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Study on ionic liquid propellants using high energetic materials

Hiroki Matsunaga*!-2, Hiroto Habu*3, and Atsumi Miyake*!

ABSTRACT

The liquefaction of high energetic materials without solvents can lead to increase of
performances liquid propellants. We focused on energetic ionic liquids (EILs) and their applicability
was investigated. In this study, we were able to prepare energetic ionic liquid propellants (EILPs)
based on high energetic oxidizer ammonium dinitramide (ADN) by forming eutectic systems with
monomethylamine nitrate (MMAN) and Urea. Chemical equilibrium computation results showed
that the ADN-based EILPs have higher performance than existing propellant, hydrazine. From the
thermal behavior of the ADN-based EILPs with constant rate heating, all of them decomposed to gas
and generate N,O, NO,, N,, NH3;, HNCO, CO,, and H,O. We have studied about their physical
properties, decomposition mechanism and combustion mechanism, and aimed at solving the

problems for realization such as viscosity, ignition method, and at designing EILPs.

Keywords: ammonium dinitramide, solid propellant, thermal decomposition mechanism
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AHED TGS, £72, KT 2WE OV EILPs O (S, BE, KiER L) 25 %
LR L, EILPs OF WA V&2 A[REICT 5 2 & B L ORKLEDIK WA A kIR ~D 35
KIGENRETHD.

1. [XFLHIC

20139 HoA 7 vmruly MIH EFRIIZREIVIZ, SHERFHERTYI v a v
DFEAET LTS, FTH Ry MOMEOEEFRE-CESBHIEIL, A7 A% LT
NLH/NEOB Yy T D ATRBT DHEERI O RBEIZ L VTR D, B T YR
BFE I, ML XV BEDICHT D 2 D, AT A HiRikHEER & L TR H
WHNTWD., LL, B RTVVIBEERESENAMEZET D0, RECEEOHE
ML Z TR Y, EMERE(ELHE ), B D)) D M & 7o 1K B A HEE A ~ DR 3 5k
HHATND. BUEITE FaXx o7 I UEBE HAN)'D 7 v E=U AV =7 IR
(ADN)*O Z KR A & ) — )L Lo T IR R S B 7o R IR HERE R O BFZE A3 TSR CHETT L
THY, ERIGEVERIZSH 5.

— TN A B R T 2 FH BRI T, BUROHEINICE & ot 2BR L,
A LWDRIRHEER 2 0198, B L CW ERH D, £ 2 TAEERETRLTE—P)
EWFRE TRV X —A 4 UK (EILs) 1255 B L, WHE MR I HEER] & L C ol
MRt 2 a2 & & L7z,

2. ITRILF—AF VKK

A EIR L TR TRl 100 °C LR O O Z L &#RT ). FRICEIR Tk L LT
FAETE DB DI, FicRiike LTEICABREROBESSEMOBMRE L LTHWON
TS, ZHUIA A RIRDOZ% < BRI MRAKIECHBMETH S & E2FIH LK
LOTHD. EHELIIRETRINX—WE TA A URIRERER L, BRESEDZ E0NAlHE
RIE, A A VIBEOEFRZRLIREE 7 U —Th D8 L UWIRIRHEER] TE T L — A 4
RARHERER] (EILPs) | WNFEH$ 5 &% 2 7-. EILPs 1L, AEE V722072 EtEse 2 itk
HTHDHZENHIFFTE S, SHIT EBILPs IHERARIETH D Z EBRRIATI, VAT AD
flilg{b b RE & 72 5.

EILs |% 2003 £ AN HHAERH O, T/ — VRO A F A > EARFEDO /NS W T =4
[NOs, ClOs, N(NO) DA A AEEWCET 2 b DN L ¥1O. Z i 613k F4 2 B3
RITHE D REEMHEEOKR T, VEEER EOBREEHNTHAEZETSE WS, E
F DIIAMIE TIXILEIL A A U IRICE B Uiz, 3R A iiRE, W IR G R O e
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Fig. 1 @& A F DRIEREDRF

3. AF RIKHEHERI DR

—EAA T AL ~DEMEE 2, BbHl, "TEHIT EILPs ZMk+ 22 & &L, £TI%
Z—=0y T HMBEOBEEZI T2, Mz F—, KR 2 ERT 5720121, £V
BT RNNX—WE T, BRAERICERTIHAEDETHL I EBLETHD. fﬂﬁ@%’f@&
72 % E 7R LA % Fig2 127,

[NH,J"[N(NO,),] [N,HSJ'TC(NO,);T [NH,OHJ'[NO,J
ADN HNF HAN
(Ammonium dinitramide) (Hydrazium nitroformate) (Hydroxylammonium nitrate)
Bhm92°C, 0.B.=+25.8 AhA118°C, O.B.=+13.1 Ahs44°C, 0.B.=+33.3

[N,Hs]'[NO;] [NH,]J'[NOs ]
HN AN
(Hydrazinium nitrate) (Ammonium nitrate)
AhE70°C, O.B.=+8.4 Ak 170°C, 0.B.=+20.0

Fig.2 #EERIDIRME 55 ELEREH

ARFFETILT v E=U ALY =17 K (ADN) (25 H L7=. ADN O E72%E:% Table 1 (2
ﬁﬁ‘Amqm%i*wﬁ—,m&ﬁﬂﬁyx,%ﬁitkﬁyyiwﬁ< FEREAOAER R

(92 °C) AT HWMETHS. ADN [THEEET E=7 A (AN), fHEED Y 7 A, (HEET
FU DL Lo T BERERSEAE & K9 60 °C THEI 2 121 "TRANC DV T 2 5idr R O el
SOBE I (Le Chatelier-Schroder O ) & W TR L 7=,
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-1
T:[ 1 - K 1nXADNJ (1)
Tf—ADN f-ADN
-1
1 R
T=| —- In(l—- X )J )
[ ]—;‘-fuel AI_If—fuel o
AHp 3R Z Vv, TeldkE I,ﬁ, R ixﬁinzd;& XIZEASETHY, (HXEQHXD
RRPIERTH S, ZnbDORIT I, EEEENME<, ADN & @R 2SO E A el
2 & 2 EEE S MT@k%b%ﬂuﬁUk 2% RWFFETIXE 2 AT VT I RS (MMAN)
(AT: =111 °C, AH=4.5 k] mol!, O.B.=-34.0 %), JRE (ATt =134 °C, AH; =15 kJ mol,

0.B.=-79.9 %) 235 H L7=. MMAN, JRF#(X AN LIRS ¢5 EEEEANBE IR T T 52 &
MWHEINTND D).
Table 1 ADN @ E 7% ¥tE

Property Ref.
Molecular formula N4sH404
Appearance Colorless crystal
Molecular weight /- 124

Melting point /- 93.5 16
Heat of formation /kJ mol! -148 16
Density, solid (25 °C ) /g cm™ 1.82 16
Density, liquid (100 °C ) /g cm™ 1.56 16
Water solvent (20 °C) /wt.% 78.1 17

ADN, MMAN, JRFEZEA L, BSZEH L7-. ADN TR A TR, JRFBITFEMZE T
¥RAEZDOFEEHNE. MMAN 2OV TIEFIEHISE T 3R 40 % A F U7 I U KEEHR & iz
(142 gem™) ZRA L, WEREET S Z & THIZ. 2 BRIV T Le Chatelier-Schrdder
@chzkbbtitrﬂm B DM, 3 TRICOWTITE R 1:1:1 TRA LREZ v

ALRRE IR 2 E AR ERE (DSC) 2 HW e, 3B 1 mg & SUS303 & /LIZHE®E L
T%‘ﬁ L, {RFEH#PH-30~350°C & LC5Kmin! CTHIE L.

Fig.3 |2 ADN, MMAN, JR#EDHAER L ONEGY O DSC JIERE %<7, ADN/MMAN
THKI 4 °C, ADN/JRFETHI 53 °C, MMAN/JRE THKI 17 °C IZRlAFIC k3 2 B e — 7 A3
RS, BEARLE L TRUEDEEEIZIR T T 5 2 L0 o7z, ADN/MMAN/RFEIZDOWN
TIX DSC JI7E CHREVIBIH CTX 2o 12y, KIRTRET 5 EEBICREREZ 1D, Figd |z
AT LR CTHEDIREZ/HD Z LN TE. FRTE R 40/4020 OIREWIX-30 °C
THIRMREED R Iz,

ADN/MMAN/JREDVEREZ THIT 5728, (b7 FatH Y 7 b NASA-CEA'™ %A VT 2
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T AL DEIEHET) Lae Z FH LTz, BABEZEIE 0.7 MPa, / Z/VBAFIEL 50 & LB RRS
R%& Fig5 12”7, ADNMMAN/RZTIFHITOE FT V& RS Le o720, AT X
Z OEMHREEAHIFFCE 5 2 L 0VR S 72, ADN/MMAN/JR 5E=40/40/20 “ClLELHE T 23
20 %A L5 Z E MRS, £ 2 THEHR 1L ADNMMAN/RR & = f L% —A A
TRIRHEER D % — %" b & L7z (ADN # EILPs). BUE, KIEFRET R X —WEIES
Ti%, ADN % EILPs OWpt, Zatk, et 7off - BBERTEIC OV THIE 2D T D
92 4 B3 2 E TIT, ADN HARD SR, s I SOV TREF L T& 72 125242,
AHAE TIL ADN % EILPs OB RAEENC OV T ORFHE RICHOWTHET 5.

\_ADN
[ MMAN

1 Urea

en [
- ADN/MMAN

2 M ~—

= | [

é? - ADN/[{? ]
-\M,M_AN/Urea
[ ADN/MMAN/Urea .

(I) — .SIO. — 0l(I)O — .150
Temperature [ C]

Fig. 3 ADN/MMAN/FR 3% @ DSC BT #52R

Fig.4 i&1c L 7= ADN/MMAN/Urea(1/1/1)iB&
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60 wt%ADN
280

SHP-163
(Calc.)

