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Fig.2 Profiles of energy-simulation time and temperature-simulation time for micro-scale system
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Table 1 Results of molecular dynamics simulation

8/(J-em™)%° p/g-cm

component M, /g + mol™ V., /cm® + mol™
literature simulation literature simulation
polyAN 25.60-31.50!"2)  28.50 1.1801°] 1.07 55.08 51.48
polyMA 20.45-24.5503) 21.50 1.2201%) 1.12 88.11 78.67
polyHEA 29.62!" 26.69 1,110 1.19 118.13 99.27
BDNPF 24,953 22.59 1.420M 1.43 312.19 218.31
BDNPA 24.9513] 21.35 1.3801") 1.40 326.22 233.01
TMETN 22.503) 23.60 1.47015] 1.46 255.14 174.75
NG 23.93%] 23.09 1.59L1] 1.61 227.09 141.05
BTTN 23.321% 22.86 1.52L10] 1.53 241.11 157.59
polyBAMO - 21.33 1.30117) 1.21 170.18 140. 64
polyNMMO - 20.10 1.67018] 1.36 149.15 109.67
PEG 19,1714 19.64 1.1301] 1.13 46.07 40.77

Note: §, solubility parameter; p, density; M, molecular mass of repeat unit or plasticizer; V,,, mole volume
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%X 2 NPBA/TMETN / BDNPF_A/BAMO/NMMO & % ) MesoDyn i HAE H 2 8l
Table 2 MesoDyn interaction parameters of NPBA/TMETN/BDNPF_A/BAMO/NMMO
species AN MA HEA BDNPF BDNPA TMETN BAMO NMMO
AN 0 3.189 0.247 4.712 7.272 2.716 4.938 5.685
MA 3.189 0 2.396 0.176 0.004 0.559 0.003 0.185
HEA 0.247 2.396 0 2.669 4.738 1.308 3.446 4.537
BDNPF 4.712 0.176 2.669 0 0.347 0.200 0.285 1.017
BDNPA 7.272 0.004 4.738 0.347 0 1.032 0.000 0.268
TMETN 2.716 0.559 1.308 0.200 1.032 0 0.813 1.742
BAMO 4.938 0.003 3.446 0.285 0.000 0.813 0 0.189
NMMO 5.685 0.185 4.537 1.017 0.268 1.742 0.189 0

a. full-atomistic model

b. coarse grains of Gaussian chain model
B3 A Jaly A A e R R ey 0T 6 A R A e
Fig.3

model

Full-atomistic model to coarse grained Gaussian chain
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Table 3 Coarse grain parameters for macromolecular chains

in NPBA/TMETN/BDNPF_A/BAMO/NMMO

M
monomer " 4 Noon G Gmon “b &b mean Ny -
/g + mol /A /A /A
AN 490 7.33 2.51 18.40 54
HEA 50000 98 9.90 2.52 24.95 11
MA 147 8.65 2.51 21.71  22.88 16
BAMO 34 6.43 3.30 21.22 5
7860
NMMO 14 5.85 4.81 28.14 3
Note: M, molecular mass of polymer; N_ ., polymeric degree; C_, char-

acteristic ratio; ap,,,, repeat unit length of full-atomicstic chain; a)),
segment length of coarse grained Gaussian chain; ap can, arithmetic
mean value for ay,; N ., number of segment in coarse grained Gaussi-

an chain derived from ay, ;can-

AN, SCHR[3] 4 NPBA/TMETN/BDNPF _A/
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A TMETN iR i E AT MURE AL AL B o Py 36 1 A9 BE R 1A
TV B T DA B A 4 PR RV BOE SRS 4 1
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Ny sesame 27514 0.36,0.39 0. 40, 1 5k J& i} BDNPF
BDNPA FI TMETN f 584> 73 5 BR K 533 #H 24 T°0. 36
0.39.0.40 ML AL &5 307 55 Be (R 3b v iy BR 14 %%
), AT % 3 4~ BDNPF BDNPA 5 TMETN (¥ /¢ 1
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Table 4 Coarse grain parameters for plasticizers in NPBA/

TMETN/BDNPF_A/BAMO/NMMO

plasticizer Yin V10 d N _assume
/cm? « mol™ /cm? /A -
TMETN 174.75 2.90 8.22 0.36
BDNPF 218.31 3.63 8.85 0.39
BDNPA 233.01 3.87 9.04 0.40

