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B AOURE 2 T DU ARVER , Y Bk 5 & 3% B, Ri4E 0.2~20 um
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UK IE VR N SRR 0L K DL AT B S Y I 2k
TRA BB A& SR (AP) By [ A U351 op | ik
TR 58 715 FH 2 790 % 3 45 T 139% , 3% I T 4k 110 4 1k A
FBUE T AP 3 SRR IE RRAR T 20 MR o 1) 5 ol
[E] 4 HE 2E 590 o R0 1 % BR R, 3B TR A BE 7 ) b R AR
W& 16% B2 2.5% , & R TH A R B iR

RISt 0 AR A A B RT3k R 0 A T
HRBE Y Y 8 AT LASR T 00 [ 1A 9 4 550 B AR R, XoF
DAl B0 B A HE R0 S SO B P ERE R A R L . h
B, AIF 5 LA R ot e & st L o B R R B S T 5
SR FA Ak 2 T A A 7 1 A 0 AR % 1T 38 A A A Ak A
T AR &1 B@Fe & A AR, R B DAL IR & %
il £ (4 B/Fe TR A R Ry o BE, S b R 38 78 25 A5 Hp 1 #8
FALFRE . K =R B .B@Fe il B/Fe 43 1l i £ 4 HL
K& AR R0 R R, SR FOG SR D7 i 58 T HAE = R
T KRR R B AR 4R 7R B@Fe & A R RL rh gk XS
A5 R e 1 AR 1 7 e AL

1 SLIEE 4

1.1 IEHMBIENEE

BOBE ORI CREAR 1~5 wm, 4l 92%) , 5 1130
WM Ak A R 2 A s Bl & Ak (NaBH,, 4l i
98.5%) , &4 T e Ak T4 BRA /s 48k ChiAR 1~2 pm,
40 99.99%) ) M aEIG LA RAR . LK
Ii% 2k (FeSO, - 7H,O, 4l i 99% ) . U 7K 1 A1 iR £ 44
(KNaC,H,0,-4H,0, 4 fF 99%) B & — B¢ (PEG, 4l fiF
99%) . & /K (NH,-H,O, 4l ¥ 99%) . & & 1k 4
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(NaOH, 4 i 96%) , LA 1357 i B 7 T 38 5700 A B 2
CiE72

1 %% - L B B P 2% (LC-ES) | M 7 I 3 Uk AL
(LC-UC-21) , J1 R AL 4% B 4% A BR A & 5 [k A #L
(MC-12) , KU AR PAL R B 2 A BRA A s 4 i i
Bt SEM(MIRA4 LMH) 7 & B 5 2 A BR 2> Al 5 X
SR RE I AL EDS(X-MAXN(50) ) , 7% [ 2 He AL 25 A} 3
A PR W] 535 5 B 0B TEM(JEM-F200) , H A HL
F R At X BT AT ST XRD (D8 Advance) , [
& e Al AP BT AL TG-DSC(STA 449 F3) , f&
ES IR e T Sl /AT PR T N g A
(MAX-SPS500D) , 4t 5t 51 37 I AX 2% A7 BR A 7 5 5 ok
B AL (FASTCAM SA-Z), H 7K Photron 23 ] 5 8% 5
KRBT &, H B,
1.2 H&EHE

B@Fe & G R BL il 45« >R FI Ak 27 Dt o7 42 B3 125 7 )
MEMAE T 280, & T BeFe E 5K, &
S i B — 5 ) FeSO, - 7H,0 .KNaC,H,O,-4H,0 .
PEG .NaOH IR & Ja il % & & Fe™ B T i, Z J5 7
i NaBH, & T2 /K NH,-H,0 5 5 7&K IR 5 ik
TV W o K TR TR & 1 Fet B T IR TR K TR
TN ZE 55 °C, 76 WU 1 R 7 Ak B A9 B R AR R
TG R S W BB T A o BB RN AT Fet B Bk
NaBH, & L b J5 o 4 8 2k, JF iR Tl ik £ i . &
3 hse g RN Ja 38 2 B2 5 8 Rk i 2 Bk 2% T, Tl
i EA T 72 h, KA E W B@Fe Z A4k, T
VARV W Fe™ B 1 & i, AT DA A R R Bk
) B@Fe A HAKE, N 1 iR,

B/Fe 1R A A B il £ « 44 EL B TR A5 S M R R O
PR LRSI S 1ok 7 20 4o 4 ) 45 15 B HL AR & 2 1Y
B/Fe iR A 0K, 3R 1 iR .