40 wt%ADN

208/ Hydrazine (Calc.)
40 50 60 70 8 90 100
MMAN[wt%)]

60 50 40 30 20 10 0

Urea[wt%]

Fig.5 ADN % EILPs O LLENETERER

4. ADN % EILPs DEAS iR 55 EY

4.1 EBRAE

ADN 5% EILPs DB RZEENZ OV TR A 155728, ADN % EILPs & & 55 L, #zs
B, BEEMAD, BT AMEKORIKE ST 21T 7. REOMAUIFFICER A Th o 2
ADN/MMANY/JR #=40/40/20 (EILPs442) & L 7=. JEITIT/RAZ-BVE BRI 0 6 o i
(TG-DTA-IR) 35 X UVRZEZNEAE &-"H 8007 (TG-DTA-MS) % /2. TG-DTA-IR {Z2W»
TSR ERT R 222K DTG-60 (2 S H B E T LR 4453 KL B 5T IR Prestige-21 % 200 °C
IR SN FE CHEE L TRV, RBIEN 3mg 27 V=0 ABKEVICHEL, &
JEHE 5 K min™!, 23R 300 °C, Ar (100 mL min') FZEPAS CTHIE L7=. TG-DTA-MS %V
77 BUORZERRFE TG8120 |2 S EHERUERTRLAT 2 7 v~ h 7' T 7B B/ Hrat GCMS-QP2010 %
200 °C |[ZIRFH Sz flE TRt L CHIE 21T o 72, 3B 3 mg 2 7V 2 =7 AR viC
e L, FE3HE 5 Kmin!, ZEEE 300 °C, He (200 mL min') FPHK CHIE L. EE
IHTXE A A1k (Bl {EE .

4.2 ERBERBLUBE

ADN 5% EILPs442 @ TG-DTA M EHE % Fig.6 (259, 135 °C 75 IEEE L OVE B
DABREA L, 250°C £ TICHEEBDEN 100% L /e o7, L= -> T, SR X D8N
I, MERHERTH D Z LRSI, BRI AD IR A7 hL% Fig7 [TRT.
N,O, NO>, NH;, HNCO, CO,;, H,O ORI R S 4Lz,
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TG-DTA-MS O, TR A DG &EEMLE (m/z) 1% 16,17, 18, 28,29, 30,43, 44,46 T
HoTo (Fig8). LLEX Y, ADN & ILPs [TMEUZ X 0 IFIET X THR AT AL L, Ny (m/z=28),
N>O (m/z=44, 30), NO,(m/z=30, 46), NH;(m/z=17, 16), HNCO (m/z=43, 29), CO,(m/z=44),
H20 (m/z=18, 1) & AT 2 Z L o7z,

0 =
@
X
g 1 &
w 50 =
E =
= A
100
.l(I)O. " " .léon " " .260. " " .250.
Temperature/ °C
Fig. 6 ADN % EILPs442 @ TG-DTA BIEHE R
3
g
t
2
<

4000 3000 2000 1000
Wavenumber/cm’

Fig.7 ADN % EILPs442 BN RER AT RDFRNARRY ML
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Fig. 8 ADN % EILPs442 BN AT RADMS AR ~L

b FLBHESKEDERE

IR PR RE IR A HEESEBR TS [ ) ), L@l EILs (24 H L7z, EILPs OFEHUZ LD
LSHEOFERMAOSLRDIERVHFFTE . ZNETIE, KERMEROBEREITV, =

IR CHIK & 725 ADN 5% EILPs (ADN/MMAN/JRFR) X% —/4 > h & L T®EE L7-. ADN %
EILPs 728 T E AUTHEEPERE D K Z2 1) BN T & 5. KIEFEm T 1L X —WENTE
2 TIX, ADN % EILPs 0¥, Z2atE, ZEM, 72 « RBERFEIC DWW T2 D T &
7.

At TlEEEENRS LU0 %i&ﬁxm@ (2 &V ADN 5% EILPs O #2682 4048 L
72. ADN 5% EILPs 3124 IFT_TOH AL, N,O, NO,, N2, NH;, HNCO, CO»,
mouﬁﬂ??é:&ﬁWm%ok.

EILPs O FE LIS 7= BEOEME & L it ock®E, FKkGEORR, A7 A2k
D¥RFR, = L THIT=72 EILPs OBENZE T 6 d. PPEICET 2 RERHEIEOR &
T 5. EILPs [TIREEE WAL SBETWD 72, KERE. £ D72 DIREEFEN ~D
@ WES DR E L 72 5. MEAIKT S E 204, EIXEEICRHS LY AT A
MLETH D, BRKFIECONTIE, A4 FUBREITERAESIE L W) a2 /L, BEFOE
KGETOEKIINETH D, Lz > T, EILPs (2T 728 LWE K FIEORFTNLE &
SNA. £, BHHEDRHEER THDL Z LD, BREERENGWWI ERAEND.
NASA-CEA TOFHEOFER, ADN 3% ElLsd42 OWrEVKRIBE X 2017 K Tho72. BUkO
AT ALY AT AOMERR TS TERWREL CTH Y, Fiio 2B O @O E O BR
HENEEND. £ LTI LR MEMEBRO - OITIIH 72 2K OB BRI R THH.
JFCEFO RN EILPs Ot (BlUS, BELR L) IC5 2 28 AR L, EILPs OfREt% Al
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WZT252L T, Svvadlidfo7z EILPs iffld 2 2N TEDL LR DLEEZD
A% . BIFEIX ADN 5% EILPs O EBUZ AT 7= 20, BRABERFIE DR KON L O3 % fif ik
LTCW ZLZAEE LT, A2 ED TN,
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Effect of hydrogen bond donor mixing on eutectic of ammonium dinitramide

Masataka Itakura*!, Hiroki Matsunaga*!, Hiroto Habu*? and Atsumi Miyake*!

ABSTRACT

In this study we focused Ammonium dinitramide (ADN) based liquid propellant. ADN is one of
the high energetic materials. ADN liquid propellant (FLP, LMP) is expected to replace hydrazine,
because of its high performance and low toxicity. We made EILs of ADN using eutectic with
ADN and additives. They are promising performance increase of propellant since ILs do not use
solvents. We focused Hydrogen Bond Donors (HBDs) as one of the additives. It can be prepared by
easy method, only mixing both of them and make liquid. To clarify the effect of HBDs on decrease
of melting point, melting point of ADN and HBDs mixtures were measured. We found that

decreasing of the melting points depend on the HBD’s molecular volume.

Keyword : Ionic Liquid Propellants, Ammonium dinitramide(ADN), Eutectic
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AR TIEE RN —PEDO—D>THDHT U E=U LY =7 I FADN)Z HW 2k
(RHEERNIZE H L=, ADN RIKEHEERNI @S O ERE S IRWEEZ AT 2 2 &, BEfF
DREHER THLHE RT P ICELLIREHER E L THffshTnD. Fx i
Amqk%Mﬁk@i@ﬁ%:;ofmkﬁé:&fizw%—4ﬁymm@mgkLh
ElLs (2 & DR GITEE A2 22z, HEERIOMEREO M EAWIRF S S, ABFET
I%, KFHEEMLL5KHBDs)%Z ADN ~OuA & L CHER Lz, %5 D ADN/HBDs IR G %
ElLs (XEAT 2 DA TREUEN T 0BG ITEIBET 2 L WS FlEA LTz, HBDs 28
RS TICRIETHELZET 20, TI FR, ﬁ/wr/@zﬂé HBDs % %R L T
ADN [ZiE& L, ADN/HBDs iRGRO@AZHE L7z, IREMOR AL, HBDs D41k
FBIIRAFT D2 bt

"SR 26 4 12 A 12 H 5 f(Received 12 December, 2014)
*ORRENIR T RBE  BREETEBATZERE - BRELHE O
(Graduate School of Environment and Information Sciences, Yokohama National University)
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1. LI

BIERIHEESRICH WO D B R D UEBEERE W E0vn, B L 72 D HEEAI OB
RRRD BN TNWD., KEMEPOEZIALF—CHLT U E=T LY = T I RADN)IE
TR HERER & L CORMANEIESN TS, ADN DIFIRMBICBET 24152128 T, ADN
BT A= VT E DY I TR S B T iR HEERI(FLP, LMP)2SHiily ST
1,2)

AW TIEE 725 @b O 7-912, ADN KR LOFHTFIEE L TR = R L ¥ —
A A ARAREILPS) DI RRIZIER L7z, A A U RIRALs) & 1%, @AY 100°C BLF Ol S D
T, BROWARRIE, SWLEN, JRWVREHENE, BEREmWEREZATL. b
D—W 72T =AW FA ISR END ILs L3Ry, HE@BgEHNTELR
IR TLs X, AHSE, AHEE, AWML, EEENO R LV oM EERT
%) 3-5)

LEt e X, 2 EU LOMEEARA LI, IREMORUEDIRERTIO I E OB
OEE L VIR 7B 2 ThD., L@ ILs Ol & L TR AL RO Y v /IRFR
BRTH YD ZOMIZ HERZ REAGDEDRRE SN TWDHEENRT =T L% HEik
Al Uk, BERERGHER AIXVVULR, HER WHBRToE=UL)Y i
OO A OKFREE M GRMHBDs) 2 RAT 2 2 & THENREMZ{EY, ik HBDs M
I EMERDM# < 2 & TRUEA FAY, ILs ICBl7ztkEaF 35 LE 20615 7. ADN L
R#FEM72 HBDs THDHIRFEEIRATHI LT, MANTRLZ EnHEINATND Y. —
I, RS ERTSEHHEELT, ﬁf&niﬁ%ﬁy®¥ﬁ%k%<ﬁé,#ﬁ%
BIEICT D, RELTCT =4 - F A HOFHEINRS RO AT 3L ¥ — %
SHLZENFETHND YO, mwmus*iHBDs&tﬁkaﬁﬁaﬁaEWFﬁﬁ%@< &£, BE
ﬁ@%ﬁﬁ%%wé ETREE AT &8, RBECRKROEZ AT 2MEEHET A0
WEINTND