Note: V, volume of single molecule; d, diameter of single molecule;
Np assume- s€gment number of coarse grained Gaussian chain for sin-

gle molecule.
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BRFHIP BURECH 1.0x107 cm? /s, 1 & 1 35 2 5K
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Fig.5 Coarse grained model of NPBA/TMETN/BDNPF _A/
BAMO/NMMO mixture
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Fig.6 Free energy density profile of NPBA/TMETN/BDNPF _
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Table 5 Order parameters of NPBA/energetic plasticizers/

prepolymers

Px107
system

333 K 303 K
NPBA/TMETN/BDNPF_A/BAMO/NMMO 3.63 7.93
NPBA/TMETN/BDNPF_A/PEG 4.14 9.23
NPBA/NG/BTTN/PEG 0.61 2.74

Kim it NPBA By#) % , i & A B 76 &% RE 1 48 57) /
TR PR 2 e 8 52 9 NPBA (1) “ & R TR 7 K IR A0
SyET UYL N S ATLUE W RS [R  fE ) / R
Pk b 3 A NPBA 7E 303 K(30 °C) I A 7 i
¥R T 333 K(60 °C)BHA 7, Jillix 3 1 NPBA
FEARTR ™ B AH 43 25 R B 34 L s TR BT R, AN T IR B
FEARJS NPBA 7E 5 fig 3 98 71 /9 58 Py 7 3 v 19 40 53 25
JE” X — =52 fF A Kim i v & . k] W, i
id MesoDyn 4 WA ) fT 3815 ) A 7 E X — 2 5L, B
g VA% R WL 7 20 AE NPBA 78 & RE 9 98 577 / 71 3R
Wik Z P AR B R

SCHER[3 v G T ok = Fh & 6 3 58 590 / 130 2R ) 1k
FAEXE R A AR R 0 7 P R R AR 6. A
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TREEHR R 50% M KRR & 2 SR RWPrikmE;
A NPBA R HE A AL 4T 4 22 (NC) 4, U5 ] NPBA
WU D)2 PR R Y L DR S R AR A 70 AR R 2
R T o FA 7 AR, 0 T & Z M AR T,
A 28 NC IR AL A AR R 5 7] 90 2% 235 #4) T3 i 56 9%
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PR Z r, NPBA X ] B0 1l ke #0035 ) 2 PR RE AR T
MR E SR U, )2 MR RE B9 B0 5 NPBA™ i il 15 il |
IR A 43 75 ™ R AT 50 1 G

6 50% KR A KR IMBKRE

Table 6 Tensile strength of composites at 50% elongation"’

MPa
system No NPBA NC  NPBA
NPBA/TMETN/BDNPF_A/BAMO/NMMO  0.03 0.10 0.17
NPBA/TMETN/BDNPF_A/ PEG 0.07 0.14 0.41
NPBA/NG/BTTN/PEG 0.09 0.17 0.59

Note: NC: nitrocellulose.

L8 LFTIR , HUSK 58 S RO I S AN [R] 25 RE 3 28 57) /K
BRIBRYIR G KR P NPBA fEARIR T &4 T A
OrES, S A WUBURAR 1A P RO = 18 A B i —
B, VLI AT T B9 A LR 7 TR AN E5 R AT (5
3.6 NPBARMEXNSFREMNHEBIBEIARIIT

5 HUBE A A L, NPBA 5 K 19 5 3t 2 AR X
PR . ST NPBA X 43 1 it o X HAE
T HE NG BN /TR W A A b A s R A R R, D
NPBA/NG/BTTN/PEG {4 & Bil, #% M8 _E i 25 9, ik
117 MesoDyn S WLELHLL, oA P BESS R LK 7,

F 7  NPBA X5 F i & % NPBA/NG/BTTN/PEG {k &4
J BE 14 5 1R

Table 7
ters of NPBA/NG/BTTN/PEG

Effect of molecular mass of NPBA on order parame-

M. Px107

333 K 303 K
18000 0.12 0.88
28000 0.61 2.74
38000 1.26 4.55
48000 2.76 6.33
58000 3.98 8.02

W 7 W LLE B E NPBA AHXS 4+ I i 1 42
B5,333 K i1 303 K if NPBA 7 NG/BTTN/PEG {k &
R A B 38 2 i 4 R, EL TR — AH X 43 i NPBA
1 333 K F1 303 K I (19 A7 77 B 25 1 K. X 3 W)
NPBA A XF 43 ¥ T & 4 155 5 AR 40 25 A% B2 g, B
NPBA 7¢ & BEI W 7 /T R MR S K R P A 5 K A4
A B

i T T B B (AR T ik Bl R AT IO R TR
()43 F 3 F1 2% 3 505, T LLAS B 6] 40 X 4 F I
NPBA [ B S8, 25 R LK 8,
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R 8 NPBA fAR X437 5 0f FLU 8 2 4000 52 )

