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Fig.1 Schematic diagram of line and droplet by direct writ-

ing deposition
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Bf a5 KR 70 9.81 MPa, SRAE B [H] [H] B 4 0.01 ms, i
Bk 25 °C.

Wk 22 07 FL & 5 25 % F 12,7 mm HLAG 3 47 P
BRI SR FH 7K P R 2 O Al I 3, 50 A A D

2 FHRS5WiE

2.1 EHHHARIEIT

1 JLART R b S A RT K S 2 e He R TP AT 2
BIZRBEN . 0 TR 2598 R[] 9 AL 25 1 45 1A
30T R TH VT 184 1 1 5 k), R A% 8 24 AR R0 A I A
FTVAGN 2 A BB w2 & SR 24 49K T ¥ 1 v 1 5 el [ 3%
WAt T —M ik 2 07 fLI RS0 , FL Ge [ 7 4L .
19FL & G2 HH L BL RN 258 To Rk be v 24 6 o XG5 IR
FE7 4L 19FL R BT 2G W WL 25 07 L .64 T FL K 25, B
RUN % 64 757 L i 120 J5 L & G 245 1 9K T i 14 14
N Lk

www.energetic-materials.org.cn



L AT B A AR 3R N ik 2 07 AL R BT 24 2 S fiE

it 2R B I3 1, o i 2 07 fL 2T 25 A
B2 78 o LA S5 24 A AR 5 1 R R B Ik P 49K 1 /49
B R TET ) S A Cor) , LA 55 245 1) 2 458 AR X J52 52 A At
AR (Z) VR B, R 7R S S 25 4R o8 i st 1 99K 1 A2 b L
AR ANE 3 PR .

R1 XA IERS R

Table 1 Shape parameters of comparative propellants

a b h r+w  a b
propellant /mm /mm /mm /mm /r]nm /rlwm "
7 perforations 3/ 45 06 0.2 0.2 7
19 perforations 9 / 135 1.9 0.38 0.38 19
25 cubic pores 5.5 5.5 8.25 0.5 0.5 0.5 25
64 cubic pores 5 5 7.5 0.278 0.278 0.278 64

inner 64 cubic pores  5.56 5.56 8.06 0.556 0.278 0.278 64

inner 120 cubic pores 20 16.5 24.75 1.07 0.5 0.5 120

Note: a represents the diameter for cylindrical perforation or the length for
the propellant, b represents the width for the propellant, h represents
the height for the propellant, c represents the side length for the inner
square hole, w represents distance between adjacent perforation for

the propellant, r represents the thickness for the outer surface cover-

ing layer, n represents the total number for inner holes.

a. longitudinal structure

r+w

b. cross sectional structure

B2 PNt 2 07 L S 20 T R R A 45
Fig.2 Longitudinal and cross sectional structure of propel-

lants embedded with cubic pores

CHINESE JOURNAL OF ENERGETIC MATERIALS

905
6| —=— 7 perforated (1,5.89)~
—— 19 perforated &
S —— 25 cubic pores
P 64 cubic pores el
| —— inner 64 cubic pores // (0(17,84-?%)2)
) 3_—o—mner120 cubic pores /(1‘ 1’.62)
1,157
9 (1,15 )\
——
(0.7,1.32)
0 : : : _.W
0.0 0.2 0.4 0.6 0.8 1.0

V4
B3 ORI 25 e 2 1 BT R AR X )RR BE AR AL E &
Fig.3 Variation of combustion area of different propellants

with relative thickness of burned propellants
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Table 2 Formulation and properties of slurry

) 1208k T #E4T T X e R o Y EERA R 121
BF, Rk T 88k 22, AR B35 1) 7 55 55 18 8 AS D i
EEGTED I BT T ARZ S s S B LG 1 2 B,
BE L A J5 52 08 BT REAR T B B R ORE IR, 2k 2% N
T — M R A, AT S R A DR R R L 12,
2R FIEC AT ED T 5 B 25 R e 2 fir o . 45
R RS L 1.3 1, Rk VCEEER [ 1: 1) 4T ER
LRI IAVER 22 ORBEW] X ORI LA G 230
Je sk T CEERR L 12 2) 3 st d, o] S PE4E T ENRE 3%
HT T, VS R 9 i TR v DR AR BIF 5 R R T T
FAERFTENROREL 5 o 3% 2 v i H BE Ay s i 375 791 I
5 NC+TMETN+BUNENA i i & 2 Fl 0 Fo A .

alcohol/ketone  ratio of )
slurry components . slurry properties

(m/m) solvent/nitrocellulose
I NC, TMETN, BuNENA 1:1 1.3:1 poor plasticity, opaque colloid, instable solvent volatility
I NC, TMETN, BuNENA 1:2 1.3:1 transparent colloid, good fluidity, smooth surface

Note: m is the weight of the solvent.