L72>L, ADN OMEHEIIMP I TE 6T, BET 2WHE O ADN Ofls e &
OYE~RIETHEBO T, HEOTHIIAEETH D, HEEHE LRI+ 5 2 & T,
LRI ILs OEEOWMERREINFTRE L 720, ZARZRELRITIG U7 HEESESS, R R HEESE
DHFIZET DAL 2D,

AHFED Hi)% ADN/HBDs @il EILPs O3t Ofigil L L7=. ADN ([ZIRAT 5
HBDs & LT, fU#&HJ72 HBDs Th 5, 7iF%,ﬁwﬁy%%me%Am¢fm L
C ADN DORlFICE 2 282 R L, WEHIEE AL TRA L TR L, RRIdrRzE
EHEBEFNDSC) L BB LV HlEEZIT - 72,
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2. RERAE

2.1, HEERE

I T ADNGHIA & T-8) & HBDs(FnYefliiid) %
F 72 (Fig.1). HBDs(Zi, 7 X K% 4 #E (Urea,
Acetamide, 2,2,2-trifluoroacetamide, Benzamide) & ,
J1 VIR 1k 4 )8 (Oxalic acid, Malonic acid, Succinic
acid, Adipic acid)Z%/E L7z, EOWIE %15 <7
W, W7 a—7 Ry 7 AWN(ER 15~25°C,
T 10%LL F) T ADN & HBDs % /L 1:1 TREG
L7z,

2.2, BheURIE

ADN |Z HBDs #{EGT 2 Z &2 X DR A D1k
ZWET D72 DI E 21T - 7.

ARBEE, RAEAEEEEZHDSC : DSCQ200
TA Instruments fH5d) &, HEHBIETITo72. BV
L7 V2 =7 523 (TA Instruments f18) % H 7=,
B A 10 mg, MANEE A 10 K/min T-90°C

W25 PRFFLZMIS, FAEEEZ 10 K min! C
ADN DL 93°C L Y &7 100°C F THIE L7-.

2.3. HFHRHEOFHE

13

HgN MH; HyC Pk
Urea Acelamide
Q
F
NH; NH;

%

2.2 Yanifluony

acetamide Bensmmuide
Carboxylic acid

o L

|
|
|
|
|
|
|
|
|
|
|
| Q
|
|
|
|
|
|
|
|
|
|
|
|

0
Orxalic acid Malonic acid
HG
HO
o 0
Q
OH HO
Succimic acid Adipic acid
e e e e e e e e e e e e e e e ==
Fig. 1  ADN, HBDs A3

HBDs D4 F R 2 B H 3 5 7212, Gaussian09 % JH T ¥ & i b 31 &

(Wh97xd/6-311++g) 21T - 7=. Hliani=fRi %,
100[-]D&MTHEL, ST EEERD.

F% Y 7 b Free wheel % F\ N TH&— HLAT

ADN |Z HBDs ZiRE L= & &, ThEFNOZE)T HBDs OFFE T L IR 72 ~7-. Fig2
(2 Acetamide ZIRG L7-FEORRIFELZ 9. Fig.2 (©D L 9 (TP —E5BHE 23 7% 5 )
W) D X 9 72 BEIROEE T A

725 CRlfit L= DlX Acetamide 1S R7Z1TTHDY,
Lotz BONTEEIRITEMERE <, HHAORIKTH Y,
7= (Fig2 IZRRFEZ b Z 7). D> ADN/HBDs {BH

— RGBSR S
IR CEEOEE TH T,
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ADN D@l Tdh 5 93°C ETENZNDOYF TNV EMET 5 &, 93°C LT CRlfiET 2 6 0
DIFTE L 7= (Acetamide, Urea, 2,2,2-trifluoroacetamide, Oxalic acid, Malonic acid, Succinic acid).
RO T2l L, SR THRE LGS BAREBICRE S 20 23l
ADN/Acetamide IR 5 R DA TH > 7.

(d)
Fig. 2 ADN/Acetamide M#ZRBEZE1L
(@ 0 min, (b) 10 min, (¢) 30 min, (d) 2 h

3.2. DSC %R\ 7= ADN/HBDs ;B & % D&l mURIE

Table2 (2, HUK, REVORUGHERREZRT. AT 1$ ADN HRODFS (m.p. 93°C) &,
% ADN/HBD OfitiE DZETHDH. AT Db RKE D> 7-DIE Acetamide T, K T Urea,
Oxalicacid T&h o 7=.

INHDORERND, ADN IZ HBDs AT 52 & CEAN IR L Z ERaniz. L

L, %@rﬂm DR TIEIL HBDs OFEEIC L v B s,

4 L7 HBDs DiE\MZ K @A T AT D721E, HBDs BROFROE, i O 0
(ﬂ::fl%’—)%o%L@ EVWERK N EEL TWD EEZ LS.

AW TITHBDs DEEDERIZ, 72 FETIH UreaDfiEz b L2, EfEOFEL A
2o 4 MEEEREL, WNVRUVEERTIE, RIFEEEZEZDHZ LT, %%Mﬁ*%’ﬁﬂ:éﬁ
7z ;z%ﬁifa%@@b%, ADN-HBDs MO BEAERICH B A 52 5 L& %, LA ILs Bk
K1 DORFED 7=, ADN-HBDs M DO AKFEEDFBIZ OWTELE LT,
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Table 2 EBfxE L WEEYORABIERR (DSC)
Melting point [°C]

AE Bi{k  ADN/HBDs AT*
ADN 93 — —
Acetamide 82.4 7 86
Oxalic acid 190 50 43
Urea 133 52 41
2,2 2-trifluoroacetamide  74.8 68 25
HBDs
Malonic acid 136 70 23
Benzamide 128 78 15
Succinic acid 115 79 14
Adipic acide 152 91 2

AT : T(ADN Ol £1) — T(ADN/HBDs Ol 1)

3.3. MRRTICEEEE5X 5 HBDs DR FHREOZE

3.2 C, HBDs OFEHHIZ L > T ADN OFlEIC 52 5 EEBRRALBH - L AR L. Zhb
DIEWE, HBDs ODREEDEWNC LD LD EEZ BT,

ADN DR 25, ADN & HBDs BIZr FRFHAEERAAME 2 ERMETH L LT 5D
&, ADN/HBDs Ofilii5iiZ, ADN-HBDs MO AEAEHOERK LT SICEENDH D L& X
Lbivd.

ST EERO—2>Th HKFEMBAEOBEIIL, KEFRTEZEEALE A, BJRTOER O
D&, A-B RO HEBIKET D .

4lal, HBDs & ADN ]y - FEBE DS @RI 5- 2 D B2 Ml 272912, HBDs D4y
T1&ff & ADN/HBDs Dl i DBfR % Fig3 IZF & 7.
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100 | Melting point of ADN (93 °C)
- . JE
Benzamide  Adipic acid
g 80 ® ‘o
o r'S ® Succinic acid
E 60 | Urea Malonic acid
= o
Zz 40 } Oxalic acid
a
<
% 20 Acetamide .
O | ! |
0 20 40 60 80 100
' DTEEIA

Fig. 3 HBDs M5 F{K#EHY ADN/HBDs DRt RIC5 2 58 E&

Fig3 £V, ARIOFHESLMITIBWTIZ HBDs D4y FARER K E < 72 51250 TRl E
<, MSHETOREN NS LRI o7, HBDs D4 FHRFEN /NS W E RS T IX
KEDSTEDN, FEEINEIZE U Acetamide , Urea TRlMII K E < Bp o 7=,

B b, ADN/HBDs QSR TIZE 2 5K F0D—>& LT, HBDs D411k
FORBNTEET DL N Dotz £, D TEENNES S SHREEOFBED /&N
S DIFE D DHLEAEL ILs OFFAKICE LT\ D & P&z, LaL, Acetamide, Urea @ X
INCEEEL L 72 FARRICTH O 23 b, MRBETHARE S BRRDMABDEBFET D720,
HBDs 73 &%1X3 ADN OfsifsE FIA7-& LT, SARREEZR E OB RO AT/,
AT ORI EAER )72 E Ok 7r972 R +X° HBDs DORlRDOEEOHYE b MLET
5.

4. FEH

ADN 3% EILs #e£ 3D FHIZ171F 72 ADN ORI LD 7= b DTk & LT, HLEHgucER
L7z. ADNIZT 2 RREDILRUVEEZDOFEX O HBDs Z#IRAT 25 2 & TOREE T O
{To7-. FOHEEHBDs OFEMHIZ L Y ADN & OIS OTER Rl S s FTIEN R L 2 &

MDDy T,
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ADN/HBDs Ofliii & HBDs Oy FARFE DR S, 43 FIRFEDS /NS W HBDs D578 K 0
RERBMAEETEZRTZENGhoTz. ZOMENS, SFEBEONSVWEDIEH
23 ADN (252 D NIARBEE O FEN/ NS SAHAMEH LS W28, ADN @k TA L Ll
UthoreExbND. A%IT, DEEOMAEERZEMRmE- ST LT
LEREG A 2 T, RS EE RITTR A L, ADN Z317F 2 SLmiHHE O ff e 2
EEi=

SE Xk
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AT L— RZ B KDL 72 AN/AP RO R IR BT X OB ST O 142
AKHL JE—RB™, I BT, mFP AT, R ST, PR BRCTLRA AT

Preparation of ammonium nitrate/ammonium perchlorate particles by spray drying
and investigation of their surface properties and thermal behavior
Seiichiro Nagayama®!, Katsumi Katoh"!, Koki Tanaka"!, Eiko Higashi*!,
Katsuyuki Nakano!, Hiroto Habu "

ABSTRACT

In this study, we prepared ammonium nitrate (AN)/ ammonium perchlorate (AP) mixed particle using
spray drying for the fundamental study on AN/AP-based propellants. We investigated their surface
properties and  thermal behavior by scanning electron  microscopy (SEM) and
thermogravimetry/differential thermal analysis (TG/DTA) respectively. In the result of SEM analysis, the
shape of the AN/AP particles was almost spherical. In some cases, particle partially aggregated because
of moisture absorption by AN. The average particle diameter was approximately 36-38 pum. In the result
of TG/DTA, endothermic peaks were observed around 130-230 and 280-375 °C and exothermic peak was
observed around 230-280 °C. From the comparison with the result of AN and AP, it is considered that
endothermic peaks were caused by each thermal decomposition. On the other hand, we suggest that the
exothermic peak may result from the reaction between AP and AN because it is only observed in the
curves of AN/AP. Endothermic peaks derived from crystal structure transformation of AN were observed
around 43, 90 and 125 °C by thermal analysis of AN and AN/AP. The peak around 90 °C of AN/AP was
extremely smaller than that of AN, and this suggested that crystal structure of AN might be changed.
Keywords: AN, AP, Spray drying, DSC, TG-DTA.