Table 8 Effect of molecular mass of NPBA on its solubility pa-

rameter

M 8/() - cm™)03

333 K 303 K
18000 24.65 24.85
28000 23.15 23.25
38000 22.05 22.30
48000 21.36 21.53
58000 20.21 20.32

M2 8 "] LUt , i AR R I, B NPBA AH XT3
T 0 O B S BB W . R A )
A VAR R R R R A R S 80
MRN8, 18, , MR B Hildebrand #i1 Scatchard iy
B IR A IAH T A8
AH, =V, (8,-8,) b, (8)
o, Vo W) SRR, &y b, 73 0 R B R A
PR REW S FNREE ELBOR TR G
O AH BN Z 35 84S By IR T . RS (8) XL 8, Ml
8, FH 22 M /N AH IS/ )N | T35 790 5 3R 5 W 1) TR A 1
U o LR, AT LA 5 5 2 B 22 (0 AS Ok ) W 175 )
H5EEYMIREE. TR E — & B’ NPBA 1%
SR AR X 43 BT S A 2 v ORI ) (R
R TR Y ) 1) B S HUR AR A NPBA 5% 5
P SR EE I K, H IR RS 25 PR LL AE X
Gy F Bt PR S JE, NPBA 553 5 1% TE V4 1 bl o il 2
I 5025 5 R AR A3
3.7 FlIRAEEEX NPBA O BRI

“E R R IR AR 43 257 2 NPBA TR fig B
) /BRI G AR R RS AR AR TR A0 o AR
SCHRL3 T Hr i BUA B B3R il R o WO EE
(dispersion temperature) , BLE: NPBA ¥ T 7 (% B8
R AR Y ) b U — VA W TR BE TR
AR R A OB IR b U B2 (slurry processing
temperature) , RN A 2% Fifr [ {4 J5pH S {44 3R K 22 0
IR, LA NPBA &ZEMA 385 . LA NPBA/NG/BTTN/
PEG 1K 5 Ay ], 5 b 3 Ab 3R B2 43 S 6 7€ S 313,
303,293,283,273 K,NPBA WX TR = E N
28000, 4% M [ iR 25 3R, BF 58 1 ORI AL 3R B X
NPBA #7385 #Y52 Wi , MesoDyn A MUK LR 4 19 A 7
JEGER LK 9,

M9 FTLLE B B A PR R A,
NPBA 7£ NG/BTTN/PEG 1k &2 T R A FF & 1 & i 42
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B, UL NPBA (A1 43 25 B2 5 A R, B NPBA 76 % B
W R /ORI AR R R RS KR B
NPBA 767 7 (1 fig 4% 98 70 0 150 3 90 ) vh il V% e, 2
NPBA 43 F 59 R 4> T H AR & 19 1 2, WA e g A
KT 4RI A AEAF, <0 o AF, B9 E
XH

AF, =AH_-TAS (9)
AP AH, IR RBRAH,) - mol™ ;5 AS iR A
AR ) - (mol - K) 7'y TR IR K AR A 4y
T HES TR AL, AR K, B AS>0, R AT,
AF B, 5 i 3 TR 25 5 HE 47, B NPBA B 75 5 &
FEARGY B

RO ORHIKAL BR X NPBA/NG/BTTN/PEG 1K R A7 7 B 1)
Al
Table 9 Effect of slurry processing temperature on order pa-

rameters of NPBA/NG/BTTN/PEG

T, /K 313 303 293 283 273

Px10’ 1.02 2.74 4.10 5.25 6.53

Note: T, slurry processing temperature.

3.8 NPBA AEXHMBEASBEHURMZM

Ll NPBA/NG / BTTN/PEG {k & {4l , ¢ NPBA
(4 R X 4 T B S 28000, #it I8 R BB T
NPBA F % FHAH 43 25 19 52 W, MesoDyn A LA 11 4R
I PSR L 10,

F£ 10 NPBA X} NPBA/NG/BTTN/PEG & & A4 ¥ 15200

Table 10 Effect of NPBA percentage on order parameters of

NPBA/NG/BTTN/PEG

NPBA /% Px10”

