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2.1 RKF S

U4 Ak =45 (Pb,O,) , 4 T4k, 60 wm , K LR}
B 58 BT s 85 (Ze) , 20 BT 40, 5 om, BRI T 063 41 A
FRZ8 7l 5 ¥ B 2 50 (sodium alginate, Sigma-Aldrich) (&
fb45 (CaCl,) \JE/K LB (C,H,OH) , 43 Hr 4l [ 2 4 4]
2B AT BR 2 A o

TR BEAN - S = [ ] 5 A5 o = A 0 Y UG
KH-7700 Hirox; # & 4 #7-22 /x H #f & # Y
(TG-DSC) : STA 449C 78 [ i 3th 47 PR A 7 5 = 34 $% 52
% : UX50 H 7 Photron; BAM i {7 B B {X . BFH 12 %
it B AT BR 23 W) 5 BAM JBE 88 B B 43 : FSKM 10 % il 3§
REAT BN A 5 o 2y 2R 500 8 7 D R 4R - KQ-200KDE
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BA 5 HT A A CH N ) A B ) 5 %8 e R 2 B g 4k
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AHX-871 R 50 B TR 2 HLHL BT 5 H PR XU T MR 44
WG 71 RET B R A IR A A
2.2 KIgFE

(1)Zr/Pb,O W R IR A

Pb,O, 75 i FH A7 6 i B K G BUAS o 24 h, ME46 IR
BB R 50 °C L8R5 0 250 H fff o Zr 76 8 F 1 2 Se 4
UL ZJERCE KB HA b 24 h AR E R E R
50 °C. Pb,O,AbFR4f )5, ead 250 Hif, 2 J5 5 Zr it
HRA . B 4 Zr 1 Pb,O, #— 5 1 b B 247
RA e FIR—i, fid 33 L E 150 B, B #d
SR BUORA AT 10 g.

(2)CA/Zr/Pb,O, fi i 28 19 il £

CA/Zr/Pb, O, 13 i % il 8 2 B2 an &1 1 i/ o
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Fig.1 Preparation process of CA/Zr/Pb,O, microcapsules
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@ FIH N, ¥ BE & LF 0 R B A S AES R o
7% B H R 3 5] 40 W, 9T A CaClLB i, SA
Ca™ k4 H R A ME Y BUBE R , % Zr/Pb,O, 174 7
& B CA/Zr/Pb,O, T I & 5 @ B¢ 134 Jie 28 WUk b & L Bk
i I NEI

(3)NC/Zr/Pb,O A& 5t T. 2 1 il 2% « 5 il & 4 19
Zr/Pb,O, K K 5 1% 1) NC IE ¥ 5 1R A, 78 LA 1 1Y
AT BB LB K, S50 A5 R R LA
Ve LT 10

(4) FAE A BE I 32

5 PR R A 5L 5 - 2 IEE 4R G)B736.16A-2019
K g - ) 4 g L 255 25 mL, 255 (300+
2) mg, K AKCKHBHN 1.5 Q.

2GR 5 ORL B R BRIE B 1 6 AE - U = 4 T (5
%

WHh: - 3 MR E % FR GJB5891.4-2006 % A 12 .

% . 2 B E %48 GIB1047.10-1990 % % ¥ 1
M5 o

TG-DSC 43 # « #4043 A7 -2 7 49 9 o A, il
Lk 424k R 43S, CA BE ) & R (520.2) mg,
Zr/Pb,O, ¥ K J& CA/Zr/Pb,O, T & % #E & Bt & K
(120.1) mg, A N 30 |, iR EEE =R E
1000 °C, FH 2 10 K-min™',

KGR - 2 BB E 4 bR GJB5891.25-2006 K I Jk
FERE . R Neyer’s D-fe ALk 47 5k 25 19 45k
SRS RS 15 % . BRFEM N (20£0.2) mg,
JE J128 60 MPa, ¥ iR FE L CE T S S T 7
10 mm &b, FHEJE N (100+2) mm ZE4 1S Kk EE—
SE 7 AL sk P K2 mm

WK R R K R R 1R A T SR 2 R R Ok
P YA

i L B - 2 BE [ 426K GJB5891.27-2006 it Hi .k
AR I, W 45 1 FLZ5 Ol 500 pF, A BR R LR,
FEAR (] ] B R 0.12 mm, AR J1 0 3~4 MPa, HL &
B 25 kV. FIH Neyer’s D-fe fi 4k 231 515 %] 50%
KKCHLE % F=0.5 CU 48 # i B4