B =

ABFFETIL AN/AP RHEMESRIZBIT 2 ISR LT, A7 L— I A1k ANBIW
AP N b L7zRi 72708 L, SEM |2 X 2 REIRIEDBILEI LU TG-DTA 12 L 58550
%N 7=, SEM BIZOFER, AN OWIRICH T 2 EHENBE SN b DD, BBk
ORI MBI STz, R 36-38um Tdh o7, TG-DTA HIEDOFERTIX, FEM
DA D B 130-230 33 LUV 280-375 °C FHTICBIZE S, 280-375 °C FHITIZHE B Bl 22
iz, AN BEOVAP Hl & i G, WY — 213, TR ENORSGRICHEKT 5 2
ERE I N, — T, BEAE— 71X AN B LY AP B CIIBIZE ST, AN/AP IRAGHL 1

" SFRK 26 4 12 A 12 H % AfF(Received 12 December, 2014)
*1 @K% (Fukuoka University)
*) FEHEBMEFIEAT FH R TSR (Division for Space Flight Systems, Institute of Space and Astronautical Science)

This document is provided by JAXA.



20

FH ML LS B TR 2 B s JAXA-RR-14-005

DHTHESND T Lh b, AN & AP ORJSICHRT 5 L EA BN, £/, AN Mo
S, HIRBICHRT 2WA L — 22843, 90 LT 125 °C (HTICBIZE S D A3, AN/AP
AR TIE, 90°C DE—27 A AN & it U CIERIT/INE < 72 5%, fEfEE 0 (b2 R
W DR E BT,

1. [XFLHIC

a7y MEERITEICGRIERRET =7 AAP), TV =0 AB XL OKEKEBERY 7
BT UEDNA U FI L 5 TSN TV D, JAXA TR SN/ Fveralry T
IHHBNHERER & L CRIC e — VI OHEEE DR H NS TN D, AT LR B IREE
IR % EHEE R OHEMEIK L 0 IR 2 (89 1400 K) Z &3k b b8, FRIZIEE
72 AR CRBEIREEIIHIAD) BNEIMENTWD, 2ok o, EiEasr v 27 A%,
A NEOFET T <, BREAN, T b7 BRI AP 3k HClL A A B EREEIC -
OB ENETORPTREFEE LTHET LN, vry MEEEDOZIFIZEIT 5
i 7 BRI B > T H (),

INHEDOMPK L LT, Fxldn sy MEEEDOFE O —MA MR v E=U A
(AN)TREET 5 2 L &5 2 70, AN IHIEED D PEERIEIK E CIER < FIH ST S ER(LAl
Th D, FEITEAE TOAFRATRETH Y, BRES AP L VIERWZ L2256 BREEREEI
FIFIOREEE LCHIfFCE D, £72, BBFE. KEBLIOEELNEA LRV, AN/AP
AHEEK A AL TE UL, AP FOIEHRICH KT 2 H ERREEA R (R K %) 2 1K)
TXHAREMEL H D,

BEE DS TIL, AN RBEENHE T Ny Z T ARAEFNCET 25012080 T, A7 L—
RIAEIZRY AN LKEMERY ~— 2G0T oMb+ 2R L 729, Zoif7Eic kv,
KRR ) — 128 L2 BRI ORL 7 2 A2 Z T LTV D, [AER O HEAT 13K
OWEIZXE L TSHARETH Y . AN/AP IREHFOFEICEAL THICHTE 2D EE R
bihvd,

2D, FEHELIL, AN/AP RHEEIRITARDHFEOHF L LT, £DFAIL 725 AN/AP
RAERTF 2R L, K OREBILEL LOBSITIC L 2G4 2 L. ZONEEF
#74E%E Journal of Thermal Analysis and Calorimetry [Z8FH L T 50, REFEIX, Yi%in LD
WMEEZENTLHDOTH D,

2. RERIFE
2.1 B

a— Vil O v 7o S HEESKTIT 1400K LT OWIEVK RIBE S RO B 5O, FEHH
RARET DITHT-Y . AN/AP IRAEHRLF(LL T AN/AP & RKFD)DMrEVK RIEE %2 NASA
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computer program Chemical Equilibrium with Applications (NASA-CEA) W% HWCEFR L7, §
FCIE, RS LCHTPB 2 {RE Lo, kS BRLAIAN/AP) O HE B IXZ L4 0.25:0.75
THEE L., ANAP OEEHZZ(L ST, FHEORR, WK RIEE T AN O &89
HIZOF T L7 (Fig. 1)e ZAUE AN ORMEIZ X O WiEAKRIBEZHETEX 5 Z L &R
LTW5, F7z, #42 40wt%lh ED AN Z IR L 72 BRI RIREE Y 1400K LLF & 72
STz b, BiROFER TR S AN/AP OEEHIL 0.4:0.6, 0.45:0.55 8 K10 0.6:0.4 (2
RE LT,

2000
Bl

5 1900 |
=

= 1800
1700
- 1600

150

AMAL =000

[300 b AMAR=450.55
AMCAT — 0,801
1200 1 .

N 0.5 1 |.5 2
AN/AP

Fig. 1 NASA-CEA 2 & HEEAKN KEEDETHEMER

Adiabatie Tame tempera

2.2 AN/AP K F RS

AN/AP (EE 0.4:0.6, 0.45:0.55, 0.6:04), BLQY 77 L2 2L LTAN HDHE AP
DHINHEDRL T (BAth. AN BURH DU T AP Bl L £ft) 22— NI AIEICK Vil
R 720, EERFUEHTIZREMEE TR D AN (FIE 99%) 3LV AP (R 98%) %
MWiz, BEE2ZNZh 4 52O Milli-Q KIZIEM S TR Z AR L, EMHEZHREICHON
Too HEET, THATERARAT L RIS — (Fr =N L1m, &I :08m,
WA OEZESR) AW, Ty o N—NERREE X 170°C OFEYRUZ K D 90°C IZF
LT, BUROEIL 16 ms!  (BVEFFADIZER T 2HE) &L, 7 ¢ A7 [EEEHIT 18,000
pm & L7,

2.3 REEHE

TR 20 R U 7ok o R kg A B T 7-BAMEE (SEM, JOEL DATUM Ltd.
) ZHWCElE L, IEEEX 10k & LT,
2. 4 BT
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WEFEHLMRIC X0 TR U 7k OB RS I OMRER RS 6 8 A s 25 B BN R R[] B o
(TG-DTA) 2 XV #IE L, WEICE, A 2—o 2V LR TG-DTA220 & H >,
AUBHA R, AR O 7 v I BB BB A 2 (355 50uL) & vz, AR 1S 2K/min
L7, BRI 10mg & L7z, JIEIFEFRFRES T THiE L7,

3. BRBLUEE

3.1 REHE
AN/AP, AN B3 L OV AP B O R EIRAEZ | SEM # W THEIZE L7, AN/AP (AN:AP

=0.6:0.4) OFERDG ., WRERORL DN ERL SN TN D Z LA Dh 5 (Fig. 2a), T 1IT
B[R L ORENBZ I ND N, ZTIUL AN OWGRICHNKT D & PRI D, £z, KR
TSN TH Y . AN HIHOFREIRAEIZIT VO (Fig. 2¢), — 7 T, AN/AP (AN:AP = 0.45:0.55)
TITBEEMT & A B S22 o 72(Fig. 2b), FHEITM2MMAH 0 . AP BMIZITW
KEIKAETH > 72 (Fig. 2d), T HDFERN S, i F-OREIKIEIL AN & AP DI E%L
ZTHETEEIND,

EE D 500 {H DRI T-D SEM {4 % 012 AN/AP DR R &ZF I L= L 2 A, SR8
— RER)IL., AN & AP OIZ X 57 36-38um ThH -7,

Fig. 2 A% L =HFD SEM EfR
a:AN/AP (AN:AP = 0.6:0.4), b: AN/AP (AN:AP = 0.45:0.55), c: AN E¥h, d: AP Bijd

3. 2 BT
3.2.1 BN REH

TG-DTA HIEDFER % Fig3 128 L7z, AN BRI LY AP B O E . 3EHE &1T 150
B E250°C i bZNENRAD Lz, b OEER D IE DTA gt ol —s &
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FIELTEY, ANBIWRAP TNENDHESMRIIL LD EEZHND, — T, AN/AP
? TG RIEHEH TIE, 130-230°C (Fig. 3,a). 230-280 °C (Fig. 3,b) 35 L T} 280-375 °C (Fig. 3.¢)
D3 BEETCEERODBIE SN, FNFENOEERA L DTA i ol e L OFEEVE

JE LSS LTV 5, 130-230°C O E(Fig. 3, a).

