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Fig. 1 Chemical structures of PEG NG .BTTN . TMETN
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Table 1
TMETN) in amorphous cells

The parameters of pure substance (PEG\NG.BTTN,

the number of  density relative molecular
pure substance
molecules /g-cm™ mass
PEG 1 1.21 6002
NG 50 1.596 227
BTTN 44 1.52 241
TMETN 39 1.47 255
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Table 2 The parameters of blends in amorphous cells

blends the number of molecules initial density / g-cm™
NG/PEG 50/1 1.4373
BTTN/PEG 50/1 1.4005
TMETN/PEG 50/1 1.3754
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Fig. 2 Amorphous cells of the NG/PEG .BTTN/PEG . TMETN/
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Table 3 Simulated values and literature values of solubility

parameters

Fz6 MIAFKI/PEG I Flory-Huggins 34k
Table 6 Flory-Huggins parameters of plasticizer/PEG
blends

TMETN/PEG ~ BTTN/PEG NG/PEG

this work Ref.[22] Ref.[23] Ref.[24]

Flory-Huggins 0.6569 1.4065 2.0825

species
6/(J~cm‘3)”2 ar/(J_Cm—z)l/z 6”/(J-cm‘3)”2 5/”/(]'Cm_3)]/z

PEG 20.941 19.08 19.60 /
NG 26.634 27.44 23.19 31.14
BTTN  25.570 26.11 / 28.99
TMETN 24.081 / 20.69 /

T4 FMEIEN G PEG MU EE S HUN 20
Table 4
plasticizers and PEG

The difference of solubility parameters between

(Jocm™)2

species TMETN BTTN NG
A 3.14 4.629 5.693

it (CED,) , BDyE 8 A /E -3 K T s AR A o 46 £ 22
M AL, R R R TR R 5 DR R AR M A 2 1]
SAFTEFEARE T, BT LA AE A 1 R G AR R
11 L ARG R R R 3 5 0T L PEG il M
B 55, TMETN 5 PEG M M AR T A 25 PE T 47

R5 NEE®E LIS B WL i (CED=CED, +

CED,)

Table 5 Cohesive energy density and the van der Waals,
electrostatic components ( CED=CED,+CED,) Jem™
species CED CED, CED,

PEG 4.386x108 3.647%10° 7.384%107
TMETN 5.799%108 3.224%10° 2.575%108
BTTN 6.538%108 3.494x10° 3.045%108

NG 7.244%10° 3.634%x10° 3.611x108

Note: CED is cohesive energy density, CED, is the van der Waals compo-

nent, CED, is the electrostatic component.
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Table 7 Exclusion parameters between different beads

blends TMETN/PEG BTTN/PEG NG/PEG
v”su/kJ-mol’1 1.628 3.485 5.159
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Fig.4 Intramolecular and intermolecular radial distribution

functions for pure substance
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Fig. 5 Intermolecular radial distribution functions for NG/
PEG,BTTN/PEG and TMETN/PEG
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Table 8 The binding energy between molecules and the components kJ-mol™
blends Etotal EPEG Eplasticizers Ebind Evalence EVdW Ecoulomb

NG/PEG -9108.90 3176.53 —9008.40 3277.03 0 2019.926 1257.112
BTTN/PEG -12023.77 3087.92 -11874.15 3237.54 0 2237.561 999.963
TMETN/PEG -8965.43 3446.40 -8779.12 3632.72 0 2639.748 992.972

Note: E, e Evaw ~ Ecoutoms aT€ the components of binding energy.

C.

