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F.>99.5%) . Al Ky, AL By R (& & 0 B
x W ER A R R AE AR ST e N Al-Lisx) , Al
Me-Li By K, % — R — °¢ Fig (DOS, H§ ¥ 7], >
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VEGA [I XMU, Czech Republic), 1, T {4 # B i
(EDS, Oxford, UK) , X § £ A7 54 {L (XRD, X 'Pert’ ,
Netherlands) , B B #E & %5 B F 1k & 5 6 3% (1CP-
OES. Agilent 5110, USA), BAM {## if; J& J& 1Y
(BFH-12 A, # & R&P A #]), BAM JE 8 8% i 1%
(FSKM 10 #, f# [ RE.P /A A , 48 3 #{L (Parr
6200, USA) R 55 S BT 3 MPa, [A]
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MEMRECAM ACS-1,Japan) » 32 5 25 {4« 25 /<, FF i B
0.5 g FCEE R 40 VL 1.5 A, BOBRE
BEAY (Mastersizer 2000, UKD , M3 &5 14 . B8 h 4y
R S 43 8L 5 min,

1.2 B 7 38 4 6 18

SR = 4 AR UG 4 2 A 45, g o
e STL & U , i FHU) A %K Repetier-Host i
T2 E A LEE 1. 00 mm.Z/E 0.8 mm. H
TR 100 %0 JELFEIE R Sy )0 [ 58 R S B0E B S
2 o B A [ A HE R A 45 AL A A O A BE AR
IR A4 B 30 min J5 238 AKME L 7E 405 nm 4
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Fabrication process of solid propellant

1.3 [ 4 33 570 14 ik
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(inductively coupled plasma-optical emission spec-
troscopy - ICP-OES) ¥ I 22 4> J& #y K 45 T &
AT YA G i, SR A A | TR AR R R AN K A
FIBUARIEREE | ) 7E i 5 A2 8 8 o 3 G 22 42 B
PERE ;8 ) = AR AR R G R A SO Bl 5, il R
BRI 4 i B LA B R R 25 5 JCH HRE . A XRD
Xof BRBE TR A W) HEAT WA 5 P 53 A 5 SR 403 it IAASE
HERAERE BB R 5 45 5 [R) 20 JA 0 A ASCTR A BT 4
HEFRVTAER G 1 55 B0 I3 fife B AL B 5 e PO e B A
et [EARHE TR RS 7= 0 19 ROST RDRLAR 341

Fig. 1
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PO OB T [ A A 8 3R A B A e L iR
RS S5 PERE A DG, E H AR B A A 4 )
T 22 PR TR 20 1 L vh R A BES L (theoret-
ical specific impulse) , #H R #E#EF Fi T . Bt
R, BB A% B 1Y Ak 2 BE B 22 [A] I, A R R
ARG b B 4 0T g = e O DX A] B RE = R OIS )
o B T LA [ A HE SR AR 2R Y RE
RE » L T % S0 I8 4 He 2 5) 56 il TG 5 1 82 0 [ A 4 s
A AEFRUESAE T X e e vb 4735, R 1 H
T A 4 4 700 7 T 40 T 7 B 3B b o BRHE L T el
HEBRTC J7 22 S 04 2 500 0k R 00 T4, SR A 4 Jm R )
P2 IR LL i B S e . Bl s L BRI Li Mg JC
RIG Y AL ES SRR i BE T ol AL R 3
A BRI o Al-Mg-Li 45 @ ORGSR A9 4 7E 77 3
W R e Bl ALRER R THZY 1800 BEE ALLL &
L 3N E 62 R ek AT
0. 75 % ; B Mg JTR e - BIE L w5 A AR Li STR 1Y
HEFERBAT P BT, 45RREL L Mg JTR Y]
A A [ A 5] Y BB Sk R L 3K Sy e P R TR A A
HEFR AR e PRI 1 DG SRR

R 1 ARG S HEE & 80 E 77 5 i e
Table 1 Detailed formulation and theoretical specific impulse of solid propellant with different alloy fuels
FE i 25 FR %g?/ ﬁ%ﬁﬁ% AP/ (%) DOS/ (%) Uv Bt/ (%) %ﬁ%%f
Al 8 22 60 2 8 2574.9
Al-Li-3 8 22 60 2 8 2594.2
Al-Li-6 8 22 60 2 8 2613.6
Al-Mg-Li 8 22 60 2 8 2621.9