AN B O S FRIEFE TN =8, AN D5

HFESRICH KT D & EZBND, —J T, 230-280 °C DfJi(Fig. 3, b) 1%, AN Hjfids L
AP BT SN2, AN & AP Z2IRA LTS BICORR Z DA TH D
EEZEZLND, Flo, AN BB L OVAP Bl & B2 W BV — 2 ThH DH Z L b, EEffH
T AN OORAERA & AP 2355 LTV 2 ATREMEA Y 5, 280-375 °C DL (Fig. 3, o) T,
2EPEB OIS THE SN 272 AP ORENRIZE D bDEEZBND,

DTA [Vimg]

—

AP
=AN/APTILADG)
ABUAPDAS0.55)
—ANAPTILSDA
AN

[ 1.0 pVimg

»,
i -\"\._ i
! '
|

a Pl c =

120 100 220
Temperature [1C]

20 T

70 320 370 420

0
=10 F : a
=20 b
\! -\_‘ .
AF y
= ANAF(RA08)

—ANAP (B ASS55) |

ARVAP iu6o0.8)
AN

20 70 120 170 220 270 320 370 420
Temperature [1C]

Fig. 3 TG-DTARIEHER

3.2.2 IHEHEEH
AN % 30 (phase IV->1II), 80 (phase III=>11)3F5 L TF 125 °C (phase > 1)U CHIEARE (G b i

N L, RN LT 269, KIFFEICIRIT S AN/AP @ DTA HIEIZHB VT SRR I

HSRT DB E — 27 728 43, 90, 35 L TN 125 °C THIZ S 7= (Fig. 3).

Table 1 REE—Y DIENE

BN — 7 FEOME/UV ¢+ s mg!

Ak
43 °C 90 °C 125 °C
AN -18.0 -17.0 -53.0
AN/AP (0.6:0.4) -20.0 -1.0 -53.0
AN/AP (0.45:0.55) -19.0 -1.0 -49.0
AN/AP (0.4:0.6) -19.0 -1.0 -46.0
AN/AP (0.4:0.6) 3¢ | -20.5 -10.9 -45.3
KARFERCIE )

L LBRDL, FEWREE— 7 OFEGENG B AN EEH7Z0V OWAELZFH T 5 &
AN/AP @ 90°C {1 DWEAE — 7 X AN Bl & bbiie U CHER 12/ & < 7 o 7=(Table 1), BEFE
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DOWFFETIL, AN ([ZHEEE T U o AP LSRN 2 RN 5 &, edh &2 5k U CHRERR A3 ]
INDEREINTND DR RBFE TR L72 AN/AP KL I3V T H RBROB SR A
X TWD AR S 5,

FRFIEIZ L B AP OIRINC XV [FEROBLG N Z 5 ATREME S H D729, 60°C IZIRFF
L 7 tHIRAE T AN/AP IR G /KERIR A 78 F8 H2 [ S| [FIRZ[E 2% L C DTA & & Fhi L 7=,
ZDFER, 90°C DRI — 7 FESMEIZA T L — R 7 A THE L 72 AN/AP LV b R&E 2o
o ZORERID . AP ICE DL RIIA T L —RIAFIZLY ANDBPEBEAESN
2B D AFEBLT D ATREME DS R S U7,

FTED

AFETIE, AT L —FT7 412XV AN/AP Ki+Z2FH% L. SEM B L O TG-DTA # T
WA LT, TORR. U TFTOMmANE LT,

(1) A7 L— KT A THRB USRI b IEIZERR T, R 2R354 36-38 um Th -
7o F7-. FHEIREIZAN & AP DI KV 2L LT,

(2) AN/AP Ki+- 0 TG-DTA JIEDFER, AN 3 L OV AP OHFE i Sk OB O I B e
— 7 PRSI NTZ, ZORBIL AN BL O AP B TIIBIZ I NN LD, AN
DFEAERR & AP ONZHRT 5 &5 272,

(3) A7 L— KT A THB LI AN/AP KL 1 TlE, AN O T FHOAHESRE T B3 2 Wk
B — 273, AN %Za&tt@ibfd\é {Tleolz, ZORRLY, ANIFATL—RZAIC
£V AP & EEA LGS, EatEENELT 2Rtk d 5,
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Synthesis and characterization of urethane binder for rocket propellants
by

Yuji Sagae™!, Satoru Yoshino?, Tomoe Komoriya*?, Keiichi Sakamoto*? and Hiroto Habu™

ABSTRACT

The purpose of this study is synthesis and thermal characterization of polyurethane containing nitro
groups and azide groups using 2,2-Dinitropropan-1,3-diol (DNPD). Structural analysis were used by
infrared spectroscopy (IR) and hydrogen nuclear magnetic resonance ('H-NMR). Thermal properties
were used thermogravimetry-differential thermal analysis (TG-DTA) and sealed cell differential
scanning calorimetry (SC-DSC).

Synthesis of polyurethane containing nitro groups in following, a mixture of poly tetramethylene
ether glycol (PTMG) and 4,4-diphenyimethane diisocyanate (MDI) were stirred at 90 °C for 20
minutes. The mixture were provided in to solvent, N,N-dimetylformamide and added DNPD, and
then the mixture was stirred at 90 °C for 10 minutes. The products were dried in vacuo at 80 °C for 3
hours.

The IR, C=O0 stretching vibration (1730 cm™), N-H bending vibration (1530 cm™) 2 appeared in the
IR spectrum. The products exhibited exotherm at temperature range of 297-420 °C, and mass loss of
85 % at 500 °C from the TG-DTA curves.

B =

ARFZED HIOI, 2,2-= b7/ 13-4 —/L(DNPD)Z HH\\C, = hulkz &R
VoL UBIOT VU REERE LERY U LX U OEKREB X0 ZRE LTz, S
FEMTIX, TRAMIHIHTIEIR) & 7' 1 b RS EIS(TH-NMR) 2 Vo B RRIME 1R 22 2
BN B[R] REH E (TG-DTA) R L OV B LR 22 E B BE I E (SC-DSC) & W 7o, AR Y
ThRIAFLZ—=T 7Y a—LPTMG)IZ 44-V T 2=V A X A )T 32— &
2T 90 °C T 20 4yE#E# L7=DH, DNPD, NN-¥ A F LA/ AT 2 RIOMF)Z Mz, FiZ

* AL 26 4 12 A 12 H 5 ff(Received 12 December, 2014)
T H AR KRR T PE TP 98 (Graduate School of Industrial Technology, Nihon University)

"2 H AR A PE 157508 (College of Industrial Technology, Nihon University)

R SE T (Institute of Space and Astronautical Science)
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10 R AR T 7= B, 80°C T 3 BRI iz LAERY 2 157

AR D IR A7 RV OFERD S, 1740 e (2 C=0 {B#EIRE, 1530 cm™ H Z5 4%
EAHER S 7=, TG-DTA #HFRORE R B AR, wmc<%%“§ﬁ&b 297-420 °C
THREEE Z R LTz,

1. [FC®HIZ

a7y NEEERO A X, REKBEER Y 74 P U HTPB)YWSLH TH S, EHIR
0y NE—ZIE, ERHEEIROMREEC X > CIrZofEMERE 2 8535 VY. kv Eikee
fbEERNTDE, SFRICEBEEZEAL, BEERFOTRLFE —RNREVSAL X DRI
ko HND. TEOHZEEIE LT, ZUTILT Y RRY ~—(GAPZHOWTHE Y&
Tn5.

ARFFETIED FNICEER 2 G AR T2 LTHRY 7 L& (PU, Fig. DIZEH L. PU
IRV A—NOFBMEE G2 DY 7 M7 AV PBIXOEHERAIB LA Vv 7 % — ko
SR HREINEE 52 D N— RE T Ay Mg S, MffENE - B bSO E 2 AT
L. RYVF—nEA VT x— b e HWZPU T A M~ —IENTHMEREEZ R L, BRZ
RTWBIIETH D Z &b, REE=ROm EAEIfRFsnD. £, PUIZY 7 hEZ AU B
=BT A OB EOIBITIC LV WEZRET T2 Z ENRAEETH D &) FLE
W%, PUDY 7 7 Ay N EBRT 2R Y A—/ 8 L OHIEREANIBREEN RO m Lo
R CEDEREZEATHZLICED, BEEFIEOENAEEE 725,

AW TIEEH =RV FT =R VL EZ L DERDTZHIZ, R A —& L THTFHIC
P%%ﬁﬁbtﬁU&??F%?w&%?wﬁ%?5VQWAMM®9,ﬁ@ﬁﬂ&bf
=holEEEA L 22-V= br Frs8a13-2 4 — L(DNPD)DA R L OBV HEPE D2
BEHME L.

‘{ﬁw +C Ot HW C_N"

Fig. 1 Polyurethane (PU)

(@]

Il
—C

E—Z

q |m

2. % B&

2.1 Poly-AMMO (& RE & BAROSS 1%
Poly-AMMO D / ¥ —"T& 2% AMMO D& [T Malik & ODFIEIZHET T, (7 rRr A
FN)3-AFNFAFEHX A(CIMMO) 5 g iZT7 NI 7 FAT o= LT7rI K, 77Uk B
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U A32g, #iZk 20mL 212 100 °C T 4 KEEEMBMRER L7z, HAEMIZTY 7 na A &2
EIZ, DG AR —2—CRIEEZREL, BB EonT.