23 HEHARSHILLEHE
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R (NC-120) s AR /N 1 AR b 255 25 905 3 AR b i
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TR SR F T B 1 (FURG B A , OB IR A R (LA
DRIZEIE R AR R 0.57 mm (5 S AT ED B ol B 48
N FLEE Z 2B R FHNAE R 0.31 mm BYEF ST ER,
I IR SEOLE 3, 25 TE B S AH X S L3 4.
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Table 3

with cubic pores

Design parameters of propellant shapes embedded

propellants a/mm  b/mm h/mm a/mm b,/mm d/mm n

NC-80 30 6.5 3 0.5 0.5 0.57 80
NC-120 30 9.5 3 0.5 0.5 0.57 120
NC-686 35.5 9.6 1.24 0.2 0.2 0.31 686
NC-1372 355 20.8 1.24 0.2 0.2 0.31 1372

Note: dis the inside diameter of needle.

BAL RS 0.5 mmx0.5 mm L HES) 75 2k 4%20.,
w=0.50 mm, Hr ] 4 ZTEI i T fL 2SR L 41 )2
FATEIVJZBUR)Z , DU UE Iy FL 8% 3 1 T 25 T2 93 5 AL
P4 Rl Pk 80 J5 FL UK ST 25 T 5t 08 W] 8 K 5 R 2
¥, 75 FL A T R 5 S H ik 120 T LR T2,
NC-120, Z7EA [F 25 FATER Y 6 )2 Mk 120 J7 Lk
$25 % B fLR SF 2 0.5 mmx0.5 mm  fLHES] 07 K
4 6x20.,w=0.50 mm, FT EJAE afh R OB 5] 4T ER
B b AME — B4 .

Bl 6 i N ik 686 7 L & 5T 2 ,NC-686 , /& K
WA R 0.31 mm L AT EIAY 3 )2 P9 ik 686 J7 fL & 4
25 W AL S 0.2 mmx0.2 mm fLHES 7 KR
14x49 ,w=0.40 mm, ' [u] )2 4% B % 1125 2 0 % 686
AT AL AN R ATED 1 2805 2 TR il P 2 3% W]
Korkasm B/ 7 mik 1372 7 fL & 41 25,
N Lk
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a. b.

B4 NC-80 3T EIKE A 524 14
Fig.4 Photos of printed NC-80 samples

a. b.

El5 NC-1204TERE LS9
Fig.5 Photos of printed NC-120 samples

a. b.

6 NC-686 TEPFF: i 54 Al
Fig.6  Photos of printed NC-686 samples

a. b.

B 7 NC-13724TEIHE LYK
Fig.7 Photos of printed NC-1372 samples
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NC-1372, & AR S5 FATENR 3 2 Wik 1372 77 4L
K Gt25 ha R 4 BT A& 1372 4 AL '
AL SF o 0.2 mmx0.2 mm  FLHES 7 Rk 28%
49 .w=0.40 mm, S} 2% TED— ZBU% 2 ATENRE 5 A
537 WA 7 R G5 A8 5 2 FFT B[R 5 1 2458 — BOvE BT
2.4 ITENHESERIFMES

h T 5 HE AT B AR LB ] 4% 20k RF 50
RSF = A AHAT 6 3D T BB ik 22 7 FL & 3 25 NC-80 .
NC-120 . NC-686 ,NC-1372 () 52 & 25 & R f 3k 17 1
X 4 FP 25K NC-80 \NC-120 .NC-686 \NC-1372 £
i P T e R AT B O AR 2508 RUSE R A 2
T AR B R N B DLk 4

F4 HWILBRSH
Table 4 Actual parameters of propellant shape

a b h a, b, w m p
propellants

/mm /mm /mm /mm /mm " /mm /g /g-cm”’

NC-80 278 58 1.8 0.8 08 80 0.4 0.25 0.86
NC-120 278 7.8 1.8 0.8 0.8 120 04 04 1.02
NC-686 32 88 0.7 03 03 686 0.25 0.3 1.52
NC-1372 32 18 0.7 0.3 0.3 1372 0.25 0.5 1.24

Note: m is individual propellant weigh; w is web (distance between adja-

cent perforation) ; p is bulk density.