333 K 303 K
0.05 0.23 1.22
0.10 0.61 2.74
0.15 0.85 4.10
0.20 1.17 6.35
0.25 1.36 8.55

M 10 AT, Bl 5 NPBA R4 9 £ & , NPBA 7£
NG/BTTN/PEG {K & 1 (945 ) J 85 i i 4 v, AL Ia] —
FHH T NPBA 7£ 333 K 1303 K B 4 47 )5 J5 2% {f th 14
L ULEH NPBA 1) 4 43 2 5 B2 il , B NPBA 7€ 75 R
BIRR /BRI G R R T EE G RAEMSE ., X2
K ok 4 05, NPBA (3 B 38 K, o or 145 5 A B
ST T RE R BTN/ WOR IR A R R AT B R A
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B
3.9 Ex#tigitAmiEm sttt

FEF Flory-Huggins (1) 58 & ¥ v WP 1E F1 Hilde-
brand [ BF 2800 &, Kim XF NPBA 17 T 2K 45 |
PR T, e, NPBA 78 ) (% Ak 1
/R YIE G R Kim FRZ S submix) & A4 41 43
B A AR

(8,-8,)  =~— < (10)

ms

AHr,8, .8, 4350 submix FI NPBA {5 BE S 4, T .l
A3 85 I I 2 (BD NPBA AE submix o % A= 4 43 25
B ), VRV TR EE R IR R, =X (10) AT LR
i, 8, .8, MY 2E(E B, T i , NPBA 19 4H 43 15 BV AT 7
W IREE T B, A R T AE NPBA (1) 5L B fiff i 2o 72
Wk P Al BRI

HYR, T 5 NPBA By AHXT 73 F B it Z A 1) & R K
1 1 11
(A lea vaery ()
K, 0 HOUkE (5L Flory R EE) , W, i 24 2 8L, x
i NPBA 43 ¥ 5 submix 43 + [ B /RAKFLLL (x 5
NPBA ) 545 WU IE H, BRI LU x R AE NPBA [ A
Xoapfmia) . (1) AT RLE W, x ol T 5 Rt
T TOWEE, H x # K (R NPBA [ AH X 43 + it
) TR [RIREAG R T A Ak i R IR

17 FH 43 85 1l S 0 A submix o T % 1) NPBA
WA D, 5 xHWMTFRFR
- (12)

1+/x

HE(12) AT LA H, x B (R NPBA [ AH X 43
TR R ) , @, AT, B NPBA i H] & # /b

38, A T H NPBA 43— 76 AH 43 5 5 0 FR 1) [ 44
BURHBURL R T8 I, 0 Z51fH NPBA J3 5~ X [f] 44 S0} kL
HABE W EA T, i NPBA (14 8, {8 I R 7] fig 52357 [&
IR R Y 8 fE[ 40 HMX [ 33.2 () - cm™)°° ],
H 6, {H 475 K T submix (1 6, {8 . 1M % i /2 jx 4 5
s, AT RLJH 6 b7 3k R NPBA 3k 58 H Y B 4 V0
(1 Scheme 1 ff7n NPBA I £5H ) . Dz/(x+y) =
0.05 ~0.5,54f /& 0.05 ~0.3,H y/x=0~1.0; @x>
y+z,x=1H#},y=0~0.5,z=0.1 ~0.5,

Zi b AR 5. HE S S HUR T T NPBA
BETE submix 4] 43 H , NPBA fi4 A %) 43 1 i & 1 1%
R, B NPBA 5 submix 2 [H] 1 %5 B 2 880 25 {8 b
RS R NPBA A BEFER R 1Y T, F M submix & A=

L
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A4, AT LA/ 1 R a2 0 RR ) (A R R 2% 1
b R BEHEGEN . AR, X LR X T NPBA
P EA B 4R 5 R X E R B A A — 2R,
Wit SR BF A E T 28 50 G T o A DR R o
TR IR AR AR 2 4 H— MU AR
AT % (trial and error) B3 42 & B — RAE— 1 H
— i, 7 AR B R SOR AR, AN F T NPBA (1)
B B A

M Z T, A BF5E 8 MesoDyn A WA #3154
AT TR P, BARASRE W T, LA K& & 3d /) NPBA
Eat A 1D s e i N | S N 72 8 e 17/ = W<
N Rl i I WA I /R e N
NPBA f) 3 58 [0 45 J5 4, X 2% FfoAH X 23 B i L &
MRBETT NPBA fAH 43 126 #8 B2 #E 4T EOUL A A0 X 8K, 78
NPBA & j 2 Bl st 0 FL AT T4 A — > 55 35 Wi A A
P, AT $8 R 808 i e i B VA i H B, A T ik
TG BN T R S i R 2