T o7 SRR - BAM 8 o R 4SO 3K 2 7 4 o SRR
24 (20+0.2) mg, ¥& fE T & 10 kg, & B 100 cm, X
B15%.
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Fig.2 Closed bomb results of Zr/Pb,O, powder and CA/Zr/

Pb,O, microcapsules with different SA contents

XA AL B 1 Zr/Pb,O, B3 K DL B SA F i AN Rl 1Y
CA/Zr/Pb, O, i B 1y ¥ 25 WK 58 T 7 I s [ 14 72 £k iy
2R E AT BN A FE A5 2R ] SA B B A B K I TR TR
BRI R R (1) WRIATLE W, SRE0E
[ Zr/Pb,O, s K Xt L, 76 HAlh S5 F R B B R L 4
SA BN 1% B, G A5k 24 1) 52 e e /N | e K
T+ Fe B ] A AR B R 4 51 1.41 MPa. 4.89 ms,
239.61 MP-s™" ¥4 T HAth CA/Zr/Pb,O, i % . F
BRI L SANAEERERE A F L SA YA & 5 B2 7
B R X B e b, BT EL A — g Y BELBR R AR TR U
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SA BT 2 S B2 500 B9 T PG e D BOR 2 8 2
K 1% SA MU HE A S BIF T X 52

Fz1  Zr/Pb,O, KK 5 A SA & i T 19 CA/Zr/Pb,O, MUK & 11
p-till 2 K4 b 7 25

Table 1 p-t curve results of Zr/Pb,O, powder and CA/Zr/Pb,O,
microcapsules with different SA contents

SA content maximum peak  boost time pressure rate
/% pressure/MPa /ms /MPa-s™

0 1.60 2.52 557.05

1 1.41 4.89 239.61

2 1.27 8.01 123.91

3 1.18 10.01 90.26

4 1.14 25.64 41.32

3.2 WEKESNGWEIRRNERE

K BT 20 = A A R X A ) CA/Zr/
Pb,O, 1 i % Fl NC/Zr/Pb,O, WUk B9 T S0 AT T R AE
g 3 ok . AW 3t Rl LUE Y, CA/Zr/Pb,O, il
Jiz & kL ¥ 5, K /INE — (18] 3a) 1T NC/Zr/Pb,O, 19 i
RN 51 (8 3b) .

a. CA/Zr/Pb,O, b. NC/Zr/Pb,O,

3 CA/Zr/Pb,O, U 5% 5 NC/Zr/Pb,O Uk i WA = 2t v+
BB R (50%)

Fig.3 Video 3D electron microscope image of CA/Zr/Pb,O,
microcapsules and NC/Zr/Pb,O, particles at 50 times magnifi-

cation

K A Image ) Xt CA/Zr/Pb,O, 13 & & F1 1% 55
T4 1 NC/Zr/Pb, O, UKL E AT AL L0, 45
B B3 B 100 A UKL HEAT I, CA/Zr/Pb, O, TUiE 2 1
1555 T 201 45 19 NC/Zr/Pb, O, kL 1k #2843 A 11 (8] 4
i ol AE T 55 8 CA/Zr/Pb,O, Wi 26 F- 24 &
% D=517.10 wm, 7 % o=44.21 pm, 1k 7] 75 5|
95% [ B {5 X [i] 4 (508.44,525.76) , ki FF [ 534 4]
(F 4a) , 1M f& 58 T 2.4 #5 1) NC/Zr/Pb,O, 43 Aii i B, A
BERE (Il 4b) |, T PR B0 e 28 ol % 77 vk AT A4 il
BRI, T8 — B B i e 58 T 20 & i B A
I R K/
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Fig. 4 Size distribution of CA/Zr/Pb,O, microcapsules and
NC/Zr/Pb,O, particles

3.3 BREERIE
JE AR B F (shape factor) J& R A JURJE R 1 S 54,

A IUAE 7, Hoh B EE (circularity ) /& 56T — 4 14
B M BB IR B 8 7 ik, Al L R 3 AE Bk P
BE L 5 T O A, AT ) R 2 A ROk TR Y R
P2 e B S R B b ) e A H
/NS W
Doy = 417'/2 (1)
Prough

N, D eprary M JE BB TE AR K 5 A Ry UL 1) 450
B, cm?; P, R BURLIY 23 A K em.