RSN S

Table 1 Sample parameters
theoretical theoretical
sample  preparation technics mass fraction heat value
of iron / % /k)-g™!
B / 0 54.2
B@Fe-1 1 53.7
B@Fe-6  chemical in-situ coating 6 51.4
B@Fe-9 9 49.9
B/Fe-1 1 53.7
B/Fe-6 mechanical mixing 6 51.4
B/Fe-9 9 49.9
A A AL www.energetic—materials.org.cn
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SEHS Ay BT T 3 A AS [R] B IS Bk B 1 B@Fe
2GR B/Fe TR & BARL , JF DA AL 3BT By B AR SR X
MRS SRR 1, R R i R (1) 3
B =Rk B .B@Fe Fll B/Fe FUELISBR B A Q,,
TR

Qn=zQiniyi (1)

A, Q, N B.B@Fe ll B/Fe i HiE MR B  k)-g7', Q,
R Gy i BIRRRBE IR k) g T n R Ly iR AL Ly R
205y i BT SR, i3 AR B Al Fel

TEWOE s K R P S2 g0 v, Ry DR UEFE i ) — S0P Al
SEEG A R] A L SR AR ML I 10 kN T, il 45
HA N6 mm H 2N 60 mg i = Fi kL B . B@Fe Al
B/Fe k.

1.3 TEEERIE

¥ H SEM X B@Fe & & #R B WOUL 25 44 #E 47 53 7
MR 2% PF R L 7 S BBE T AEBE 25 14.89 mm, il
B E 20 kV, SR EDS X B@Fe & &4 kL b % o0
oA A R HEAT A B, R A5 S i L R 20 kv,
PRAEF LI 0.808 nA |, X I 42 1 i % 3L Y A 2] ] 2y
126.9 s, K JH XRD X B@Fe & & #A K v 3= 5 4 i #
FEHEAT A B, K A5 1 O X OB A I I R L R R
45 KV, H i L R 50~90°, HAli A K 8 0.0131°,
K HI TEM X} B@Fe & & JARE Y 40 58 )23 SO0 25 74 2E 47 0
T W3 2% P Sk 45 4 in 8 He R 200 kv, B LK f5 8
25000~600000 15 , # # J3 ¥ % 4 0.23 nm. % H
TG-DSC I i = #% ¥} B.B@Fe il B/Fe ) #1 4 fk
PE L8 A ZS SN 100 mL-min™', P32 6 B 35 K
30~1200 °C,H i FHRE 24 10 °C-min™', gl il A
it AR AR, R AR BT i A 20 8 mg.

K FA Ot s KRR S B X = Fh B KL B .B@Fe Al
B/Fe JE R ) s OB BRI 52 L a5 K HE 3R B[] KO0 s R
TR FEATIN A IR B T R B0 R K
N3 2 O AR ZE R R A N A U S I 5N 2
MR A & TR & WOLE R IE B 5 i A7 88
KON TR N 350 W, BRI AR K R 100 ms.
S5 ok A R P e A A0 SR R R Y R KOR e it
T, v T4 52 (A0 B WA A 20000 fps, B G B[] Sy
20 pso AR ASCRT O 45 38 A [ A5 45 o 2% 5 B IR
A fil K WO T G M A ] 5 R KRR R AR
IR B 1) B[] [ SR a5 HE SR B ] PR 5 Sy
1.0325%10° Pa,25 °C.
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Fig.1 Laser ignition and combustion test system
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2.1 B@FeE&SMMBEIREN