6 MRFRPHEIFIAH NG BTTN TMETN () 45 45 3 121 I A i) 25 1 iof 2
Fig. 6 The isosurface of the density fields for plasticizer NG, BTTN Al TMETN with time evolution in blends

A 22 PN i R IR 0 A T B 2 00 e ) A8 Ak il 42
Bl 7 s . BB 700 W AR NG 6 7 S
OB G K, 50 ws 535 K A8 Ui IHA R R
AR EETHSE £300 ps A IFEBTAR
A5 UL R AL T RS E RS BTTN A 7 B S 800
B R RN R BE YR T NG, 7E 200 ps J5 Ak T #i
FEARZS, AT BTTN A 2B A0 20 25 0 B2 BE AR T NG A [b

CHINESE JOURNAL OF ENERGETIC MATERIALS

TR, TMETN B A 7 B S 83 A R 78 0 BRI,
R AACAR /N FEAR L TRERS . WIER A HE
WAL AT LLFE Y NG/PEG 1R R (1 E i BE % B il
R B BTTN/PEG IR R A I RE% RS A T B 51
TMETN/PEG R R H g % B A AR , ] L
TMETN/PEG 1k & i #H 25 M 5 4, Wl BTTN/PEG,
22 W NG/PEGIK & .

N XK 2020 % $ 284 H 44 (308-316)



314 BB ORI, B 3R, B8 R LA
018 (4)MD Fil MesoDyn i 45145 52 3 W« 4 f b s 4
015 95 TMETN 5 K6 45 71 1503 40 PEG f 75 #0234 98

£ 4 FING 1 BTTN, [AlBF TMETN (14 8% B 5% i F NG, 1] LA
IS
§ 0091 % B FACR B 4 AU NG T 3% NEPE #fi 3t 5
S 0.06- 1 5 B4, W A B o A R A 2
S
0.03-
0.00 TMETN S5 30k :
e ; T " ; (1] 8 — 5 5RBRIE, T . R aw 5 S REM B mmak]. ity
0 200 400 t/ps600 800 1000 W RIE#H A, 1995(5):53-62.
a. order parameter ZENG Yi-bing, ZHANG Lian-zheng, YU Qiao. Compatibility
of energetic materials with polymers[])]. Missile and Space Ve-
0.88 hicles, 1995(5): 53-62.
- ' (2] B%) & OB RGE 22 25 . & BE AT R A0 2 Dy ke e kg (). 7
2 jost JIE T 24, 2015,36(3) : 141-146.
3 0801 NG YANG Zhao-fei, ZHAO Feng-qi, LI Xin. Research progress on
>
g 0.76-& methods of evaluating of energetic materials compatibility [J].
& 0.72- BTTN Journal of Ordnance Equipment Engineering, 2015, 36 (3) :
@©
£ 0.68- 141-146.
0.64 {oians — " i EIN [3) W AEd B SRR T A6 WK AR IR 19 A 15 FAE )] A
0.60 : . , : SEAEPER T 5 2 T MR, 200002):29-31,33.
0 200 400 600 800 1000 LUO Yan-ling, XUE Dan-min. Synthesis and characterization

t/us
b. free energy density
7 AFEZHOM F i RE S JE RS UL 8] 22 Ak
Fig.7 Order parameter and free energy density for plasticiz-

er with time evolution

5 % it

i 3 % PEG/NG,PEG/BTTN,PEG/TMETN iR &
R TF N1 2E R Wah 1 2B, FEAR R LU 4518

(1) 2> T80 J1 2R 40 PEG = Fh 3 3057 (10 75 )
B Al BT SR W 4y TR AR 1) S AT pR R, S R R
WAk 2 AH 25 1% 0 U 45 I R : TMETN/PEG>BTTN/
PEG>NG/PEG, i & L AOW S5 B 2 - BTTN i 9 37 HH 3
DL TMETN B 43 S5 F HI 55 1 45 A 19 53 el A BAR
LU/ T 5 PEG A E S 2 1H .

(2) %R G 7 F 1Y 43 a1 A% ) 43 A7 R BRI 45 45 BE
SIMTAS B PEG 5 =l b 98 70 AH 25 A O < 3 2o A B4R
FAARGS A BB E A B LR, A, 3 9 )
B PE B 42 T PEG, K R 38 3 Y 1R A 1 FH AR5 5 1Y)
Fb AR .

