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R, S, XU, X0 8, 4 A< 58, XUl , 0 A

ot

VR ik T % R i E IR O I E AR 0T T A%
il A 25 7 15 4 R B2 R S50, LA DAy [T 4 i 3 0] 5
AR b= Py i) R AL 5 23 B B2 B4 = R T B

2 SIGE 4

2.1 E5KF

B B 43 B AX (3 n] CS844) - I & i F : C
6X107°%~6%3S:6X107%~6% .

RA T (J1 7] TC500) 5 TR 1X107%

B0 T R AY (Tian-06) « e Kt D1 % : 1000 W,
AR - 2450 MHz ; I B 42 il 5 [l : 0~260 °C; J& ) 42 1l
{5 :0~15 MPa.,

MR G B TR R 9Ok 3 AL (Thermo
ICP6300) : il 7 ¥ [ : 5X107°%~20%

BEIR , AR, KT & FERG A AL T/ PR Al 5 6l R
FSURE HY DU Bl AR, GRS T B B A2 i A BRA W) 5 36
% , AR, [ 245 4 F Ak 2% 30 A BR A A iR , AR, P &
AL B #8 B A PR A W) s 2K 4 2 LR —
By AR RS AR, K HETT R AR 2RI R
ABE,PT, KRBT Kb 7 ilm

FSURO L DU B 22 v S W (200 g- L") R R I TR
AT 1:1) VZUK B R FR I R 101) Ly %
BRF(2g-L),

SEALFEAR HE S T 100 mLBEARFREL 0.4 g &1k
BELORBE 1107 go [ BEAR i A G B ZE 1K, P
TR RV WP B AR T VR . I RO A
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Fig.2 Scheme for the components of CCPs by EDTA titration
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Fig.1 XRD image for the CCPs
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AU IS N3 345, Fe,O, & i Fe ffE M, ALO, &
T AT AR S B O & B2k Fe,O, 1 O & 1E3AS, 16
|2 AL B2 AINFTALO, 1 ALFS %,
2.2.2 MK ERR

R AR IR B 77 W) v 8 3 UKL 1 45 44 2 R ALO,
A0 A SR (4 15 PR AT AL R T AR R
T b Wl A AR T LA Ra E 1 ALO, , 18 15 58 1 Ak 24 23 #r
JrE T ALO, X T ALEURL Y BEL RS |, 5 58 AH Bk B

> En e

R OGN e % T

FEYI BTG T AU RESE 25 5 RO, 5 B0 E 45 R
W0 2 B2 o AR 5 SR A T i R BR T AR %
T ALO,JZ 36 P ALSE 2 RN o S0k 9 A 18 36 4R
P52 2% SCER (1518 ] 5k HITR B2 ¥ i A v, 10 Ak 45
FEMEN A MRHA0E, WIRRE LA
Visrost Vinsost Vimos=10:2:1 (il BE R 240 °C (I i B 6]
b 150 min SRR i 58 40T DRSS S 1 ik T A S 56
Y3k BUZ T % o

Table 1 Microwave digestion test conditions
No. mixed acid ratio temperature/°C time/min  phenomenon
1* H,PO, (9 mL) + H,SO,( 6 mL) + HCI (1 mL) 230 60 unclear
2 H,PO, (9 mL) + H,SO, (6 mL) 230 60 unclear
3# H,SO, (4 mL) + HNO, (4 mL) 230 60 unclear
4% H,PO, (5 mL) + HNO, (1 mL) 230 60 unclear
5# H,PO, (10 mL) + H,SO, (2 mL) 230 180 slightly unclear
6" HCI (12 mL) + HNO, (4 mL) 230 180 unclear
7* H,PO, (9 mL) + H,SO, (6 mL) + HCI (3 mL) 240 180 slightly unclear
8 H,PO, (12 mL) + H,SO, (9 mL) + HCI (1 mL) + H,0, (1 mL) 240 240 slightly unclear
9# H,PO, (12 mL) + H,S0O, (9 mL) 240 240 slightly unclear
107 H,PO, (10 mL) + H,50, (2 mL) + HNO, (1 mL) 240 150 clear
2.2.3 EDTARRZE BOMAZHEIE I, P85 pH N 3~4 B i Uk =

WA IS5 mL EDTAIE B A 250 mL4EE
IR, A 20 mL ZE AR K, A T A 4 R 5 T
TN KRR B WA R RGN R IRV W B
WA Ry S A, PR pHAE N 5~6 )5 , LA E 7N
YRV FF DU e 2% v . FH 25 mL 3 7 45 IO AL B A
WEVE W, 17) EDTA 8 Hh 0 I 480 A0 B b o T TR 2 58 40
o B 5 Ry T o 2, T SR SR AR B B U T TR FE AV,
(mL) o FAIZA TR 3K, B3 U 2 45 3 07 Y1,
3IREE SR 2R KT 0.05 mL, EDTAFRIEZ R MY