4 % B

(1) 333 K(60 °C) I} NPBA 7£ TMETN/BDNPF_A/
BAMO/NMMO , TMETN/BDNPF _ A/PEG . NG/BTTN/
PEG X —Ff & REIG YA /L R W IR SR R P A P
435009 3.63 4,14 .0.61, 7 303 K(30 °C) W4 JF
BEAR S 7.93.9.23 2. 74, i B X 86 fk &t NPBA
TEARIR T B AR 0 28 2 B 35 o v T B R, B T IR R
FEAR S NPBA 75 7 BE 3G Y3 75 / 700 2 4 AR 2 v (4 4 40 5
f” X — 55, &4 Kim %t NPBA (i3t #1 % .

|

W
&
=

[aYay
&
N
P
&
(I
&
=
oF
i
wt
E_{\
Z
e
o]
>
o=
oy
b
[aYay
il
DK

LBIWETIE L7/ N A B RO Y

(2) SCHRHRIE (7 22 0 7 2% P Be B4R 2 ], NPBA
AR 4R 3 50 % (KR4 B AR R Pk o
HACR T2 AR )7 F & A AL 4 = (NC) B I
J5 UESEAN TR & BEHG ) /K G R TR IR SRR iy
NPBA TEARIR T A& 2B 7 AH 3 85, AT AE K 5 57 55 1A
BURLZ [ B3 T o F A7 AR B 58 T =& Z [l
YERT, MAS J2 48 NC IR AL A A A Kl 5 77 199 465 45 44 5 A
B BB 5 2% 0L ) 25 M R = (B A AR B 18 % v
KR UEE AWK MesoDyn A AR L1158 7 1k
SR EVER

(3) FfizE NPBA AHX} 43+ B & (Y 215,333 K A
303 K B NPBA 7 NG/BTTN/PEG {k & (4 5 )5 J&
Vg bt v, B IRl — A % 43+ B i NPBA 7E 333 K il
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303 K A P2 E I K X Ui B NPBA A%t 43
TR 5, NPBA 7E S REXG WA 7 / TR MR & 1K &R
MRS KB B . HRETE T, NPBA X 43 F
Jo e B v L E SRR U, S T (T RE R B
FTR) ) W75 BE S E A K, —F IR A 22

(4) FEAR“RE 3K 4 3R B 7 5, NPBA 7 NG/
BTTN/PEG A& & w1 (% 47 17 B 35 3% i 42 &5 , U6 B NPBA
FE T REIG IR/ R PR AR R TP A S KM E
L PR R U B RAIG L TR S B REAF B, A A o R
NG AT .

(5) #&% NPBA Hl i J5, NPBA £ NG/BTTN/
PEGIAR T MAFEHZH RS, HF —HET
NPBA 7& 333 K F1 303 K i} (Y4 J7 )3 22 {8 o 48 K, i
B NPBA 7E & REXG I/ BRI G R R P H ARG &
MY . X NPBA W EERS KI5, A T4 5
AH B AR S0 A REBG YA R/ WUER YR AR A& b s RD
KA E

(6) AT FE B R B4 A WSSy 325 AT A & JE 40
TR 34 78 NPBA £ ji =2 11wl X il FHR0CR A #8
R AR, A o T A R B 4R R
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Mesoscopic Molecular Simulation of Phase Separation of NPBA in Energetic Plasticizer /Prepolymer

YU Zhen-fei' , YAO Wei-shang', TAN Hui-min', CUI Guo-liang’

(1. School of Materials Science and Engineering, Beijing Institute of Technology, Beijing 100081, China; 2. China Aerospace Science and Technology Corpora-
tion, Beying 100048, China)

Abstract: In order to explore more effective approach in molecular design of neutral polymeric bonding agent( NPBA) than semi-
empirical and semi-quantitative method, MesoDyn module of Materials Studio was used to simulate mesoscopic phase segregation
of three NPBAs in energetic plasticizer/prepolymer mixture, as described in U.S. Patent No.4915755. It is shown that the order
parameter of NPBA in the mixture at 303 K (30 °C) is higher than that of the NPBA at 333 K (60 °C), which means that phase
segregation at low temperature is stronger and agrees well with the goal of NPBA tailoring. On the other hand, increasing molecu-
lar mass of NPBA and percent of NPBA in the mixture and decreasing processing temperature can increase phase segregation.
These results can be explained by related theory of polymer solution and indicate the mesoscopic simulation method can be used
for verifying of NPBA molecular design in a straightforward way.

Key words: energetic plasticizer; binder; nitramine; neutral polymeric bonding agent; meso dynamics; phase segregation; order
parameter
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