% 2 IR A AR TCP I &5 51, Bods
L2 AUBY AR AL 5 B3k 99. 3%, 4l B A v L T AE
e X B 4H 5 A-Li-3 Al-Li-6 B b Li &84 5
H2.90% 5. 74% , 5 3% .6 % AW A, I
22N U] Li ST R ORI A AL ERIE A 4
Al-Mg-Li ¥y K Al.Mg. Li &8558 62.01% .,
34.14%.2.90% , 3 F I & 43 M ¥ 57, 2% BT & = AL
0. 95% AR T HAb & & F i, RIZ =0 G & 19l
B/ T EREWEA . WA, A & &R 0 24 &
S AE 3. 50 LA DY . AT Rk G 2% UG HE 1 )R 0
PERE 12 R Re = A AN RIS L i — 20 R T S

it 4 R BRRE I AT S M L Ol e 2 4k 1R R 4T ED S fiE
W0 38 P 0T ) 5 e B g S
F2 AEAEEHER ICP MK &R

Table 2 ICP test results of different alloy fuels
Al 99. 3 — — 0.7
Al-Li-3 94.76 — 2.90 2.34
Al-Li-6 90. 84 — 5. 74 3.42
Al-Mg-Li 62.01 34. 14 2.90 0. 95
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Fig.2 SEM images of metal powder
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Fig.3 Additively manufactured solid propellant samples

R VR BIE 5 385 b ] 3 1) T A HE 0 TR0 RE & B
ST B0, 4 [0 J5 1 24 4 20 47 D0 1 A 3, 1) ) T
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RSB IE . ART . BT Li o0 R A R T RO
i EDS 2R B o0 R AE 8 AR 5 2R T
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B LiHA5 5 &8 by oK 59 1CP A I 45 2R ] L[] 2
HEW . AP 5 Al/ALLi/ AFMg-Li 8 A 7 [ {4 #E i
FURE il v S B 2] o A, 5 SR R WG b i B R
7 [E A Hfe 3 57 ) 3 400 0 R A 0 5% 09 BT O
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Fig.4 SEM images of solid propellant cross-section
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Table 3 Mechanical sensitivity and combustion

heat values of solid propellants

FER AT EAE/) R /N BB/ (k] g D
Al 12. 25 288 14.01
Al-Li-3 10. 05 168 15.32
Al-Li-6 7.35 144 15. 68
Al-Mg-Li 11. 27 144 14.51
2.4 HRIEH

FE AU I A A HE S R A R b A DA
HE— L RAEBEE B ERE 45 Rk 3 rom, W
DIE W B T 4 ALIR R, AL Z o0 & & 80k
A R T R A R B, AL Mg Li A R Z
PETF 3. 6%, AlFLi-6 B Z 8 TF 11. 9% , X E#IH
KT Li o & HA B &0 B HOE A AL #o6e
71, Be % A SR AL R FR 0 A AR S 0 R B S ORE
s mfE AFLD B Al B 5] A Mg B il Al-Mg-Li =
LA B ALK RIS A T R HAL 5
T4l ALRR X T Mg &K AL B BE B A
EY L Li Al oK AN 0 % L = 00 i AR I £
K. LA, Li B4 4 Ak BorE X 4R T
PR HE B R0 BR b B B ] & B AR . ALLi6/
HTPB [ A4t F7E 3 Fik Rep R R m W
fiE et R OK -

2.5 #oH

AL G Ml 2 T4 H 3 500 08 B8 R R TR
TR, 4 52 e 2 [ A HfE 3 R0 9 R B S B
FE . ARG A 4 Ja SRRk T A4 H 3 0] 1) 4 T 2
Jt R FH 22 78 i & # L (differential scanning cal-
orimetry, DSC) FI# H - 73 # i it &k (TG-DTG) Xf
AN 43 T JRRE A T A HE 1 0 3E AT 43 A, 45 R A
5 7N .

