5 5

H 15 6b AT, 2S48 55 KE 25 o A MNA B W 1 1]
PSP I A T B 5 B A ST A B SRS o )
DNAN XJ RDX U 18 Wi 1 2 25 |, W 0 B AR I8 47 7F RDX
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b. formulation 2

c. formulation 3

d. formulation 4

e. formulation 5

Bl 6 5 flki o4 A 25 B0 7 B 140 L B SR

Fig. 6 SEM image results of five melt-cast formulations
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(2) 2 i ACHA 5] 25 6 (4 T 68 Bl R0, R B
JE 1 5% ) R 55 0 6 B 2 52 B A — 20, B CAB>
CEF>Tween60>MNA, /8 T DNAN & 45 75 1 25 5t
T 266 BfE 20 5 25 bk 24 1k e =2 ) B DG AR, B B
AR T 25 B B 5 R K

(3)ZhFEZh B 3 ke 48 T DNAN L0 95 45 24 1 by
PRI, B FR DI B, 25 K LY R B AR AN B
T 2 TURL Y 300 2, T2 B4 BT 2E JOURE PN S 5 24 7 A

2 HT 20 /0 TR G I R 1) R 2 ot T SRR A

£ Z 3k

(1] Flbst, ORI, 0% ZRA FEZ IM]L dEat I8 Tl il
fiiit, 1995: 119-120.
SUN Ye-bing, HUI Jun-ming, CAO Xin-mao. Military compos-
ite explosive [M].
119-120.

(2] INEFE, PR B XEZ5 10 bl A AL AR RE )], JORE 252 41
1989, 12(1): 15-21.
SUN Guo-xiang, CHEN Lu-xiang. The variety constituents and

Beijing: Ordnance Industry Press, 1995:

performance of Composition B[])]. Chinese Journal of Explo-
sives & Propellants, 1989, 12(1): 15-21.

[3] #rd, #igi, K0 & Ry S B AL (D[]
2005, 13(1): 7-9.

FHEM R,

Chinese Journal of Energetic Materials, Vol.26, No.9 , 2018 (765-771)

[13]

[15]

[17]

Sttt

HUAN Heng-jian, DONG Hai-shan, ZHAN Ming. Resear-
chon modification of composition B with polymers(I1)[]J]. Chi-
nese Journal of Energetic Materials( Hanneng Cailiao) , 2005,
13(1): 7-9.

TRERI, %, W MoPE B2 P IR B I PLEE ()], K
YEZy 24,2003, 26(2): 5-7.

XU Rui-juan, LUO Hong, WANG Xin-feng. Effect of additives
on the modified composition B []]. Chinese Journal of Explo-
sives & Propellants, 2003, 26(2): 5-7.

SHI B AAS, BOUL L TNT 0 85 k0 24 - 0 B0 0 o A ik A S AR
[)]. 8tk 2012,20(5): 618-629.

MA Qing, SHU Yuan-jie, LUO Guan. Toughening and elasti-
cizing route of TNT based melt cast explosives [J]. Chinese
Journal of Energetic Materials (Hanneng Cailiao) , 2012, 20
(5): 618-629.

B, B A oy ORI AR B 25 b i T ()]
AHEM R, 2004 (4 T - 82-85.

LUO Guan, HUANG Yong, ZHANG Ming, et al. Application
research on dispersant of composition B[J].Chinese Journal of
Energetic Materials(Hanneng Cailiao), 2004(Suppl.): 82-85.
1R R TT, M AR R, ARt B IR 2GR s R RE ()], REM
#,2014, 22(3): 359-364.

GAO Da-yuan,LAN Lin-gang, WEN Mao-ping, et al. Mechani-
cal Properties of Modified Composition B [J]. Chinese Journal
of Energetic Materials (Hanneng Cailiao) , 2014, 22 (3) :
359-364.

Vlick R W.Effect of TNT miscible additives on the mechanical
shock sensitivity of composition B [R].
ARAED-TR-88031, Army Armament Research and Develop-
ment Center, Dover, United Kingdom, 1989.

behavior and

Voigt H W, Stanhope R.Castable TNT compositions containing
abroad spectrum preformed thermoplastic polyurethane elasto-
mer additive: US4284442 [P],1981.

Jawaid M, Abdul KHPS. Cellulosic / synthetic fiber reinforced
polymer hybrid composites: A review [)]. Carbohydrate Poly-
mers, 2011,86(1): 1-18.

Brian R.The characterization of IM explosive candidates for
TNT replacement [C]//2007 IM/EM Technology symposium.
Florida, USA, 2007.

Jim R. Common low cost IM explosive program to replace TNT
[C]//2007 IM / EM Technology symposium. Florida, USA,
2007.

Pierre P, Daniel L, Isabelle. Additional properties studies of
DNAN based Melt-Pour explosive formulation [C]//2010 IM/
EM Technology symposium. Munich, Germany, 2010.

Fung V, Schreiber B. Process improvement and optimization
of insensitive explosive IMX-101[C]//2012 IM/EM Technology
symposium. Florida, USA, 2012.

Fung V. Development and manufacture of an insensitive com-
position B replacement explosive IMX-104 for mortar applica-
tion[C1//2010 IM/EM Technology symposium. Munich, Ger-
many, 2010.

Pelletier P, Laroche I, Lavigne D, et al. Processing studies of
DNAN based melt-pour explosive formulations[ C]//2009 IM/
EM Technology symposium. Tucson, USA. 2009.