(3) B4R /PEG IR R A ML A AE 5% 1 K A
P SRR K B TMETN/PEG 1 2 K & AE A4 B i 7As
e/ IR fc I s BTTN/PEG IR 5 & AR B2 M 20 5
TR TR T NG/PEG IR R & A8 RIS 2.

Chinese Journal of Energetic Materials, Vol.28, No.4, 2020 (308—316)

of hydroxycarboxyl - terminated polybutadiene liquid rubber
[J]. Chemical Propellants and Polymer Materials, 2000 (2) :
29-31,33.

(4] 2=, el g, 500 RS . 2 0K & 571 5 i 9 I 1 I 5 0 20 1 30
1B ]. F g R RE, 2007,14(4):370-373,377.

LI Qian, YAO Wei-shang, TAN Hui-min. Effects of Fast burning
energetic compound ACP and coated ACP on combustion
properties of high burning rate CMDB [J]. Chinese Journal of
Energetic Materials (Hanneng Cailiao) , 2007 (4) : 370-
373+377.

(5] W, MG FE, gk il A5 T PR 8 590 201 90 WA P 14 201 3l g 2

BT, K HE252741,2016,39(5) :69-73.
WANG Huan, SUN Zhi-dan, ZHANG Chang-shan, et al. Mo-
lecular dynamic simulation on compatibility of components in
solid propellants.[J].Chinese Journal of Explosives and Propel-
lants,2016,39(5):69-73.

[6] Hildebrand J H, Scott R L. The solubility of non-electrodytes
[M]. New York: Reinhold Publishing Corp. 1950: 424-434

(7] 22$64E , N AT — B HTPB 538 3 700 A0 254 07t 19 50 7 8l

SERHUL) ] S REM R, 2010,18(1) :42-46.
LAN Yan-hua, LIU Ya-qing, FU Yi-zheng. Molecular dynam-
ics simulation on compatibility evaluation of HTPB and plasti-
cizers blends[])]. Chinese Journal of Energetic Materials (Han-
neng Cailiao), 2010, 18(1): 42-46.

(8] BUSEHT, 1454, A — B, A5 i RS R T 0 /0 M0 I IR A
Pk 19 23 T 3 1 2 AN WAL L) ] Ak 2 2 4, 2009, 67 (19)
2233-2238.
ZHAO Gui-zhe, FENG Yi-bai, FU Yi-zheng, et al. Molecular
dynamic simulations and mesoscopic dynamic simulations on
the compatibility of HTPB/Plasticizer blends [J]. Journal of
Chemistry, 2009, 67(19): 2233-2238.

(9] A —E, 8AXUR , 22 HiAE 45 . HTPB/HE 48 70 3 35 b 5 A5 L% 1 7

Sttt

www.energetic-materials.org.cn



PEG/ 38 31 55) J4 31 Wy K1 25 1 64 93 1 3l g 2 A5 400 T 4 0L AE 41

315

[10]

[11]

[13]

[14]

[15]

[16]

[19]

[20]

FVERE RS 20 T B S B RLD). Ak 5 2 i, 2010, 68 (08) -
809-813.

FU Yi-zheng, HU Shuang-qi, LAN Yan-hua, etc. Molecular
dynamics simulation on the glass transition temperature and
mechanical properties of HTPB/plasticizer blends [J]. Acta
Chimca Sinca, 2010, 68 (8): 809-813.

K% . HTPB i A7 2 AL R P 2 7 i LA BF 52 (D 1. Kb
[ B B2 1 R K 2, 2009.

ZHANG Xing-gao. Study on the aging properties and storage
life prediction of HTPB propellant[ D ].Changsha: National Uni-
versity of Defense Technology,2009:2.

k55 i T AR B HE 2 5 v 3 95RO B B B e R R AT Y [C Y/
20147 (57N JM ) 3 RE R RE 5 Bl 0 24 £ R 22 R B 2398 SCAR Ol
#5,2014.