Poly-AMMO D& %1% Frankel & 7O HFEIZHE T T, AMMO20g% Y7 A X 15mL

WAL, HiZAhny ) A RemFlo—T)rar 7Ly 7 A 128 mL 2Nz %%
PRIBEIZ BV TR T 2 B R L7z, IBAEWICT B =77K 0333 ¢ A HIT 20 57
B LEZ0L, =R —2 =T L. WROWENE SN2, HikB IO
B —VEROCCHREABEL, BEYZ oo X ¥ B S, BKER~ 73y T L%
AWTBAKL, =/ KL —2— T L CAERMEET-.
LR OBERRB OO RN G (N —F b~ — 8, Spectrum 65 FT-IR
spectrometer; IR)® ATR {EB LUV o b U ERKLEBIE(Z V7 —t%, Avance 500;
H-NMR)Z W 2. 70, BARHEOHYZE D70, RAEBEVE &HIEY T 7 #1:8, TG-8120;
TG-DTA)¥ L OV P VR 22 A EGERE (N —F /b~ — 418, DSC4000; SC-DSC) % Hl
W2, TG-DTA OJIESRME, REHE 2mg 27V =7 AB/VICHE L, €K& 100 mL
min™', FHEIEE 5 °C min™!, HEHIPE 50-500 °C & L7-. SC-DSC DOHRIESMEL, 30BHE 1 mg,
ZEF I E 20 mL min™!, FEHE 5°C min”!, JHIEHIPH 50-400, 440°C & L7=.

2.2 DNPD M &R

DNPD DA ITEER & YO FIEICHEL T, /TR LT LT R 12 g 2R L7=/KEE L
FRI DL RAZ )= VRAERIZC= e A X 25 2 F L. KG LARDN OB LEZD
L@ L, At 2-= b 7m0 -13-F4—/1F b U 7 A (NPDNa) & #5372, 0 °C ORYEL
FR/KESHRIZ NPDNa 35 L OMEASEE T N U 7 A2 FSRL L 7R G/KIEIR AT T L. KL E
E30 oL, | HHERTHE LZOb Y2 F Lo —7 2 v Tt L7z, it
U 7ok & itits L, B o Tl LAERDG DLz, 1507 AR O RS iR

1T-7=.

2.3 PU, DNPD-PUDERLE & VBRI

RYVTFT RIZAF Ly —T V7Y a—/(PTMG), 44- T 2=V A BT T R—
FMDDFE L O EANC 1,3-7 030 P4 —/(1,3-PD) &2 TN E T/ 3/4/1 & LTIT
572. PTMG (Z MDI % /1 2.C 90 °C C 20 /rfEfE#E L7z D%, DMF, 1,3-PD Z/lx, HiZ2
DREIEERZRT 206, FasnbABWZEY L 80 °C T 3 WML Lz, FEkD
FEERITEICHHEREAI L L C DNPD % VY, DNPD-PU 235 0072, 15 5724 plil) % 1 dfe
P KOG It L7,

3 BREFIUBE
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3.1 Poly-AMNO D& L E & VBRI

Table 1 {2 AMMO @ IR A7 R LN 'TH-NMR OfEREZE L7, IR OFEFENS
AMMO 1 LT Poly-AMMO (22T 2100 em™ (27 ¥ REEHSEOMEIREI 2 MR S -,
AMMO @ 'H-NMR OFERN S 3.550 ppm |2 CHy HRDO 7 1 b 23RBS 472, AMMO (&
JFEFCH D CIMMO (217207 Y REEOWRI D iR S 722 &, 3.741 ppm 2> 5 3.550 ppm
WCCHHROE—27 307 M LI2Z £ AMMO AR EN=EE 2 b5,

Fig. 2 12 CIMMO, AMMO £ X T Poly-AMMO @ DSC Hif% 7~ L, Fig. 3 & CIMMO,
AMMO 3 L O Poly-AMMO @ TG-DTA #if, Table 1 |Z TG-DTA 3 X' DSC DfER L LT
B R BAGIRE (Trg), 7R, FEEABIAEIRE (Tosc) B L OB EQpso) & £ & D T-.
TG-DTA £ X ' DSC OfEFE 1 SIFENCd 5 CIMMO 3 LY AMMO (KR 30 °C TR & 728
R ERL, EREME CH DL LR SN
AMMO @ DSC Bi#E2> 5 D 154 °C TORE RHEED MR 7. DSCIFHEASRMETIT- T
WHZ EMND, TYREREORISICEDZbDEEZBND. £72, Poly-AMMO X 153 °C
TRERBEEEHEZR LI, ZOBERNE UCTHOMBHCHEEL -7 Y FOVEREW £ 7213 R K
D Poly-AMMO & Ui L7728 & & 2 Hivs . Poly-AMMO O Trg i, 185 38 L TF, 263 °C
D 2 B THERR S 4172, 185 °C 128 1T 2 E &A1 DTA Hift TR E R BEEF DS R S
7127 Y REOBBER T OV RICHERT AL b0 LB X 51, 263 °C OE &R ITE
BEOBRIZE Db DEEZBND.

3.2 DNPD M&ERE & UERI4FIE

Table 3 {Z DNPD |Z IR A7 kLB LTV H-NMR OFEHRZ27R L7z, 3290 cm™ (2 O-H {#
M fREh, 1580 cm™ 12 N-O 36 S {HfFEEED, 1300 cm™ (2 N-O ® G i IR B 23 fles8 X 7. 4.298,
4310 ppm (2 CHo RO 7' & 6291 ppm (2 OH RO 7' b U RSNz, b
DFERD G, DNPDITAK SN EBZHND.

3.3 PUFH LU DNPD-PU DE R E & U BRI

Table 4 {2 PU 3 L TNDNPD-PU @ IR DfE 5 227 kL% % & 8 7-. PU 3 J ' DNPD-PU
2D L& UAERICHKT D C=0 MiffiifkEhds L O N-H ZA#ESE) V2 i8S h7-. DNPD-PU
D IR AT MU T= b e ORISR SN2 ol ZOERLE LTHoFHic
DNPD OEIGV/NE N EEZ HiLD.

Fig. 38 LT 42 PU B L (O’ DNPD-PU @ DSC #i#R$ L O TG-DTA #hfra ZhZhor L,
DSC #i#%, Table 5 (Z PU 3 & (X DNPD-PU OESHIHE SR A & & 7. TG-DTA Hifgn 5,
PU % 130-170 °C TWE\Z 7R L, 286-400 °C ThHT 723 B A D 91 %D E B %7~k L

. —7J7, DNPD-PU % PU & [AI#£IZ 130-170 °C TWEENAZ R L, 297-420 °C THREAELES
85 %E B A/~ L7z, PU & il L C DNPD-PU % DTA #HARICEAE 7o B (LITRER S N7
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ST, =41 H O DNPD OEIEN/ NI W= EBz bd. TG #hifRIZE VT DNPD-PU
X PU L0 T EEM CEERD PR SN, ZHUTBERER O = b e RO AAE
RZEY, B 7PMAnKEL ofe 2 & EIEREETOARKIZIBWT, DNPD-PU 73 PU
LI HLEAENEL R EICERL TS Z ENEEZLNS.

Table 1 IR and 'H-NMR results of Table 2 TG-DTA curves of
CIMMO, AMMO and Poly—-AMMO CIMMO, AMMO and Poly-AMMO
R '"H-NMR o . o -1
Sampl Residue(%
Y, /ppm CHClx-d (500 MH2) ample Tt(C) esidue(%) Tpsc('C) QOpscJ g)
2970, 2890 (ve.r) 1.409 (s, 3H) CIMMO 30 0.3 106 55
CIMMO 980 (vc.0.0) 3.741 (s, 2H) AMMO 30 0.6 154,204 759,169
730 (vecr) 4413 (d,2H), 4479 (d,2H)  Poly-AMMO 185, 263 1.8 154 1680
2970, 2890 (ven) 1345 (s, 3H)
AMMO 2100 (v-x,) 3.550 (s, 2H) 100E ]
980 (ve.o.0) 4394 (d, 2H), 4.464 (d, 2H)
Poly-AMMO
3200 (Vo)
Poly-AMMO 2100 (v-x,) - 80 — AMMO .
1100 (Vc.o.c)
— CIMMO
560— e
5mW 8
TI =40} .
5 4
X
m
= 20+ 4
\g [——— Poly-AMMO
= _—’/\/¥ Uy ‘i 1 1 1
5| | o —
= — AMMO ¥ 7
S
2| — 10 pv
i3l gl 4
i CIMMO (5| —— Poly-AMMO
PR ST T [N TN TN TN T N TN TN TN S [N TN T SO T [N ST ST ST TN AN TN N WO TN (Y T T WY1 >
S0 100 150 200 250 300 350 400 3t AMMO
Temp /°C = | ——cCIMMO
Fig. 2 DSC curves of Q,
=]
CIMMO, AMMO and Poly-AMMO E
Table 3 IR and 'H-NMR spectral data of DNPD i
AT SR SN [T TR ST TR SN [ SR S SR S N SN T T S N S S
IR 'H-NMR 100 200 300 400 500
Vinax ATR/cm’! 8/ppm DMSO-d (500 MHz) Temp./’C
3290 (vo.n) 4298 (s, 2H) 4310 (s, 2H) Fig. 3 TG-DTA curves of
DNPD 2970, 2890 (ve) 6.291 (s, 2H)

1580, 1300 (vn.0)

CIMMO, AMMO and Poly—AMMO
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Table 4 IR and spectral data of
PU and DNPD-PU

Vinas ATR/cm
PU 2940, 2860 (vcn) 1740 (vc=0) 1530 (vNn)
1100 (vc-o-c)
DNPDPU  2940:2860 (vew) 1740 (ve-0) 1530 (vxn)
1100 (vc-o)

Table 5 DSC and TG-DTA results of
PU and DNPD-PU

Sample T16(°’C) Residue(%)  Tpse('C)  Opsc( g
PU 286 9 349 161
DNPD-PU 297 15 120, 360 32,36

T I 1 mW
st 4
>
[8a)
%‘
E[ ——pU ]
53
[=]
=
sH 4
o)
g
e}
ar .
[8a)
i — DNPD-PU
PRI T S TN T T S U ST T W N S TN S U NN T T T [ T T S N S S S S S S Y
50 100 150 200 250 300 350 400 450

4.

Temp./°C

Fig. 3 DSC curves of PU and DNPD-PU

FED

Mass/%

~
S

100

80

(o))
S

N
S

(=)

—

<—— Endo. DTA/uV Exo.