W E AT
c(ZnO) x V,
C(EDTA)=f (1)

K, c(ZnO) hy & Ak BE bR HE W WY EE R Wk B
mol L™ V, kAL BE bR HE VS WO FE 5, mL.
224 BEDW

Frit 0.1 g BERABRBE = Wk S R 2] 1X107 g
V5B o AT SO T A SR R R 20 3 SO T A R
WD 70 78 MK E 25 ) 1000 mL 25 B0 L 15 3 & 20
W

Al Fe LR HFHMHE : AR T HE 15 mLEE
AN 250 mLHEE I, 10 mL EDTA AR HER
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e, Al ALLFe S EDTAFE 0% Ao INA 1 —
1 1 4 75 500, 9815 pH B R 5~6, BITACTE 75 YOI
FE VU B 2 vh W o T N AR BEAR HE T T, BRI R ST
BN B LT il s A AL PERR R RTH AR V. (mL) o
mHEIER A g WAL SRR, PR 12 h HEBR
AT T, 5 AL A 0 EDTA B i, B &
HEDTAY o P pH H A 5~6. 7 I Ak B b5 1fE
WU, B e s A SR, RIS E 400,00
SEAALEERR WV WH AR A V,(mL) o BRI 3K
Fe ot R & =% (2) X5

M, % C(EDTA)X1O—C(ZnO)X(V2+V3)]><1O’3
) 15
1000
Horp oM,k Fe I EEJR it i, g-mol™ 5 V, i 55 — K3 I
SEA AR HEVE WO AE I, mLs VO S8 R N AR Ak B
PR AE T RO FE T, mL; m o BURE BT 4, g

AR & =% (3) X5
_ M, xc(ZnO)x V, x 10"
. (15

1000
A M, AL EE IR Sl &, g-mol ™.
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w,
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XU O, XNBRAR, X8R 4G 458, XIGLE , 5AAA IR

C . NJTE & il & « A ik B 2 A A0 & C oo &
S, B R E ST OB N TR & i

O JLHR & I E « BE ARG W% Al Fe .C,
N.O AFi I , L 3K Al Fe C N & =5, i
RSO LR T .
2.3 IFLELIE
23.1 BEBEESMSEBEFHELHIEE

et ] R R 5 25 B A R SR OIGTE ASC I o 28 ik T
fife J5 7B S FE LR AR Fe TR & i, B o R & 1l
D75 EDTA G E 5 —5
232 SH®REE]

$ 10% NaOH % W 40 mL F1 5k 5 AH R 52 7= Wy
40 mg {8 AHETE IR N 60 min, £ 0 A S 45
WL, R AT BN
2NaOH + 2Al + 2H,0 = 2NaAlO, + 3H, T

225 SCHR 0T ]38 ik HE 7K 2k D i S0 A i,
Bb A S BT VR ST SRR S P T P ALY 8
2.3.3 ERBRHHE X

BN S % GIB1738A-2015 6™, L
0.1 gilFEE T HEIZ b, 30 mL AR BRI .50 mL
B R VA R, FE I 75 mL sk 1R 00 1 ¥ T 0T in 4R
W FRRESE VR IE R HE N 15 mLBTHEIR A IR IA
W 3 T R i Bl R A T TR, P R B A Y Y TR TR O

To pressure
transdncer 1

Ignition wire

24 KEFE

BEB A AL W)oK U5 T P1 P2 FI P3 =ML )7 5 A
e B PG s A 5 R T % (HTPB) . R4E
YV (GFP) . AR 8 (AP) Al FIEEZ 4 (RDX) , HEVEFI AL
T anER 2 iR o BER A BRI T W) L 5 R gt a0 8] 3 BT
AR o R E ) RS S FAHEE R A E SR AR
W, A4 T 2 o S B i P P R . S SR I AR
RG] S50 2% A AU WG T AR R AR AR S HE 5
SRS TR HE ) RUROR S T AR R e o R
PR UG K LI A N R R 2 KRR . PRI 3
BB AR BE Y . = R EVARHESE R ITE 6 MPa
AT BERAAGE T W MCER L . P1 P2 R P3 XTI Y
BE R AR BE 7= WK YK Sl S1.S2 Bl S3. k4, ALO, .
Fe,O, Fl AlF 75 FlAS [m] 5 o L 491 i) 2 6 i, 45 it I+
¥Ih0.1 g, 182 bREY) SS1~SS6, W13 3 iR, KA ICP
I3 7 L EDTA % 28 125 X0 45 5 W) 1 4 & B 04T LB X
K EDTAH E T ICP GRS VL J5 B R 41 1 g ¥ AR
VRN R = A 2 7RI T 00 5 SR AR BE T ) A