T HOR . AR 4 YB 50 TMETN R DIANP 1 &5 0L B8 K 31 ) 2
[D .74 % : Bevb i K=%,2018:2.

Synthesis mechanism and kinetics of energetic plasticizer
TMETN and DIANP [D]. Xian: Shaanxi Normal University,
2018:2.

Thomas J R. Coupled radiation conduction heat transference
ramic liners diesel engines[)]. Numerical Heat Transfer, Part
A,1992,21:109-122.

Ingvar Wallace, Duane Blue. Insensitive munitions aluminized
propellant for tactical boosters [C]//NDIA IM Symposiums,
2000:286-294.

Kimura E, Oyumi Y. Insensitive munitious and combustion
characteristics of GAP/AN compostion propellant [J]. Propel-
ant, Explosives, Pyrotecnics, 1996, 121(5):271.

Sun H.COMPASS: An ab initio force-field optimized forcon -
densed - phase applications overview with details on alkane
and benzene compounds[])].The Journal of Physics Chemistry
B,1998,102(38): 7338- 7364.

OB, WhAE IR AR B LT A R AT RN S RO o) TR
(). & febt R, 2008,15(4): 446-449.

HUANG Rui, YAO Wei-shang, TAN Hui-min.Molecular Sim-
ulation on structure and solubility parameter of azidodeoxycel-
lulose[)].Chinese Journal of Energetic Materials( Hanneng Cail-
iao),2008(04): 446-449.

KR, 2R 4l B DET L 45 RDX A 1 5 1T AR AR Qs 1) B
T 5 7o, 2010,27(3):539-544.

LIU Jian, LI Jin-shan, ZHAO Xiao - ping, et al. Theoretical
study of crystal structure and solid phase formation enthalpy of
RDX [J1. Journal of Atomic and Molecular Physics, 2010, 27
(3): 539-544.

Andersen H C. Molecular dynamics simulations at constant
pressure and/or temperaturel J]. The Journal of Chemistry Phys-
ics,1980,72(4): 2384- 2393.

Karasawa N, Goddard W A. Forcefields, structures and proper-
ties of poly (vinyTlidenefluoride) crystals[)]. Macromolecules,
1992,25(26): 7268-7281.

CHINESE JOURNAL OF ENERGETIC MATERIALS

[21]

[27]

[28]

o
Il

4

S, BReE, #pitk. wr THHIM
#.2007: 51-56

HE Man-jun, CHEN Wei-xiao, DONG Xi-xia. Polymer Phys-
ics [M]. Shanghai: Fudan University Press, 2007: 51-56
AR e A 500 R DG 4 23 R A B 23 T R ABLAE Y
[D].dtm b st TR, 2016.

YU Zhen-fei.Investigation of physical compatibility of related

1. B B R

components in novel high energy solid propellant by molecu-
lar simulation [D].
2016.

FI5E . NEPE K43 51 15 i 12 155 28 1 20500 35 12 2 B0k 23 7 3 g 24
LLCT/An R A8 A2 2 TR A A2 23 201 2 4F 2 R AF 2318 SCH
PN

DW Van Krevelen. Properties of polymers [M]. New York:
Elsevier Science Publishing Company INC, 1990: 189 -219.
AF— B, NPT, =24 A8 . 3 R SR T M /G R R AR A
M gy 5 8 1 2 UL ] 4 B AL 27 2 i, 2009, 25(7) £ 1267
1272.

FU Yi-zheng, LIU Ya-qing, LAN Yan-hua. Molecular dynam-

Beijing: Beijing Institute of Technology,

ics simulation on compatibility of hydroxyl-terminated polybu-
tadiene/plasticizer blends [J]. Acta Physico-Chimica Sinica ,
2009, 25 (7): 1267-1272.