--------- DNPD-PU
| —PU
IS A%
--""“j
b P ]
--------- DNPD-PU
i —PU
T00 200300 400 500
Temp./°C
Fig. 4 TG-DTA curves of PU and DNPD-PU

IR B L OMH-NMR D& 58755 DNPD & Poly-AMMO X4 S 1172 & % % 541 % . DNPD-PU
(27 L& RO RS 2RI S HERR X 47z, DNPD-PU (% PU X 0 & SR CF B 3 e

STz, Poly-AMMO |33 il IO R & 7 R B B 2o LTz

T. Sonobe, et al., Journal of the Industrial Explosives Society, 51, 4, 216-220 (1990)
M. Takizuka, et al., Journal of the Industrial Explosives Society, 61, 2, 216-220 (2000)

K. Nanba, et al., The Journal of the Society of Chemical Industry, Japan, 66, 10, 1446-1448

SE X
1) N. Kubota, EXPLOSION, 1, 2, 88-100 (1991)
2) N. Kubota, EXPLOSION, §, 2, 53-56 (1995)
3)
4)
5) H. G Ang, et al., Energetic Polymers, 8-12 (2011)
6) A.Malik, et al., U. S. Patent, 5,523,424, 4-6 (1996)
7) M. B. Frankel, et al., ENERGETIC AZIDO COMPOUNDS, 9-13 (1979)
8)
(1963)
9)

D. K. Chattopadhyay, et al., Progress in Polymer Sciences, 34, 10, 1068-1133 (2009)

This document is provided by JAXA.



W= F N — TS T AR26 RS Rs B 33

1,2,4- 8 U T Y —)-3-F  SRGEIRTEEE IR DB KM IS K UREREE
KE 5+, KB 2, 22 mEs, §il 55

PIE ZNR, IR K, ok B

Thermal and combustion characteristics of 1,2,4-triazole-3-one copper complex nitrate
by
Manabu Ohnuki*!, Satoru Yoshino*?, Atsumi Miyake*®, Shogo Tomiyama **, Hiroto Habu*>,

Tomoe Komoriya*? and Keiichi Sakamoto*?

ABSTRACT

In order to obtain a better understanding of the thermal characteristics and combustion
characteristics of 1,2,4-triazole-3-one copper complex (TOCu), elemental analysis, infrared spectrometry
(IR), X-ray diffraction(XRD), sealed cell-differential scanning calorimetry (SC-DSC),
themogravimetry-differential thermal analysis-mass spectrometry (TG-DTA-MS) and burning test were
performed.

TOCu was synthesized from 1,2,4-triazole-3-one (TO) and trihydrated copper nitrate (Cu(NO3),*
3H,0). TOCu was obtained as [Cu*"(C2N3H30)2(NO3)2 * 2H,0) . From the DSC results, the heat of
reaction of TOCu was larger than those of pure TO and TO/Cu(NO3),*3H,0 mixtures. The exothermic
peak of TOCu sharply became compared with those of pure TO and TO/Cu(NO3),*3H,0O mixtures. It was
found that the reactivity of TOCu was improved to compared with those of pure TO and TO/Cu(NO3),*
3H,0 mixtures. TG-DTA-MS curves of TOCu were showed from 3 steps of mass loss, exothermic peak
and decomposition gases in the temperature ranges were 100-180 °C, 200-260 °C and 300-360 °C. From
the results of TG-DTA-MS, the gases evolved from TOCu were determined as N», H,O, HNCO, HCN, CO,,
CO, NOx and NHjz at 100-360 °C. From burning test results, the burning rate of TOCu was calculated by

pressure exponent 0.6451 based on Vieille’s law.

Keywords: gas-generating agents, 1,2,4-triazole-3-one cooper complex, combustion characteristics,

thermal characteristics
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B =

ARFGED B, HAFRERIL LT1,24- 1Y 7 —)b-3-74 SRS (TOCu) &2 ARk L, #4
HREE IS K OIS O R & TOCu D SUGTEIZ IET Cu OB EZ T 52 & Th 5.
T AFEAER & U T OMREFM I IRBERERIZ L V1T 572, TOCulE, 1,24- kU7 Y —)L-3-4(TO)
B L OREEEER(IT) -3 ZKFi(Cu(NOs), * 3H0)Z HWTAHAK LT-. JTTHEDHTOREENS TOCu 13,
Cu?"-bis[(C2H3N30)(NO3)]-2H,0 & L THAR S 417z,

TOCu OEHIRFE A fRET L, BB ER L ORI — 7 OFLE 5 TO I L U TO/Cu(NO3); * 3H0
DZIS X0 BUSER T EE Tz 2 &b Tz ARk T 253875 5 TOCu 14, Np, H,O, HNCO,
HCN, CO;, CO, NOx, NH;DHANRAEREIND Z L3 bho7-. TOCu ORBEREDRRET L,
Vieille’s ORUZHEWVENFEHEF L L, 06451 THDLZ ENbhroT

1. LI

TRVF =B, vl y MEEESZ T Ny 7 HOTARERICHER N TS, = RLF
—WEDOOEDTH DT ARAERNL, xR B TORMARIFFSNAT-DIZEN LI L=
BORBNPMLETHD. £ T, FHOZRLX—WEITRD b LM, TAFEOm B
F ORI Lo RBEEREE, B E 5.

T AFEAERIE LTHR SN AWEIZ 1,24- 8 U 7Y —L3-F(TO)N H Y, TO FEATH D 5-
=hBe-124- bV TV =34 (NTO)E, ElEREIEIE & A%l 2 A L TR Y RENMOWWE
Th 5. DITO TR EMENE <, MRS T 2 RISMEREWZ L BRHRE BTN D72,
HAFEERIE LTCOBRER D E L THEHR L-. BEEOFZE T 1,2,4- b U 7 — W(TA) D R SEHT &
LCEEAERN AR LIz L 2HEIN TS, MO b 2B IHHo ¥ —E L LT TO

53 TN THREUS D HIFE S 5 AR & & i(Cu)dliRlc A B L. &8 & LT Culd, BRIEH
JE A ARHE S DRENH D721 TO RO EBICENnZE -,

AWFEO HIIE, 1,2,4- 8V 7> —)/L3-3 U HISEREEIRIE(TOCu) & A pk L, ZAREE 3 K O
Oy IREERE DRRFT N D TOCu D SUGHEIZ KIET Cu DFBEZFAET L L THDH. W AFAEAILE LT
OMEREREAM I TR BE BRI C 3 hE L 7.

2. E B

TOCu DA &IE, Kumasaki” & D FiEEBBIITo72. TO DAL, Haines®!'V 5 O FIEIZHEN
AR L7z, TOCu DAL, TO 3 L OB A8 o (Rl £ Al & L C 77-80%)AEs (1 )-
3 KFI(Cu(NO3), » 3H0) % FIWT, KAEREEE L 55°C T 5 R Lz, W28 E, mHAL
FfGE L7c. SN AW OrERRIE, B FT-IR8100A B D JR4 3 FEIE(IR)D KBr k%
VY, Rigaku B X BREIPTHE T (XRD), JTRoHT 2 W CTREL7=.

This document is provided by JAXA.



TR =TGR R T RR264F EEF TR R 35

TOCu DEEIHEIL, Perkin Elmer B DSC4000 DBt /LR 2= E B FH(SC-DSC) & 7=,
BIE L, BN 1mg & SUS AR IR L, FHREE SKmin!, HIEIRE 30-400°C & L
72. TOCu & DI D 7212 TO/Cu(NOs), * 3H.0 (XE &k 3/7, 5/5, 6/4, 7/3 & L CilgFEL7-.

TOCuD B RAERAT AL, RABEE - H &5 HT(TG-DTA-MS) & Fl W TR L 7-.
TG-DTA-MS %V 7 7 BURZEBKIETG8120 (S E T X 7 v~ 7T 7 E &5t
GCMS-QP2010 Z#&ft L1T>7-. TGORPESRMIL, BB mg 27 /1 =7 ABE VICHE&E
L, FEEES Kmin!, JAEREHFA30-400°CE L7Z. MSIZELE, A A 1bLELEE70eVE L,
¥ ¥ U 7 —H A %He(200 mL min) & N TIT - 7=,

TOCu} KL OTODEERFMET, KIEF2 DINSHMIZ LS X KB
PEERR R A - TREt L 7.

TOCuDBRBERFEIY, FLh=—HD A N T v RoN—F—3Bh %2 AV -CRET L7z, B BHIR2 g%
HAWT by hEER LTz, XLy M, IERAEZ AW TR /158 mm, EAK9.5 mm, H
K18 g, BN gem* Db D EMHH Lz, TOCuDBREERERIL, EHRFHKS, 7, 9 MPaT
FHIRIZTHEBRZIT 7. TOCuZ BB ST 585121, 1B L=y b Biglam#isniz=7 a A
e AW THEK ST, TOCUDBRBERE X, FHE D 2 T % AW TE LIV EiE ) 6 HIE L.
Fo, BRBEORIED @D A 7 2 AW TBIZ L.