T2 BERANMAGE ™ Wy Xof L [T {4 4 550 7y

Table 2 Solid propellant components of the CCPs %
No. HTPB GFP AP Al RDX
P1 12 2 68 18 0
P2 12 2 62 18 6
P3 12 2 56 18 12
Piston Solenoid value

\ Crifice plate

NS

To piezometer 4

1]

Intake 2 Exhuast 2

e L

IS

Combustion

< '= " e
Intake 1/ & s \

Piston
chamber  rod

Propellant - o (c:r?;lr?l(l;t?rn
B3 BEA P
Fig.3 Collection system for CCPs'**’
x3 IrEWI I
Table 3 Proportion of calibration object %
No. AlLO, Fe,O, Al
SS1 95 NA 5
SS2 90 NA 10
SS3 80 NA 20
SS4 85 5 10
SS5 90 5 5
SS6 93 5 2
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S i R0 B TR R R W Ly 43 BT O Tk 603
F4  EDTAME MR E P o 24558 (n=3)
Table 4 Determination results of the compositions of calibration object by EDTA titration (n=3) %
AlLO, Fe,O, Al
method No.  theoretical measured mean theoretical measured mean theoretical measured mean
value value deviation value value deviation  value value deviation
SS1 95 94.8+0.3 NA NA NA 5 5.2+0.3
SS2 90 90.9+0.2 NA NA NA 10 9.1+0.2
SS3 80 80.5+0.2 NA NA NA 20 19.5+0.2
EDTA titration 0.5 5.9
SS4 85 85.5+0.2 5 4.9+0.1 10 9.6+0.2
SS5 90 90.3+0.2 5 5.0+0.1 0.7 5 4.7+0.2
SS6 93 92.8 0.2 5 5.0+0.1 2 2.2+0.1
Note: a)NA is not available. b) The deviation is based on the results by EDTA titration.
7. EDTARNE Mol B2 A RE 7 F RDX & bl 6 ALB Fe i i IIAR I 4 i 045
N . N Tabl Results of f Al F
I, K N (8 8 SR AHAR R 7 1 v B TR R AL R 2.0% able 6 Results of recovery of Al and Fe
R found added recovered recovery
i 1110.5%., I t  No.
B 10.5% elemen ° /mg-L"" /mg-L"" /mg-L! /%
B ALF Fe JC 2 #E 47 1 AR DS S o 1) 4 4 S1.S2 Al $2 5362 30.00  30.57 101.9
FI'S3 TR AL ALRI Fe,O, , (75 1 5 ALTE 2 v 1 384 S3 5543 3000 293 97.7
30 mg-L™, Fe JE R IR 2 mg- L. AR5 5 KE oo o200y 280
EFIA|ﬂ:‘]] F 42%%/‘\5 Qﬂ:%l—lﬂéé, ﬁI;E[] A|5F|]F 4$ Fe S2 2.88 2.00 2.00 100.0
CLREHE GRL ° ’ €JLam S3 2.45 2.00 2.01 100.5

B AR BB AE 97.7%~102.1% 2 Ja] o 32k B 45 S iF
B EDTA i 52 2 R HERT ] HEAY .

5  EDTARGE % I BER A AR W oy 85 3¢ (n=3)
Table 5 Determination results of the compositions of CCPs
by EDTA titration (n=3) %
method No. C Fe, 0, AIN AlLO, Al

ST 3.5+0.1 2.9+0.1 2.1+x0  89.5+0.1 2.0+0.1

EDTA titration S2 3.7+0.1 4.3x0.1 4.3x0.1 78.5+0.1 9.2+0.2

S3  2.6x0 3.5+x0.1 4.5x0.1 78.9+0.2 10.5%0.1

o ALO, & MR 228 3.1%. Fe,O, & &Y
S 25 R X i 22 R 6.7 %, 15 T AL B A ST 28 R i 22 A
33.9%. 4547 AT AL EDTARGE EM ALO, . Fe,O,
TEPE ALS B BT AH X R 22 L 1CP OGS 23 5K 2.6 %
6.0% F128.0%. 5 & i 7 5 R AR LE W) il 1 1CP
TV N 450 T R A3 B B AR 3R 8 TR o ICP O
W BEE HEGE IS D5 o RDX &5 5800, % 197 %) 2 SR 4
BRBEF= I I PE AL B 1.5% 385 8.5%