K SEM Xf B #ll B@Fe & & A BL Ut 47 1K 55 WL
wE 2 frs . IWE 28] LLE W A0 78 /S 0 7 FR Rk
5 IR I AR S5, B@Fe & A AR HOW &5 A4
KR, B B KR AR A A B Y . il EDS ik
X B@Fe 2 & Bk BLO il Fe ot K 4 %5 18] 43 A 17
ST WA 3 TR . B@Fe B A A RLH Fe ot 2 78 1 5
KRW AL, R M Fe TEM B BRENSL .
B@Fe & & #X ¥l B@Fe-1.B@Fe-6 fll B@Fe-9 H ikt £
S AR 4> K04 9 0.93% . 4.20% Fil 12.28%. A
W, BIF S 00 FH 1) Ak 27 DA A 7 T BB K 2k M S T
B ik i, ELAR B 154G B REATE S, Bk 1%t
ik AT

c. B@Fe-6

2 BAIB@Fe AR SEM 43R
Fig.2 SEM results of B and B@Fe composite fuel
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El3 BHIB@Fe SRR EDS L
Fig.3 EDS results of B and B@Fe composite fuel
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Fig.4 XRD results of B and B@Fe composite fuel
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b, AW T Fe,O, fil Fe,O,. 7 B@Fe B &% kil £ it
B A T4y Fe(OH)  fE 4 TR 2w . #F—2,
i FH TEM 35 BU T B@Fe-6 FF & 1 SOV 25 44, W &1 5 BT
TN o BRI A TE— 2000 AR R R LU AR
M Tl BE d,, Fil d,, 4 0.258 nm F10.259 nm (% T
Fe,B(2 0 0) .Fe,0,(3 1 1)Lh K& Fe,O,(1 0 4) (¥ i [A]
) . d,” 0.429 nm (X} . F Fe,B(0 0 2) Ay HEHHE) .d,
90.443 nm(XF R T FeB(1 1 0) . Fe(OH),(0 0 1) A K&
B-T (1 0 1)y 1 B BE ) LA & d, b 0.414 nm (X R F
Fe,B(0 0 1)y B IE) 1Y fb % 5 80, R AL G
F R R A S B RN A Y 3 B R
A2 S 78 1 R 4 1) B@Fe 2 4 BORE AR 8 A AS AT
BTSRRI, TR R SWIE R THEY .
FEHUAR IR A 72 % 45 19 B/Fe IR &AL Fe JURL 1 1 42
BR(AH1~2 pm), 5 BIRLR G 5 2 8 H A B9
ARSI Z [ AT 78 40 #2 fal

N Lk
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Fig.5 TEM results of B@Fe-6 composite fuel
2.2 RENITASW

e 23 S5 L R ACHR (4 B A B@Fe B AR R4
SRR PR AL I, H TG-DSC £k fn |81 6 7 , #F
P AL SRR 2 R o 4R K 6 iy DSC it 2 nT LA
FRAS T 04 A5 JOIREE R 1024.2 K, TR UG XoF I3 14 38 5
1062.3 K, H DSC il £k 12 81 hy B #R 0 R AE |, IF 11 Bl
— AP 3 A FE . B@Fe B A RRHEE B0 B i B
PR B A G A T IZ I 5 2 R
Fe(OH),Z# 0 FBUW . 5 BIKI AR, B@Fe &
WRBHEM E S B P S HEELS DGR R . EiREY
540 K, B@Fe &2 & AR b i 4k S 2k ity AL W I 1
AL T B 22 AR 45 DSC il Z8 H B R A 04
(X1 6 StD BB ) L 3X A Bl T B UKL il O 52 3R s
Ko MEESEIEINE 9%, W E M B@Fe-9 (1 15 kiR
AR 2 789.9 K& I ik 234.3 K) |, Jilt #1714 I
FE AR 2 740.7 K(FR X 321.6 K)o % F B@Fe-6 Al
B@Fe-9 & G0 KL, il 2 i5 #1400 K LA I J5 # i id
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Fig.6 Thermal behaviors of B and B@Fe composite fuel
&2 BRIB@Fe EAMAHHIAEMLS L
Table 2 Thermal oxidation parameters of B and B@Fe com-

posite fuel
H/)-g™" H,
parameters T,/K T /K -
StD  StFe  StB sts /J-g
B 1024.2 1062.3 0 0 6243.1 0 6243.1
B@Fe-1 966.4 10139 0 602.3 7309.2 0 7877.3
B@Fe-6 867.8 927.7 358.6 7123.1 97.9 7544.3
B@Fe-9 789.9 740.7 417.8 7637 1268 9283.8

Note: T, is the ignition temperature of B; T, is the exothermic peak tempera-
ture of DSC curve; H is the heat release at each stage; H, is the total
heat release; StD stage involves the process of moisture evaporation,
thermal decomposition of Fe(OH),, and initial oxidation of Fe; StFe
stage represents the exothermic oxidation process of Fe; StB stage rep-
resents the exothermic oxidation process of B; StS represents the sec-

ondary exothermic oxidation stage of B.