K PR AT = 4 i, 1~ B Il 875 3] CA/Zr/Pb,O, Wi
P2 1 R A A%, K 05 T Image ) X &5 9E 17 0 47
B A AR S5a iR o A B0 AR A 0K B R 1 AR
BRI R 5, 454 MATLAB 844, A X (1) B
AT A5 B BN T 22 OB TR AR IR - . B ML BE B 20 4
CA/Zr/Pb,O, 15 i 2 Jki , 1% 2 IR IR I+ F- ¥ 1{E
0.90, #3722} 0.0047 ,iiE B 15 5 1) CA/Zr/Pb,O, fik
W BEBRTE AL R A o Fe RIRE 9 07 R A% 48 T 25 i &5 1
NC/Zr/Pb,O,, &L 2 4Nl 5b Fr 7 , 15 2 Y T AR B - 1
K 0.77  brETT 22 7 0.0459 , VLA BRI [ 4 2% . H
JEC R s ol e 488 1] £ Tk T LA o R 3 A4S 2 2 B0 il
IR, A% G2 125 i 4 3k R VA I 12 4 il URL T IR
3.4 RELHE

MBHE RS AN ELYEEREZ -, 8
iR AR T AT R R R 0 SR [
Ry ARAE A S RPERTT , A FR 7% B8] A A B, JHG 52

a. CA/Zr/Pb,O, microcapsules (background subtraction; Gaussian blur; binarization; edge extraction and analysis)

Ed

[
gl ™

b. NC/Zr/Pb,O, particles (background subtraction; Gaussian blur; binarization; edge extraction and analysis)

B 5 CA/Zr/Pb,O, % 5 NC/Zr/Pb,O, ki 4 31 1 Bt

Fig.5 Contour extraction process of CA/Zr/Pb,0, mlcrocapsules and NC/Zr/Pb,O, particles
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18 BF 28 5 5 TR SR A AR R 2 A . 2RI R 22 B AR
TP B 22 |, 22 2 S0 A /N T RO S R
BRI AR,

H
0= arctgf (2)

K, 0% B A, () HA BRI R B, cm R B 4E
RAFE  cm.,

Z: M GJB5891.4-2006 194 B A 1L S K251
WELTE . FREL20.0 g CA/Zr/Pb,O,, B AU 3}, JiE il
A AR AR, W A B Y AR AR TR B — [ A
FH I T H A B HE R R HORT R, A A 2R (2) i 7
CA/Zr/Pb,O, 42 B o IRl RE 1 J7 1 4% 52 T 2 1l
1 NC/Zr/Pb,O, 142 DA, 45 R WK 3. 3k 3]
U, CA/Zr/Pb,O, 1 % B f Lt NC/Zr/Pb,O, /N, i3 B
CA/Zr/Pb, O, T e & 1) T 1M i3 1% Gt ok 1. 2015 3]
) NC/Zr/Pb,O, i i Bt

*3  CA/Zt/Pb,O, MUK % 5 NC/Zr/Pb,O, Uk 1 % 15 ffy
Table 3 Repose angle of CA/Zr/Pb,O, microcapsules and
NC/Zr/Pb,O, particles

ignition powder M /g H/cm  R/cm  6/(°)
CA/Zr/Pb,O, microcapsules 20 3.10 5.97 27.44
NC/Zr/Pb,0O, particles 20 2.80 4.10 34.36

Note: M is the mass of the sample; H is the height of the cone; R is the radi-

us of the cone; 6 is the angle of repos.

35 BEE

B EREkAGMEZYHEERZ —. S
GJB1047.10-1990 1y J7 & M = CA/Zr/Pb,O, i
NC/Zr/Pb,O, R % BE 1153 A X

m - m,
pPE (3)
K, m B2 a5 i, gy m, IR IR i,
g; VAL ER AR, cm’,

F I (3)HHE CA/Zr/Pb,O IR NC/Zr/Pb,O,
WURL ) B B S5 R L 4. B 4TI, CA/Zr/Pb,O,

£4 CA/Zt/Pb,O, 4 5 NC/Zr/Pb,O, Wik 1) {15 4 i
Table 4 Apparent density of CA/Zr/Pb,O, microcapsules
and NC/Zr/Pb,0, particles