M5 AT A L LU ALK R 4 00k i ] A 4
HEFR v, AP [ 0 ik 06 3¢ B A B G 0L ; DL AL-Li
W3R A 4 Ja AL I, HE HE 50 i AP (%) 53 il U 52 BB
WA 3 R B T L AL-Mg-Li By oK 0 4w Ry

e b, AP (9 4 i 0 U B0 . R 4 Fp oA
7] 4 JR JORRE B HE 1300 v, AP B B G A0 A IR RE AR IR
M 385.48 °C.357. 38 °C.334. 20 °C#l 329. 50 C,
HBRFERIEE T 14.5% . 458X A TG-DTG (il
LRI, AP 1 43 fife 3k R B 4 T AR AR 4K, ISR
(0 B2 25 43 f B A8 R B R — A B R A i, X
RHHER Li B AXT AP & iR i B A Ak
YER, AT fd AP /9 43 i ol B2 2 17 0 Mg 1948 ATig

E— 5w A Li X AP B4 fb 808, S & ff DL AL
Mg-Li 44 @ $ARHW HESE ) b AP 19 2 fif 3 72 5 5
h— e .

. EXO 1
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= .
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Fig. 5 Thermal decomposition curves of solid propellants
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Fig. 6 Combustion snapshots of the solid propellants
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TE A O, B B Gl A R ORI A, AL
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et 2 ). X0 T Mg 5 Li (P RE . 23
SR AL T A AR AL R BE Y 1 AL AR L R I A 2L
5 PR 25 ) (0 K A0 0 9K 5 5 2 A 3] 5 B O
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i, DT HE A b ik 1 S R be e e M . &5 T ik, Li
(51 A AT 5 A 0 A i A A O 5K I 3 AR T ALY
HTPB [ 44 i 5] B RABE 6 M s 0 Mg 5 Li B9 P[]
B aAER R G S BRI 1k 1 R 4 i 78R 4%
P BE P2 AL B2 1 S0 06 S A
2.7 BRIRFEHIS AT

Rt — 2 4y B AS TR 4 D o A HfE HE )R A%
PERE 10 52 i, i 5 R R 7 W 1 SEM B X [ 44
P E 0 1) R R R AT A AT A R T BTN .
Al/HTPB [ A 4 i 5 5% 58 i, 40 90k 2 1 31 ok
TE B ECE L e R AR A A L A B R R
WA R ) B BEL A AL A S N R i, il
PR L AT AR L A B Uk i FL L 4 ALLI/HT-
PB [ 7R 4 i 70 v AR A RS M Y L AR 5
IR eI 37 N R 2l S o S | A A e
JZ P9 EB 7 R g oh e Ah 5T, T B0OB0R R B Bk R
Itz Fe b, 7= AR TR B0 O 4 s A-Mg-Li/HTPB [#
PR SR 3R b, Mg 948 A B0AS T B RS 7 W 4. I
B AR M A B A A R Ak,
G- R U I+ S S B [ e A 1 vl 21 T = I
72 LA g b Z2 L AR O T2 DT 8 A AR K TR
FURERE RN R OB KR . R BT W O A 22
S R B T Li, Mg B AR i SRR B R X Y
SR, hy PR HE B ) RE A R 4 M e Y O il 15
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20um
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B 7 M R SRR = 8 SEM B R

Fig.7 SEM images of combustion products for solid propellants

A ol [ A S VR B 7= 0 1) XS AT 3 (Xeray
diffraction, XRD) 73 Hr &5 R 4018 8 i s, Al/HTPB
(] 32 ) ) R e 7= D ZE AT Sk # Oy 38 46°.44. 78°,
65. 08"} 78. 12°4b ML 17 55 0 . 5 AL(PDF#04-
0787) Wy b o A7 5 e 5¢ 4 DU L, UE S 7= 9 h A7 7 Al
A5 5 L R B AT 5 A R 25, 587,35, 15°,43. 36° %
57.51° b A5 I 2 1 1 55 A7 S 08 L 4 0 X R AL O,