SRETIRIE A . Hr B@Fe-9 & ARV IR
BRI G A Ry W A5 A e SRR R,
A AIE N T 48.7%

Sk X6t B A3 AT 110 T A7 T 20 A s A Ak R 1Y)
S, B 586 B/Fe TR A BRRE 09 $A A Ak R 1k i2E AT T DU
WL 7 s o ZEMRIRBY BL, B/Fe IR & 88} #4
AR S B I E L R SR — . TR 1050 K
B IEE , VA Ak s T LA A5 T3 A 3 hin  (EL 7 T B
WA AR, X B@Fe &4 BRI B/Fe IR G 8B
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B/Fe Il & #A Bl il B@Fe & & JA Bl i 8k i) W A7 T AR
6], Horf B/Fe IR A48 b B JWk: A Fe KL o HLAK IR
A A5 R, T R A R ST, 1 B@Fe B A AR AP
BRI & TR R, B o R S ME R T LG
P (1 4) 4 B ik E A W A Sk A B b 23 ) R o A
L HEIAEURL K . AN BT B@Fe & A A R
L 2% TR 14 S AR 3 W] LA Sk 4800 3 B A, DT i
P THRE A R R TR

220F T T T T T T T T T T T e
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Fig.7 Thermal behaviors of B and B/Fe fuel
2.3 BB TE ST

R O B KRR SC G 5 4 B .B@Fe Fil B/Fe —Fif
BRBHE A7 O JORBE S o i T BIRBR h RE P A AE
BO,Hr[al 4y, 25 th L&k 6 I A LG, DR e 7 1R 5 Ak 3
HOlE R X —FRIE G AR BUKIA S B SRR R b By
AN IE 8 iR, SR e A AR 1 [R5 (1] 8a) §:
e HSV g 20, I S 3 3 TVl JE Y B0 1 o, 15 2]
R 5 M EMR (B 8b) o Z 5 1 3 5 e i KR 5 4k
RGB #% =, I DL G i 18 £ 4l UK 98 |, K 5% 45y
A FG AR AT R b KB X R (B 8e) o R i
AR R T LA K M B (1 8d) o

B .B/Fe fll B@Fe — Fl A RL T F 78 25 A v iy S 84 45
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a. original image b. color-enhanced image
L “ 4
L % ]
2
()
L 2 ]
=2
A
c. binary image d. flame height

B8 Rl KHRGE S R Ak By vk
Fig.8 Image processing method of ignition and combustion

experiments

KRB IS AN 9 BT R L H M e B B A TR ) AR A il
LAE 10 Fron o B A AR SOG4 AR rh 2 AR
RBE KO, B 2 06N 2 B R B 2E K S KOG BT
FIE R R0, FG AR A 5 B AR QR R AR AR AR b it
PR R FEE . IR A KA KL B/Fe-1 . B/Fe-6 il B/Fe-9
FE R R B 5 B R i sl KRB B 2R B, KM
JER B R R A b Th AR pe o AR N R 18
SR LS R, B/Fe IR A AR Fe Xt B 1 45 K #h e 1ot
FRAE SRR A PR . 2 A N2 7E B/Fe IR G AR,
T Fe ki 5 B URL AL T & HCIR A, #0115 B@Fe
—FEFE o4 o, 5B Fe XE LA RE AR B A K BRI
M.