m m, Vv P

ignition powder N / 7%
g-cm

/g /g /cm
CA/Zr/Pb,O, microcapsules 24.25  48.17 10.00  2.39

NC/Zr/Pb,0O, particles 24.27  47.33 10.00  2.31

Note: m is the mass of the receiver and the sample; m, is the mass of the re-

ceiver; Vis the volume of the receiver; p is the false density.
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T M 3 ) A1 %% W =5 T NIC/Zr/Pb, O ik, 156 I il i
PV ST 25700 W M8 FE RE A — s FEEE A B n
3.6 ZrPb,0, K5 CA/Zr/Pb,0, i F: T B IE B8
T ARIE Zr/Pb, O, By AR Ko HEURE 2 F8 FA 73 At B i
Py A&, A B 93 B - 22 78 41 4 B AL (Thermogravi-
metric Analysis-Differential Scanning Calorimeter,
TG-DSC) X} CA. Zr/Pb,O, # K Lk K il # 13 2 i
CA/Zr/Pb,O, WU & FEAT B il ik ., SE e AE U
SUT HBEAT IR G B = R ~1000 °C, THE B R
10 Kemin™, ¥ i 0 (520.2) mg, 45 R U 6 A& 7
B 7R o

120

—CATG
. 6.85%
2
= 2 17 46%
S
g { -20.04%
2 601
g 1.25%
110.08%
30
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temperature / °C
E6 CAMTGINLZ
Fig.6 TG curve of CA

—<CA
— CAZHIP,O,

—ZiPb,0,

Exo! 2041 C

521151°¢

CAZIIPb,,
i
ZrPb,0,

i
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temperature / °C

B 7 CA.CA/Zr/Pb,O, 4 . Zr/Pb,O M K DSC i £ X 1L
Fig.7 DSC curves comparisons of CA.CA/Zr/Pb,O, micro-
capsules and Zr/Pb,O, powder

Kl 6 W, CA M5 fift LI 53 o 5 40 i 47 4
— & A 7E 50~150 °C, i A CA 43 fift i CaCO,'"7/,
XF R TG i 28 B & 2k 4 6.85%; 6 4 & R E
170~230 °C, X 1 TG il 26 Jot & 451 28 29 17.46% , Xt
o — W U IR SR 203.9 °C, R CA N BF 45 & K 1N
2 £S5 =4 it & R AE 230~330 °C, X0 TG il
28 R R 2 20.04% , HOBE— A g I N
294.1 °C, /& F B0 #o il B B iz B B R AR Koy T
R T 2L T8 AR 1 v ) P A AR A R 3 DK 43

556.1 °C}
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T WG 56 U By BE R 2 #E 320~480 °C, Xt
TG 4R 8 12k 249 11.25% , B — /Nl i, I {5
438.1 °C, KW o ] 7= Wy ik — 25 43 i, 7 0 v e Ak
JB R ik i CO,.

K 7 J& CA.CA/Zr/Pb,O, 13 ik %& DA K Zr/Pb,O, ¥}
A DSC #h £k xF L . i & 7 7T 0L, CA/Zr/Pb,O, i &
FE) DSC i 28 5 Zr/Pb,O, ¥y K 1y DSC i £k K A &
A AU T 556.1 CCHY 32 2 W I 45 AT 2 521.5 °C, X
Ui B CA 11 % ) Zr/Pb,O, T3 i 2E TR & B9 3 ¥ 4 ¢
WMEE CA [ DSC il £k, il L& BLAE 294.1 CLEA A4
Ji A AH XA 1§ E CA/Zr/Pb, O, 1 i 4 115 DSC Hh £&
HOR A B, HE DU RN AT RE O CA Bk R, 7
CA/Zr/Pb,O, & Fb it /b, A e 7 HE 44 40 #r il 28 &
PR K
3.7 ZrPb,0,# %K 5 CA/Zr/Pb,O, B 58 BY B B 14 A

e E B FRE ol JER R BE R A R LK 5,
12 5 7 W, , Zr/Pb,O, 3 A Fl CA/Zr/Pb, O, 5 I 4 1) 48
i B B K T 100 ), B 8 R OR T 360 N
CA/Zr/Pb,O, T4 st 4 () i L B2 (K T 156.25 m)) i
RRFE

KON TR T IR 45 5ROl CA/Zr/Pb, O, T I 48 11
KK RFAE & B AE 65.38 mm ££ 47, Zr/Pb,O, ¥y K 1) &
KRR B 81.83 mm ZE A7, Uk B CA BT A & 1 —
FE R BE LR A K 25 1 A IR
R5  Zr/Pb,O, KK I CA/Zr/Pb O, {0 e 3% il B JBE 45 SR