2 4 e AT LLE S 2 8 8Os A L it
I A P /N , NC-80 A1 NC-120 )L F M 0.5 mm
HINE T 0.8 mm, NC-686 il NC-1372 N FL K <F Mk
0.2 mm ¥ KF| T 0.3 mm, X J&H TR NERNIEL,
25BN RS /IS  25 T8 N R i 2 S i, O FLR
St R R AR ROREFT BB 4 Fh 25 2 BE S i R I R AR
WO TR] L R R B 28 N [R] U R A R R O
] L 245 T8 W 4 A (W) A BT 22 501
2.5 FTENHMETBREEIERE

Z AT B2 f IR, AR BF Y 1 B NC-1372 g
NC-80.NC-1372#F47 1: 115 %25 1) NC-80/NC-1372
(/)T ERAE S 2R AT € 2508 58 RPN S MERE Z 28 . )
H NC-1372 #1 NC-80/NC-1372(1/1) Wik £ I fL k
S5 p-t il 26, I 0 I 2 3E AT 14 SR 45 dp/de-p i
2B A (1) ()15 R SIS B LB, p-tilli 4k
N L-B 443 0 an ] 8 Fir 7, AH VL ) %% P 4 #4545
RIS,

dp/dt
pipmax

B:L (2)
pmax
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Fig.8 p-t and L-B curves of NC-1372 and NC-80/NC-1372
(1/1)

R5 BRI AR

Table 5 Test results of closed bomb vessel

propellants t/ms Pra/MPa  A/g-cm™ L/MPa™-s
NC-1372 3.96 161.3 0.12 6.40
NC-80/NC-1372 (1/1) 4.19 292.7 0.2 4.81

Note: tis the time when the combustion reaches its maximum pressure; p_

is maximum pressure; A is the loading density.

FH, P R KB 9 85 KR 1, MPas p, kg AN [ B ] 85
1 JIE , MPa; L-B M1 42 [z W i S5 245 1A T i 34k 1) A2
fha e,

i 8a P Y p-t £ 1T LLA Y, NC-1372 35 2 %
K ST F (8] 294 3.96 ms, JRGE I E] 46, 755 A /NIUE &
S22 NC-1372 5 NC-80#i¢ IE 1: 1 1R &
Jo 35 B g KR ARSI B E K 5] 4.19 ms, X & i T
NC-80 FYIE K 0.4 mm,NC-1372 354 0.25 mm,
NC-80 A3 e NC-1372 A 9IVE K, B 1k 31 i K
J1IR e st ] AR K o

& 8b & NC-1372 NC-80/NC-1372(1/1) iy L-B
<k, AR 8b Hr A 1, NC-1372 . NC-80/NC-1372(1/1)
259 5A WY S (0 R T RS 1 R BE NC-1372 1Y 3 A T
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I 5 T NC-80/NC-1372(1/1) IR A2 25, X J& i
T NC-1372 S /N B AE il R TR, i M B=0.2
VLT A4 LB PR T 55 2% T T 25 08 78 9 FL 8k 5T JF 9 1)
BRI ZE SR 3 K B O — 5 T UL A 2 R BRI &
L, N ALAT IR B )3 5, A I 5 2 A 40 i 15 1k 2R ik
HhZ B
2.6 FTENHEESA12.7 mmAligiXIE

R T BT A 24 1 JiE R R AR R P L T
g, R H 127 mm AL TR &, LS TEN R 6
JZ 07 LR S 25 NC-120 Fi il =X D-4/7 1R & %5 2 ik
TR 2G5 IR U8 35 6 2R 25 LU ) i 45 5 S FE il e
R LE6,