B@Fe-1 & & AR Fr (1 s KR 72 5 B R
FAL, R AR Fe &tk X450 78 0 00K A1 K R s 3ok R VA
N Lk
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MR UEE . MMk 2RI E 6% M
9% I, O N 3% 5 A0 78 0 K R 7= AR i KO D T
(FE10), H &M A7 A6 B i 19 2% 0% 3% (BO, v ] 7™
Y1) FEE €0 JURIR 58 BE (BRBRBEF= 90 R ), OIS AR 1k
PeoR B B@Fe-1 G MR W AT, AR I E W

10_mlm
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Fig.9 Typical ignition and combustion phenomenon of B, B/
Fe and B@Fe tablets

50
—B
—— B@Fe-1 BlFe-1 e ——
40— B@Fe6 BFe6 1

w
=

flame height / mm

N
o

10 H

time / ms
Bl 10 B.B/Fefll B@Fe = FBAHHE H 1 J M 5 T
Fig.10 Flame height of B, B/Fe and B@Fe tablets
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FEIFEHA =4\ RS Fe(OH), 7R AN
INFAE I 25 P o il , AR R K 2830, BUE R
AL A 4 B 5 2 AT 4 e, A R T A e S i
HEAT 5 (A, 6078 B 5 5 Rk v i) Bk B HL A A 1 ) 9
UK RENE 5 PR BT v 0 S PR R I R A IR
b B2 AT LUAE S A1 5 FRUE 0T B 0K P 4, £ i R
AT S8 AL B 25 6% 5 IEL A, 405 B B@Fe b 2k 40 78 )2 R AL
A B Fe,O, 1 0] LUAVE Sy i 26 480 14 15 A, 418 2 0 90K 4
AR BE | I T8 K 12t SR 0 B R e = 0
M., 4175 1)l B@Fe-6 Fll B@Fe-9 Wi Fh & & A K R H 16 1
S R b B TR B A B4R

X} B.B/Fe fll B@Fe =R B KEH F YIHOG sk IR
BF ) ¢ RN o B b TR v, TS S R R 3
B . WTLAE ), B/Fe IR A BARHE A 1Y s K HE 3R B (1]
5 B R s K HEIR B[R] AR Y, KO B B TR RO B
JEF1.7~1.91% . Wl B@Fe-6 Fl B@Fe-9 J& A ¥ i
oK CHE SR B[] 43 0 2 B R 19 93.1% i1 72.4% , 9 H 2k
et B B TR A I B IR R Y 3.6 5 A 4.7 £
b AR R AT OGS K LS AT DR B B
BB AL B R A (B@Fe-6 fll B@Fe-9) £ f5 K ZEIR
R[] A1 CHE e B b TRy A W R . F I
TR TR A 1 3 V0 JER e A I K 5 4 o T 3% 9 BRI, TR
I ¥ B@Fe-6 52 G JARLIE — 25 JF R AR 7 W) 4317

%3 B.B/FefliB@Fe =F Rl kA
Table 3
and B@Fe tablets

KRB B M

Combustion characteristic parameters of B, B/Fe

sample t./ ms Viame / MM +ms”'
B 1.45 0.89
B/Fe-1 1.40 1.49
B/Fe-6 1.35 1.60
B/Fe-9 1.35 1.65
B@Fe-1 1.75 0.63
B@Fe-6 1.35 3.17
B@Fe-9 1.05 4.20

Note: t is ignition delay time, v, is the rise velocity of the flame hight.

B fl B@Fe-6 & & #ABHAE 25 A a5 Sk e Ja 1) ik
BAHBRBE = Y S 18 11 s . B 1 1a Al b
B0 RR RS W b A AR R B B R Ak ) 0
il JF A o6 T UKL R A, R R B A LR
A AR HE LA 3 9 )2 47 R ORE PN  B
BEL5 78 40 R 52 . T 7E B@Fe-6 & 4 BRI IR B2 7 W)
BT R R AL S5 (1) HE W2 i B
B@Fe it £ 1M 1 Fe(OH ), #4437 A= 1 7K 28 < T JE

N XK 2025 % $ 334 H 1148 (1255-1264)
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10 pm
e
a. B b. B@Fe-6
B 11 B B@Fe-6 JT A 3t 5 S BEAHAHE 7= ) SEM 45
Fig. 11 SEM results of condensed-phase combustion prod-

ucts of B and B@Fe-6 after laser ignition

BH) o R, 72 B@Fe-6 52 & #ABHIR e 72 b, Bk S ik
18 48P A A ST i s A 75 B O 47 2 AL L
TR 2% 1T A i B % 48 0 e 2 LSO 1 2 3 L
Y- WA SN 7E LR E T ,B@Fe-6 2 &
SR AR08 7 ) ST b A, A R PR 1 0 3 3 A B
2.4 GEMSNBEIE