Table 5 Sensitivity results of Zr/Pb,O, powder and CA/Zr/

Pb,O, microcapsules

electrostatic impact critical
igniting powder sensitivity sensitivity friction

/m) /) /N
Zr/Pb,O, powder 0.71 >100 >360
CA/Zr/Pb,O, microcapsule >156.25 >100 >360

3.8 ZrPb,0,# K5 CA/Zr/Pb,O, Bk T8 B A 33 B

B E

k73R4S Zr/Pb, O, B3 A T CA/Zr/Pb, O, i 11 4 1
HR KA B, SR P R R R B 18 A 1 i A5 A A 1 B
I a5k R be G, e B 40 B B Ol 5000 Wit /s. K
PIEE S AE 60 MPa R AT T A 2F 3% B PC (R ik
FRTE ) N L NN 2 mm AR K 30 mm KN
50 mm. FA A (100£2) mm K5 k& SR 257, 3
A AL S T AR . Re /T
Zr/Pb,O, ¥ K F1 CA/Zr/Pb, O, 15 it 4 By 255 25 5% i K R
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W, N 6 AT LA 1, CA/Zr/Pb,O, 14 e e 1) 24 2 %5 fir
IXF Zr/Pb,O M A& RS AT BT T [, GIE B 6 4 700 1 Jn
NG TE — 8 T B 52 05K 2 I R /D 8 Ry Zr /P, O,
KR S CA/Zr/Pb, O, UK e i #A be it 7, b B e 4R
KB4y (K 40 mm) #EA7 38, o A 4 mm 35
— AR SR 8 Fin . TTHEAS H Zr/Pb,O, K
TR A AR U 22 12.04, CA/Zr/Pb, O, T3 B 4% 4k
B A5 7 2% N 6.86, UE W] CA/Zr/Pb,O, T4 e 4 — 2 Itk
T4, R T RE 5 B/ 9 Ok Zr/Pb,O, K K M CA/Zx/
Pb,O, T+ i & By R B JIA KL R4S 1 CA/Zr/Pb,O, T
JI 4 19 M K B B Kl 51.7 mm, Zr/Pb, O, B K Y 2k
YK E B K 34.6 mm, UL BH CA/Zr/Pb,O, T e %% Y
KGR T R £ I B R A Tk A Y 2/
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Table 6 Burning rate of Zr/Pb,O, powder and CA/Zr/Pb,O,

microcapsules

charge density burning rate

igniting powder
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Fig.8 Combustion process of Zr/Pb,O, powder and CA/Zr/
Pb,O, microcapsule
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Preparation of Zr/Pb,0, Microencapsulation and Its Property

HAN Xiao-li, CHEN Yu, Ql Xuan, WANG Tian-ping, LI Lin, YI Zhen-xin, ZHANG Lin, LI Yan, Saeed Haseena
(School of Chemical Engineering » Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: The mixing uniformity and processing safety of widely used zirconium/lead tetroxide (Zr/Pb,O,) composites are indis-
pensable. In the current paper, a Zr/Pb,O, microcapsule bonded with the adhesive alginate was prepared by crosslinking the liq-
uid phase with sodium alginate (SA) and Ca’" in aqueous phase to form calcium alginate (CA) gel. The morphology, particle
size, sphericity, fluidity and apparent density of CA/Zr/Pb,O, microcapsules and the traditional-made NC/Zr/Pb,O, controlled
sample were evaluated. The average particle size, variance, sphericity and repose angle of CA/Zr/Pb,O, microcapsules is mea-
sured to 517.10 pm, 44.21 wm, 0.90, and 27.44°, respectively. The flame sensitivity, burning rate, flame length and sensitivity
of CA/Zr/Pb,O, microcapsules were tested to 65.38 mm, which was lower than that of Zr/Pb,O, powder (81.83 mm). Besides,
the combustion rate deviation of CA/Zr/Pb,O, microcapsules and Zr/Pb,O, powder is 6.86 and 12.04, respectively, implying an
excellent combustion consistency. Furthermore, much more flame length of 17.1 mm and burning particles than Zr/Pb,O, were
obtained in of CA/Zr/Pb,O, microcapsules. In addition, a reduced the electrostatic sensitivity of CA/Zr/Pb,O, microcapsules
(156.25 mJ) and Zr/Pb,O, powder (0.71 m)) were realized. More importantly, the water-phase preparation carried out in the
current paper may pave a high-safety and universal way for a variety of pyrotechnic agents.

Key words: zirconium/lead tetroxide (Zr/Pb,O,) ;calcium alginate (CA) ;microcapsules;uniformity; process safety
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