(PDF#74-1081) 5 (110), (211),(210) J (321) #
M, PRSI RUAH D Al by 2 5 B 1Ko
KB BR B RR . X T ALLi/HTPB [# 44 #E 3 51 14
BRBE 7 W), HAE AT 9 A A 250 58°, 35, 15°,
43.36° M 57. 51° AL Wy fiF St 1 5 AL O, (PDF # 74-
1081) My bm 117 59 W — 405 b A, 11 3 /1 4 32, 00°,
37.72°.45.89° }¢ 53. 05° Kb i 437 5 06, 43 Sl X 1 Li-
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Al; Oy (PDF # 87-1278) i (220) ., (311), (400) K&
(42D 4T . BLAFMg-Li & 4 04 8 R0 8] 4
HHEHEF L FCBRE 7= y vh [6] R A7 AE R 52 2 R 9% 1 BRL T
AL®S, [6 B ) LiAL O, & MgO (PDF # 89-
T746) BYRFAEATT 5 0 L GIESE Mg B Li 52 5P
PR EAL I N . 454 SEM #AF45 %2 5 XRD ¥4
Oy A BCHE T gk — A UE 2. AL/ HTPB [ {4 4 i 50 4%
PRI, KA 4> ALK A 7843 F Ak . T BURE &2 B il &%
HRAZBR T Li B 5] A AT G R T b B R, B 3 R
ALK BR RS 58 4 5 BE RSB A Bl AR TRk R
Y 00 A8 T BSOS o AT | S Jr M T ) B AR
X455 5 1R be 7 W Y 5 B R e A X ) AR b B A
e —3.

*LiALOp MgO + ALOs Al

Al-Mg-Li il .o
AAA i

Al-Li

1
n L

PDF#87-1278:LiALO,.

PDF#89-7746:Mg0 L
PDF#74-10SLALO, [ 1 T[] | [ T
PDF#04-0787:Al | 1,

10 20 30 40 50 60 70 80 90
201(°)
B 8 [E A A = ¥ B XRD B i

Fig. 8 XRD pattern of solid-propellant combustion products
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et RO B ASORE AN [R) A 4 by A [ A 4 32 )
AR 7 W) RSE 43 A AT 3 A, G5 SR A 181 9 i
Al/HTPB [ 444 3 7098 58 7 W0 k0 A 5 o 06 43 A
FEEPLE 10~100 pm X[H,D;, K 51.8 pm, 5
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Energy Release and Combustion Characteristics of Additively Manufactured

Solid Propellants under Alloying Strategies

ZHAO Meng', JIANG Taiwei*, CHENG Mingxian' s YANG Weitao®, MENG Shenghao' .

MA Haixia®, LIU Bo'", WANG Xuanjun'
(1. Rocket Force University of Engineering, Xi’an 710025, China;

2. Xi’an Key Laboratory of Special Energetic Materials, School of Chemical Engineering,
Northwest University, Xi’an 710069 China;

3. College of Chemistry and Chemical Engineering, Xi’an Shiyou University, Xi’an 710065, China)

ABSTRACT: To optimize the energy release efficiency and combustion characteristics of HTPB-based solid propel-
lants, this study focused on an HTPB composite solid propellant with an 82 wt% base formulation. Four types of
metal powders, namely Al, Al-Li-3, Al-Li-6, and Al-Mg-Li, were selected as fuel components. Additive manufac-
turing techniques were employed to produce solid propellant grains. Systematic investigations were conducted using
microscopic characterization and performance testing methods, including scanning electron microscopy, energy dis-
persive spectrometry, differential scanning calorimetry, and X-ray diffraction analysis, to explore the effects of Li
and Mg alloys on the microstructure, energy performance, thermal decomposition behavior, and combustion char-
acteristics of the solid propellant. The results demonstrate that the additively manufactured solid propellant grains
exhibit a dense and uniform internal structure without defects such as voids, bubbles, or cracks. Al-Li alloys sig-
nificantly enhance the energetic performance of the propellants, and the combustion heat increases with the Li con-
tent. Specifically, the Al-Li-6 system yields a combustion heat of 15. 68 kJ/g. while the Al-Mg-Li ternary alloy
system delivers a combustion heat of 14. 51 kJ/g, which was slightly lower than that of the binary high-Li alloy yet
superior to that of the pure Al system. Thermal analysis and combustion product characterization reveal that with
increasing alloying degree, the decomposition of ammonium perchlorate transforms into a one-step process, and the
peak decomposition temperature decreases from 385. 48 to 329. 50 *C. The Al/HTPB solid propellant undergoes
stable combustion without micro-explosions, whereas the Al-Li/HTPB solid propellant displays particle splashing,
dispersed boiling, and micro-explosion behaviors during combustion, with the combustion intensity increasing with
the Li content. In contrast, the Al-Mg-Li/HTPB solid propellant exhibits slight particle spattering and only mild
micro-explosion characteristics, with the combustion intensity lying between those of the Al/HTPB and Al-Li/HT-
PB solid propellants.
KEYWORDS: additive manufacturing; solid propellant; combustion characteristics; Al-Li alloy fuel; Al-Mg-Li al-
loy fuel
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