Davies P J, Provatas A. Characterization of 2, 4-dintroanisole:
an ingredient for use in low sensitivity melt cast formulations
[R]. DSTO-TR-1904, Defence Science and Technology Organ-

www.energetic-materials.org.cn



L1 BE B ) X DNAN/RDX J #5 ¥E 24 3 1 26 45 58 22 19 52 ) 771

isation, Melbourne, Australian 2006. [26] RAEM,HIHF I, M TATB HMX 5 5HUR A W i 2 i fe0F 58
[18] Davies P J, Provatas A. DNAN: A replacement for TNT in [J]. &% 8ef kL, 2000,8(3): 104-107.

melt-cast formulations [C]//2006 IM/EM Technology sympo- SONG Hua-jie, DONG Hai-shan , HAO Ying. Study on the

sium.Orlando, Bristol, United Kingdom, 2006. surface energies of TATB, HMX and fluor-polymers [J]. Chi-
[19] Provatas A, Wall C. Thermal testing of 2, 4-dinitroanisole nese Jouranl Energetic Materials (Hanneng Cailiao) , 2000, 8

(DNAN) as a TNT replacement for melt-cast explosive [C]// (3): 104-107.

42th International Annual Conference of ICT. Karlsruhe, 2011. [27] YIN D, MA P, XIA S. Progress on methods for measuring sur-
[20] Trzcinski W, Cudzito S, Dyjak S, et al.A comparison of the face tension of liquids [J]. Bulletin of Science and Technolo-

sensitivity and performance characteristics of melt-pour explo- gy, 2007, 3(23): 424-433.

sives with TNT and DNAN binder[]]. Central European jour- [28] AwajiH, Sato S. Diametral compressive testing method [J].

nal of Energetic Materials, 2014, 11(3): 443—-455. Journal of Engineering Materials and Technology, 1979, 101
[21] Gunnar O N.MCX-6100 CH 6027 /14 characterization [R]. (2):139-147.

FFl-rapport 2015/02185, Norwegian Defence Research Estab- [29] Choi C S, Prince E. The crystal structure of cyclotrimethyl-

lishment, Kjeller, Norwegian, 2015. ene-trinitramine [J]. Acta Crystallographica B, 1972, 28(9) :
[22] Gunnar O N. Determination of detonation velocity and pres- 2857-2862.

sure forMCX-6100 [R]. FFl-rapport 2015/02323, Norwegian [30] XiaoJ, Huang H, LiJ, etal. A molecular dynamics study of in-

Defence Research Establishment, Kjeller, Norwegian, 2015. terface interactions and mechanical properties of HMX-based
(23] eV UR, 2 PRWT, ki sk, &5 TR Bl X 2, 4-— ff 5 4 H itk PBXs with PEG and HTPB [J]. Journal of Molecular Structure:

T HEZETERERY IR [) ], S T 2241, 2016, 37(3): 424-430. Theochem, 2008, 851(1-3): 242-248.

MENG Jun-jiong, JIANG Zhen-ming, ZHANG Xiang-rong, et [31] skAm .50 T S A 2f FEal (M ). b o B 2 R SOk Hh R

al. Effect of functional agents on the performance of 2, 4-dini- #t, 2006: 315-317.

troanisole-based melt-cast explosives [J]. Acta Armamentarii, ZHANG Fu-tian. Fundamentals of molecular interface chemis-

2016, 37(3): 424-430. try [M]. Shanghai: Shanghai Scientific and Technical Litera-
[24] Qian W, Chen X Z, Luo G. Polymer reinforced DNAN/RDX ture Publishing House, 2006: 315-317.

energetic composites: interfacial interactions and mechanical [32] Zhang X L, Liu M E, Liu W Z, et al. Synthesis and interfacial

properties [J]. Central European Journal of Energetic Materi- adhesion interaction of borate ester bonding agents used for

als, 2017, 14(3): 726-741. HTPB propellants [J]. Propellants, Explosives, Pyrotechnics,
[25] Siebold A, Walliser A, Nardin M, et al. Capillary rise for ther- 2016, 41(5): 814-821.

modynamic characterization of solid particle surface [J]. Jour- [33] Schrader E M. Young-Duprerevisited [J]. Langmuir, 1995, 11

nal of Colloid and Interface Science, 1997, 186(1): 60-70. (9): 3585-3589.

Effect of Functional Additives on Interface Bonding Strength of DNAN/RDX Melt-cast Explosives

MENG Jun-jiong', ZHOU Lin*, JIN Da-yong', NIU Lei', WANG Qin-hui'
(1. Xi"an Modern Chemistry Research Institute , Xi'an 710065, China; 2. State Key Laboratory of Explosion Science and Technology , Beijing Institute of
Technology, Beijing 100081, China)

Abstract: To improve the mechanical property of 2, 4-dinitroanisole(DNAN)/RDX melt-cast explosives, the effect of functional
additives, N-methyl -4-nitroaniline (MNA), Tween 60, tris-(B-chloroethyl) fosfat (CEF) and cellulose acetate butyrate (CAB)
on the interfacial binding energy was simulated by molecular dynamics. The powder contact angle method and platinum plate
method were used to measure the contact angle and surface tension, and the simulation results were verified by calculating the
adhesion work. The experiments of adhesion work were verified from macroscopic and microscopic scales by Brazilian experi-
ments and scanning electron microscopy (SEM), respectively. Results show that the order of change ability of functional addi-
tives on DNAN/RDX interfacial binding energy from high to low is CAB>CEF>Tween 60>MNA, and the experimental results
agree well with the numerical simulation ones. Functional additives, CAB, CEF, Tween 60 and MNA can make the tensile
strength of DNAN/RDX explosive increase by 58.37%, 47.85%, 29.71% and 5.83%, respectively. With the increase of adhe-
sion work, the fracture mode of grain is changed from transgranular/intergranular mixed fracture to pure transgranular fracture.
Key words: 2, 4-dinitroanisole(DNAN) ;functional additives;adhesion work;tensile strength; fracture mode
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