3.2 ICPREZE . SHBFELZEERRHABEETSN o PRS0 25 i R A T R TR N E AR
S TR BE SR AH R 7= W) W oy A5 R I FR 9, MR A A MR
7 Jbr E W8 ICP ik vk 2 45 W o B A % TR R TR 0 2 SRR T B S R SR AR e 7 W v T R A
R7 ICPOGIE LM AR & Py AL 445 3 (n=3)
Table 7 Determination results of the compositions of calibration object by ICP spectrometry (n=3) %
Al,O, Fe,O, Al
method No. theoretical measured mean de- theoretical measured mean theoretical measured mean
value value viation value value deviation value value deviation
SS1 95 97.2+0.1 NA NA NA 5 2.8+0.1
SS2 90 92.1+0.2 NA NA NA 10 7.9+0.2
SS3 80 85.5+0.1 NA NA NA 20 14.5+0.1
ICP spectrometric method 3.1 33.9
SS4 85 87.2+0.2 5 4.7+0.1 10 8.1+£0.2
SS5 90 92.7+0.2 5 4.4+0 6.7 5 2.9+0.1
SS6 93 94.1+0.1 5 4.9+0.1 2 1.0+0
CHINESE JOURNAL OF ENERGETIC MATERIALS & Be A A 20214 #294% %78 (599-606)
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XU O, XNBRAR, X8R 4G 458, XIGLE , 5AAA IR

T8 ICP ik BE R AR BE T Wy W J3 25 58 (n=3)

Table 8 Determination results of the compositions of CCPs by ICP Spectrometry (n=3) %
method No. C Fe,O, AIN AlLO, Al

S1 3.5%0.1 2.9+0 2.1+0 90.0+0.2 1.5+0.1
ICP spectrometric method S2 3.7+0.1 4.3+0.1 4.3+0.1 80.6+0.2 7.1£0.1

S3 2.6x0 3.3x0.1 4.5x0.1 81.1+0.1 8.5+0.2

RO UM kv 0 % I A V5 R SR AR R ) v T
FREEA (n=3)

Table 9 Determination results of the active aluminum of
CCPs by gas volumetry and potassium dichromate titration
(n=3) %
method No. Al

S1 0.3+0.1
gas volumetric method S2 4.5+0.2

S3 5.9+0.2

S1 0.9+0.1
potassium dichromate titration S2 5.7+0.3

S3 7.7+0.2

M i RARAERE D B HESER o RDX & & i 7t
fe, FLXE L Y SR SRR K Be W b iE E ALY i
0.3% % Wi 48 5 31 5.9% . 5 4% IR B0 i Tk v, Bl
HEF o RDX F f 09 | G R A 358 2R AR R = v
EPEAIR &R H 0.9% B ME] 7.7% . SME &%
A TR BT U A 0 LR M ALY (B R AR B
FEM R AAAL & A TG AL 454 1R R
Y& A AlLAIN (Fe,O, fl ALO, %9 [fi . H L, <4
5 H 1 R TR A 1 W A A ) e R AR AR e
T 53 VR R R
3.3 WS AEIFLL

AR T RS TR T E L ICP OB B Ik R

= L N il 5 [ R

Table 10 Comparison of different composition analysis methods

EDTA i 2 1% 19 X L 42 Br i & 10 ir 7R . EDTA i &
PANICP G35 vk 5 A AR 2 i L 35 5 TR 41 Vo A 5 A L
B, EDTA i 22 1k A ICP 6 i 2% B 4 1 M ) o2 B 2R A
BRAE T 0  BA3 o AROMR A T ORI A TR B T
fE S 6 PR AL &, B 0996 M AL S 3 AR
F EDTA Jifi 22 35 A ICP Je i vkl it 25 1 . & A e it
T B IR AR R BE 7 Wy i, A oK o8 A R e Y AL ISR B
ALO, BT A0 7 o A0 25 b 30k 4% R B R o TR
B, BT ALO, /Y BH IR |, 5E 3R AH BR 5% ™ W v 19 3% 1 Al
Nl 52 4> 5 A N I & AR AR 2E O IS B0 E Y
S5 B /0 o AR 7 T R A% TR B S v A 6T
T EDTA Ui 22 75, 16 M Al & & F 21 22 53 514 60%
F140% o