T B .B@Fe & B/Fe = Rk i A S8 Ak 55 25 MR

®Fc,0, @Fe,0, OFe ®Fe(OH),

# the oxidation heat of Fe and Fe,0,

PSR ah B IR T B@Fe B A ALY 55 K BRBEHLEE
W12 iR, W3 IR S B B@Fe B A 8 ) B0k 26 1fi 7
1E B,O, /AL 2, Of H A1 ik # — 2 % A Fe.Fe,O,.
Fe,O,L N Fe(OH) M B R % . Y B@Fe & &M
RHURE 52 FA 0, HAh 18 B Fe Ml Fe, O, fE 18 75 B IK IR
FE R 50 5 I R AR OB R R R A
i F A0 20 B0 A0k 3R 1 AR A B R R R R BR L BRI T
B@Fe & & KA K £ KR B . Fe Fil Fe,O, S 1k A= B
Fe,O, 2 5 FUKL N W B 47 22 AR Ak 24 SN, I 4 5 T 4%
T A AR B A1 B,O,. 5 IK[E I, B@Fe &
G REE Y Fe(OH), 23 32 03 i A2 /K 25K H,O L Tl
I AL )2 52 A28 KO8 iUSUM BL O, , 3 [w] 1] A, 28 450K
AR, b3 B A il ) AOME BLO, B HLO RE 8
1 R W0 07 1) #hy AH BL O T Il 1Y TP 45 #4121
T FURL 20 180, I K B I L 2 T AL, B s 0Ok R
PRAFE . AN, B@Fe & & KA RHIVURL 32 #4473 fifk A1 48 AL
Tk FE v OB B AR 2H 43 [ ORE T L B 38 TT DL AE
AL ) v A S SRR RS W I M B A 1Y
G5k .

B,0, liquid bridge

° B-8,0,

B particles bonding

-

B particles dispersion

-

Ca J

i
j holes formed by escaping
H,0(g) and B,O,(g)

® BO,layer O

E12 @AM B@Fe & & HORHY ALK MR BEHLE R B K]
Fig.12 Schematic diagram of ignition and combustion mechanism of B@Fe composite fuel
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Preparation, Ignition and Combustion Characteristics of Boron-iron Composite Fuel

FENG Yun-chao', QU Ying', HUANG Gang-shun', ZHOU Xi-wen’, MA Li-kun', CHEN Bin-bin', XIA Zhi-xun'
(1. Hypersonic Technology Laboratory, National University of Defense Technology, Changsha 410073, China; 2. Hunan Institute of Advanced Technology ,
Changsha 410073, China)

Abstract: To investigate the effect of iron on the ignition and combustion behavior of boron particles in air, B@Fe and B/Fe com-
posite fuels with different iron contents were prepared by chemical in-situ coating method and mechanical mixing method, re-
spectively. The thermal oxidation properties and ignition combustion characteristics of samples in air were studied through
thermogravimetry-differential scanning calorimetry (TG-DSC) analysis and laser ignition combustion experiments. The results
show that B@Fe composite fuel exhibits better ignition and combustion performance in air atmosphere, compared with boron fu-
el and B/Fe composite fuel. As the iron content increases from 0% to 9%, the ignition temperature and exothermic peak tempera-
ture of B@Fe composite fuel decrease by 234.3 K and 321.6 K, respectively. When the iron content is 6%, B@Fe composite fu-
el also exhibits secondary oxidation behavior in air. Specifically, the total heat release during the thermal oxidation process of
B@Fe-9 increases by 48.7% compared to boron powder. B@Fe composite fuel generates a large amount of gas during laser igni-
tion, which promotes the dispersion of combustion products. The flame height rising rate of B@Fe composite fuel with 9% iron
content is 4.7 times that of boron, and the ignition delay time is reduced by about 27.5% compared with boron. Comparing the
thermal oxidation and ignition combustion processes of B, B@Fe and B/Fe, an ignition and combustion mechanism of B@Fe
composite fuel is proposed.

Key words: Boron-iron composite fuel; chemical in-situ coating; mechanical mixing; thermal oxidation properties;
ignition-combustion characteristics
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