Abou-Rachid H, Lussier L S, Ringuette S, et al.On the correla-
tion between miscibility and solubility properties of energetic
plasticizers/polymer blends. Modeling and simulation studies
0l
301-310

THEAR RA, MRS AR DO R IR R 2 G e A B PERE
Iy T IR ) A% 440, 2010,68(12) 1 1181-1187.
YUN Yan-chun, ZHU Wei, XIAO Ji-jun, et al. Molecular dy-

namics simulation of binding energies and mechanical proper-

Propellants, Explosives. Pyrotechnics, 2008, 33 (4) :

ties of energetic systems with four components[J].Acta Chinmi-
ca Sinica ,2010,68(12):1181-1187.

ClancyTC, PutzM.Mixing of isotactic and syndiotactic polypro-
pylenes in the melt [J]. Macromolecules, 2000, 33 (25) :
9452-9463.

Akten E D, Mattice W L. Monte carlo simulation of head-to-
head, tail-to tail polypropylene and its mixing with polyethyl-
ene in the melt[J]. Macromolecules, 2001, 34(10) : 3389—
3395.

Gestoso P, Brisson J. Towards the simulation of poly(vinylphe-
nol)/poly (vinyl methylether) blends by atomistic molecular
modelling[]]. Polymer, 2003, 44(8): 2321~ 2329.

INNTG IR A S i A A R SR 2 S AR A B S O ) ] Ak
SEAEIER 55 2 TR, 2007 (4) :30-36.

SUN Xiao-qiao, FAN Xiao-wei, JU Xue-hai, et al. [J]. Re-
search methods on component compatibility of propellants
[J]. Chemical Propellants & Polymeric Materials, 2007 (4) :
30-36.

M 2020 % % 28% H 44 (308-316)



316 BB ORI, B 3R, B8 R LA

Molecular Dynamic Simulations and Mesoscopic Dynamic Simulations on the Compatibility of PEG/Plasticizer
Blends

CHEN Si-tong', DONG Ke-hai', TANG Yan-hui’, PEl Li-guan', WANG Xin', XIA Cheng', KONG Ling-ze'
(1. College of Coast Defense Arm, Naval Aviation University , Yantai 264001, China; 2. College of Aeronautics, Naval Aviation University , Yantai 264001,
China)

Abstract: In order to solve the problem of the application of energetic and insensitive plasticizers in Nitrate Ester Plasticized Poly-
ether(NEPE) propellants, the compatibilities of polymer binder PEG with Trimethylol ethane trinitrate(TMETN), 1,2, 4-butane-
triol trinitrate(BTTN) and nitroglycerin(NG) were studied. By simulating the solubility parameters (8) of pure substances, the in-
ter and intra molecular radial distribution function, the order of compatibility was concluded as follows: TMETN/PEG>BTTN/
PEG> NG/PEG. The methylene in BTTN and the structure of TMETN weakened the intermolecular interaction and reduced the
difference of 8 between plasticizer and PEG. The interaction of PEG/plasticizer was clarified by calculating binding energy and in-
ter molecular radial distribution function. Intermolecular interaction included Van der Waals and electrostatic interaction, in
which the Van der Waals contributed the most. The better the compatibility between plasticizer and PEG, the greater the propor-
tion of the Van der Waals in the intermolecular interacion. The mesoscale morphologies of blends and the dynamic evolution
process of the system were investigated by mesoscopic dynamic simulations. By analyzing isosurface of the density fields, order
parameters and free energy density, it was found that phase separation occurred in NG/PEG ,BTTN/PEG and slightly gathering oc-
curred in TMETN/PEG. Due to better compatibility with PEG, TMETN might be a potential plasticizer to replace or partially re-
place NG in NEPE. Present work provides reference for the development of low-vulnerable tactical weapons.

Key words: polyethylene glycol(PEG) ; trimethylol ethane trinitrate (TMETN) ; compatibility; molecular dynamics simulation; me-
soscopic dynamics simulation
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