55 EDTA M & A L, ICP Y6 ok I A5 14 25k 28 AH 184
BT W S AL R A 0 258 22% o TE T T R
Hh YRR 114 T2 A3 R RS B K B B R RN IR , 7E 1CP
1 55 AL ROCRAR , R B AIG, F: 300 2 AR Fe ST 1)
TR, XA O T E M S &, AT =
ALO, M &, e A 800G P AL AR T oL bR . 7
ICP Yt i 2 v, A %2 KE i b ALO, 1Y & 1 3 % T 2 br
B, W6 PR AL S R IACF PR iz 8 R 55— 30
JIT LA, 76 FH AR BIF 5 o G0 3 A 7 R BT R L EDTA
T 7 TR W HERA B2 5 T ICP O ik

Component method C Fe,O, AIN AlLO, Al mean deviation of Al content/% »
EDTA titration O O O O O 0
ICP spectrometric method O O O O O 22
gas volumetric method NA® NA NA NA O 60
potassium dichromate titration NA NA NA NA O 40
Note: a)NA is not available. b) The deviation is based on the results by EDTA titration.
M 10T LUt LA i ) s 52 4 9 1 ) B 2R
BRBEP= RSE A ROk EDTA M E e 4 B

AR B W) i 4 C L Fe,O, AIN  ALO, Fl Al 2 % 4>
AT, 0 v A R e Y T
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(1)EDTA i & 2 32 B4 & S0 U T8 f T 8 AL
Fe JU 2 & B N 4 08, BE HE B I 22 AlLALO, L AIN FiI

Sttt

www.energetic-materials.org.cn



A2 A 2 TR0 BE 2R AR R e 7 W B o3 B U5 Tk

605

Fe,O,% ¥ i . AlFlFe T & MINAR B AE 97.7 %~
102.1% , It 5 32 HE A 7T 5

(2) 90 I8t T A S EDTA I 52 1 S 110 TU Ak 225 3%
RIRE LA Visos: Vissos: Vino,=10:2: 1, 1 FE K
240 °C, W I TE] R 150 min S — il s BRAH 19 52 4
TR 8 SR AH BRI 7 ) SO I T v . AR R M
B TR BT IR A VR RE 8 T 5 &2 5 HE HE R0 B8 SR AR A B 7 ) vh
T M AL IE AR AT L C 7 52 e R (R L b B AR ik
DU B 3 PR AL 534 2R ICP G35 1 A ED TA %
FET

(3)EDTA I 22 34 0 52 36 1k AL 25 545 B 5 i, 400l
Pl AR vk % TR B A T L ICP G T 60%
40% ,22% .,

Sk
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Method for Composition Analysis of Condensed Phase Combustion Products of Composite Propellants

LIU Huan, AO Wen, LIU Lin-lin, LIU Lu, GOU Dong-liang, LIU Pei-jin, HU Song-qi

(Science and Technology on Combustion s Internal Flow and Thermo-Structure Laboratory , Northwestern Polytechnical University, Xi'an 710072, China)

Abstract: In order to obtain accurate and reliable physicochemical properties of condensed phase combustion products (CCPs)
of composite propellants, a method of ethylenediamine tetraacetic acid (EDTA) titration based on microwave digestion was pro-
posed to achieve the quantitative analysis of the total components of condensed phase combustion products. Four groups of con-
densed phase combustion products of propellant were obtained by using self-developed condensed phase combustion products
collection system. The determination accuracy of EDTA titration, inductively coupled high frequency plasma emission spectrom-
etry (ICP), gas volumetric method and potassium dichromate titration were compared and analyzed for the content of active Al.
The results show that the EDTA titration method based on microwave digestion can accurately determine the contents of Al,
AlLO,, AIN, Fe,O, and C in the condensed phase combustion products of composite propellants. Microwave digestion can effec-
tively dissolve the Al,O, shell coating on the surface of active Al. The optimal parameters of microwave digestion is supposed to
be V04t Visos: Vinos=10:2:1. The temperature was 240 °C, and the digestion time was 150 min. ICP spectroscopy can also de-
tect all component contents of condensed combustion products, with a precision slightly lower than EDTA titration. The content
of active Al in condensed phase combustion products determined by gas volumetric method and potassium dichromate titration
was significantly lower than that determined by EDTA titration and ICP spectrometric method. EDTA titration is the most accurate
method to determine the content of active Al. Compared with gas volumetric method, potassium dichromate titration method
and ICP spectrometric method, the accuracy of EDTA titration is improved by 60%, 40% and 22%, respectively.

Key words: composite propellant condensed phase combustion products (CCPs) ; ingredients; microwave digestion; EDTA titra-
tion method
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