6 PN IE I K

Table 6 Test data of internal ballistics

samples D-4/7 /g NC-120/g /% p/MPa  v/m-s"
1" 0 10 0:10 272.3 680.8
2* 6 6 1:1 272.3 726.1

3" 6 8 3:4 / 679.2
4* 8 8 1:1 314.2 854.1

5* 16 0 16:0 320 850

Note: w is the mass ratio of D-4/7 and NC-120; p is the chamber pressure; v

is initial velocity of the bullet.

i 6l , 5" Hl X D-4/7 bR vfESE 25 B (16 g)
T, A5 B A 320 MPa, #1344 850 m-s™'; 4% 2 Y
NC-120 &5 25 Fnl =X D-4/7 IR A2 25 Wil 1:1 2%
Zi i 16 g B, A Bl 314.2 MPa, i w13k
854.1 m-s™, FIhl =02 25 574 L B R RS AR 4 B A 5
R EIRWIE U], B T A6 A AR JE i 2 07 AL
52 10 R R Rk B 5 ) 2% B 24 A AL K
V- ABFTEN N i 22 07 fLR S 25 2508 (I b 2 IRRE DL i 45
XoF SR THI 47 1 M RN D A M RE SE IAR R, T R GIRA
W5 o

3 % it

(1) BT 3D T B g i #4r HLA7 52 55 94 T 947 38 1 9
SR RSP T — ik .

(2) A A A 75 fE 4 22 50 70 9 550 I ) 1y SO T LA
RS BRI 3D 4T B 4 AR il 5 S A0 R K 5t 24 4T
EEF Sk FLAR AR EU VBRI LU IR 4R A S D R
ITEN S 51 25 2598 B RS SRR

(3) ELS T B R B P A 2 A ik 22 07 FL45 44 7 Y AL
S
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FT I % 6] W A R0 H e & SR 245 1 99K T 9 19 1 [R) A AE
NC-120 &5t 25 Fril =X D-4/7 A2 25 H il Ry 101 2625
16 gt R A 314.2 MPa, S 91 4 854.1 m-s™',
K E) T & 5 2 AL A K, B R R R h
& SR 5 .

(4) X ik 22 J5 FL & 5 25 10 2508 41 )2 9IJE IL
e 55 2 B AT AR T LR — 25 4 e 2 S 25 %) A8 v A
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Direct Ink Writing and Properties of Nitrocellulose-based Gun Propellants Embedded with Multi-cubic Pores

FAN Wen-rui', XIONG Peng’, SONG Yu-fang', XIAO Le-qin', ZHAO Qi-lin’, LI Chun-zhi*, ZHOU Wei-liang'
(1. School of Chemistry and Chemical Engineering Nanjing University of Science & Technology, Nanjing 210094, China; 2. Luzhou North Chemical
Industries Co. Lid, Luzhou 646605, China)

Abstract: In order to solve the dilemma of traditional technology to prepare gun propellants with complex structure and explore
a new way to improve incremental combustion surface of gun propellants, 3D direct ink-writing was used to design and print
nitrocellulose-based gun propellants embedded with multi-cubic pores. The 3D printed nitrocellulose-based gun propellants em-
bedded with multi-cubic pores were characterized by constant volume combustion and internal ballistic properties. The results
show that the printed nitrocellulose-based gun propellants embedded with multi-cubic pores, prepared by nitrocellulose, ener-
getic plasticizer, and solvent as printing materials, are in accordance with the expected design of incremental combustion sur-
face. Due to the influence of the diameter of printing needle, the ratio of dissolved cotton, the ratio of alcohol/acetone, and the
speed of solvent volatilization, there is a certain deviation between design size and actual size of printed gun propellants. The
preliminary ballistic test of 12.7 mm machine gun shows that when the mixed charge of NC-120 and D-4/7 is 16 g and the
charge ratio is 1:1, the bore pressure is 314.2 MPa and the muzzle velocity is 854.1 m-s™'. The stable and normal combustion of
the direct ink-writing printed gun propellants embedded with multi-cubic pores in the chamber is realized. However, for the sake
of practical application of printed gun propellants embedded with multi-cubic pores, several parameters need to be further opti-
mized such as shape, web size, and the web size matching between inner and outer layer.

Key words: direct ink writing;gun propellant;combustion performance;ballistic properties
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