JECE TR 5 OV R AU AR,

o

3. MEBIUBE

3.1 TOCuD&HL

Table |2 TOCu 33 LTV TO D IR A7 FLds KOGERSHT OfE R Z 7R L7z, TOCu [k E KD
MAETHELNZ. IR AT FLOFER LD 1750cm™ 12 C=0 #E& OHAERE), 1390cm™ (2 fFEHE
(ZHI3RT 2 MAEIRE OWIN AR S 7z, 2 b2y S TOCu (TR & L TR SN EBZ D
N5, TESWOIE)S TOCu 1L, Cu?-bis[(C2H3sN;0)(NO3)]-2H,0 & L TEaENTZEEZD

A%, Fig.1,2 |2 TOCu ¥
Table 1 IR and elemental analysis results of TOCu and TO

LT TO, TO/Cu(NOs); * Elemental analysis (%)

. . Sample ¥ o KBriem! Foundiupper)  Calibelw)

3H,O @ XRD @ﬁ%%ﬂ_\‘ 'S H N
. N 31500nmeu), 2850(vey) 12.08 2.59 28.26

. ik LA v TOC

L7z. TOCu Db fiEId, ! 17500k, 15700050 13900 0 12.19 2.54 2846
TO SIXBA LN R B 2 TO F00(vaga ) 2850(ve.r) 28.54 3.56 49.65
1L T00(vca0ad 15T00we) 28.24 3.54 49.40

ERbhholz. TOCu B L
O TO/Cu(NOs), * 3H,0 Ok, L<EITWD2, TOCu TiX28-32 D ThHT NI —2
DRI DZENLIRAMEL, BDEEEELZAL WD I ENRELZLND.
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/ - a
S z
= & L -
g TOCwNO, )= 3H,0 g
= ol : P U P N
I TOCu 1 I |
i 7N e N
10 20 i 41 50 (11} 28 29 30 31 32
e e
Fig. 1 XRD patterns of T0Cu, TO and Fig. 2 XRD patterns of T0Cu , TO and T0/Cu (NO5) .-
T0/Cu (NOs) 2+ 31,0 mixtures. 3H,0 mixtures the range of 28-32 ° .
3.2 TOCu MEMf4EHE
Fig.3 |~ TOCu 35 L 0} TO, A
TO/Cu(NO3),+3H,0 |Z SC-DSC i % 7~ :
Lo, BARORE & L 56 AR e 3
(Tpso ¥ L O EE(Qpsc) & X D IR =
L72. TOCu @ DSC Bhfm bW  E
BENTP 160°C THRANEREN, BB S|
H(Opsc)2¥ 1.1kI g Th - 72. TO 1L DSC @
i S UL 237 °C THREGS 303°C T F
THER S, Opsc/N 0.8kIg! Th -7z, E
TOCu 3 L' TO TENENIR 5 258
Z4 LT=DT, TOCu & iR 72012 ybasoc i TOCu Lkl
TO/Cu(NOs)2+3H,0 OEAREE 2 it L 50 100 |5.n 200 250 300 350 400
7=. DSC Hi#t > 5 TOCu 1%, TO/Cu(NOs), Temp./C
3HO LY Tpse BE< 720, Onsc HHHE T pge: OMSEL Temperature
mize. 9,10)@@ L TO L @*H;EL{/E)EH DG (g © heat of reaction
ﬁ‘% L7z c 22 L0, REDED S Fig 3 DS curves of T0Gu and TO, T0/Cu(NO) - 3H0,
EME W B L,f_ L 4:%‘7\_ YRR

TOCu D OpsclE, RO E Y ZNENDIREW LY Opse WM LT EZ BN 5. TOCu
DFERAE—71L, BEML VB IeoTz, SRR GRS L OHERIE ORI X 0 SOGMetE &
NIZTZ DI — I PR oo L BEZ BN D.

3.3 TOCUDEMH R HT

Fig.4 |Z TOCu ® TG-DTA-MS #h#t %~ L7=. TG-DTA Hlif#/> 5 TOCu IZ 100-180 °C, 200-260 °C
LTV 300-360 °C T 3 BefEIC K D BB L OB HER SN, MS D7 T 7 A2 kili#)
5 m/z=16(NH; H,0), 17(NHs, H>0), 18(H20) 26(HCN), 27(HCN), 28(N», CO), 30(NO, N,O, NO»),
43(HNCO), 44(CO», N20), 46(NO2) MEsB &4, AR S A 13 TG-DTA & RIERIC 3 BB D v — 27
B ST
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100-180 °C Ti&, FEZ LD 40 % DT
PEERDODIE X, ERERT AL N,,
CO,, H,0, NOx s S iz, SC-DSC
B LU TG-DTA OFERMN G, BBSEMFIZER

Intensity /-
T
[~ —
| | | | | | | |

Wb REABGIRIE S EIE B L TH Y, | N————
TOCu Bt L L O STV 57en SV ' Y
\ZEEMEARIZ BV TN D TO & iEfRtE o sz L oA v ] E
BB ITSUGEE 72 L X RS, o |
200-260 °C TlF, EONREEBICHES T g T ‘
FEEADERR S A, AERRH A 1F 100-180 °C Fig. 4 TG-DTA-MS curves of TOCu

LRIEETH -7, 300-360 °C TIE, FEOM
7R S T D FEEADI HERR S AL, HNCO Ha 3k
DT T T A NE—7 PEHFICHER Sz,
Fig. 5 {2 TOCu D& IR I51T D [E{R iR E
D IR A7 hVvZ&sR LTz, TOCulE, %
ZLHI1(120 °C)FE TAY RMVZEAL D R S
o Tz, 180 °C DFEENEHZ D IR AT F v
25, TO O'EFAEIEIZ AT 2 WINHT O v —
IWNEL Y, A4 VT F— MEICHET S
2200 cm™ fHEOWINA BRIz, 202

Transmittance/ %

L 755 100-180 °C T TO DB M HEXEAS 43R S 1 e eSS

7 LEZLND. 260°C 2B B EEKARKY O 4000 3600 3200 2?;/);)ijl(l)n(?lbi(r)/()i)mi600 1200 800
IR AT RING, A YT F— hEITHK Fig. 5 IR spectra of TOCu at each
ERAL AN EE AN i Ny W temperature

B OFERS, TOCu 1% 100-180 °C (235

WTRALE TSRS TR L, Vo7 T — s AT 5BRERM 2 LR T 5L BN,

3.4 TOCu REEHit

TOCuF L O TODIEERFEIZ DV TG L 7o, KIRFEROBUKICEE S ZR ATV O R
5, TODRKERE L U CHERURES LOBBRE, KBEEIL, sk, 76k, Stkez
STz, FERURER JOBEEREE, FEEEL, RLMKTHoolR LT, TOCuE, HEX
R L OBEBURE, KBERENZNEISK, T, 2kE72o7-.

3.5 TOCud A sFid
T AFEERN L LT OMEREREAE & L CTOCu% AV THABERBR 24T - /2. Fig. 612 TOCuD PABEH &
EJEIMEAMEDOBREZ R LT, ZHud, Vieille'sO X (DHIZHEWTH Y
r = aP" o . e (1)
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THRHED. RELWa, P, niZZNEIURBEHE, &8, &

71, TENFEETH D, TOCuDRBERE T Vieille'sDRUZHE 4
W, ERASBINT SIS, B TS 2 L b

hot-. TOCuDENFEIE, 0.6514Lfent-Z bz T 3

o A ATARNE LT DI LA TR D D E s 9 AT
572, TOCuDRBEE, ERTITo K ENCH L Thkn B
RN HER SR ino Tz, 7 N7 Y — VSR DR ERS &
T RV — W OBRBE XS CHEIT L TV D 2 &3l 490 50 60 70 80 50 100

Presswe/ MPa
HENTND. BPOTOCuDBREEE, EEfEFIC TG EST Fig. 6 Pressure dependence of
LTWabEEZLND. burning rate for TOCu
4. F&OH

T XL X —E DN AFERE L TTOCuZ AR L, BkrEds L OIS s o st
N HETOCUD SUSTEIC RIET Cud B A2 at L, H AER & L TCoOMEE %2 HAYIZ, TOCu
DERRE L OBORE, AR A, JERME, BRI W THRET L 7=,

1. TOCul¥, Cu*-bis[(C:H3N;O)(NO3)]-2H 0L LTHESNIZEBEZ LS.

2. TOCuDEHIFFE & LT Opscds L OB — 7 JRTOX L OTO/Cu(NO3), * 3H,ODZ 4 5 K 0 1]
EL7.

3. TOCUD LA AW OFERN G, EEEFIZIB N THFHN TR LIETTISPEZ > Tnbd Z &
NHEZHLND.

4. TOCuDEEEReME & U CHAFEXURE S L OB, HiBEEIL, FhEhswk, 7Tk, 2k
TpoT-.

5. TOCuDRBEREM: & U CIEIHE50230.6541 TH 5 Z L b ERL I TV D T AFAEH & [R5
BETH-TZ.

R

VL EDZ ENBTOCUIE, FOT AFEARE L CEMAORREMEZ /R LT-.
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NLBHAT 7 F 2o — 22 LD ERHEEK O T
R PR, P BT, IR BR2, PAIRER2, P R

The mixing of solid propellant by an artificial muscle actuator

Akihiro Iwasaki*!, Ryosuke ban"?, Shun Yoshihama"?, Hiroto Habu"3, Taro Nakamura

ABSTRACT

This research aims to reduce the cost of the solid rocket motor production, mainly
solid propellant. The production process of the solid rocket propellant are usually
employed the multi-batch mixing. However, this study using a peristaltic pump as a
mixer will lead to the continuous process. The pump system can mix the powder
materials for propellant and we consider that it will make the slurry of the solid

propellant efficiently by the mechanism of the fluid dynamics in the pump.

B =

AEFFRILEE e 7y NORET 0 A0 ORAN K= A Mz EEEE LT0W5D. £
DRI A MEANBRET AT T LT a2 n w2 bx B L, FiCEER &
v MEEIRE TRICER Ue, #MgICGEES R 72 HnWos 2 & Tr by M
AZ Y OFEEE TR MA A RE L 2R D721 TR, BEREMEIT) Z LN TE S,

Keywords: Solid Rocket Propellant, Mixing, Slurry, Artificial Muscle, Peristaltic Pump

1. [FC®HIC

a7y NOFTH EFEAZKIBICEBSES 2210k, ZETIHREa A hOm T
BRICE DR o FHEMAHOREN TR SN D, BEika sy MEEIZENTH, £
DY TNVTIRAA Nealry NVAT AEAEDLTEHTRFHEEORENSYFFINS.
Bz, K= X hefERe 7y MZX o OMUEREZSHEEICHD LT 572 E0nE 2 60
5. TFERMBEECKFAZHEF BT, MR L 2FHAASCE FHIFE « FEOH
WHEPHEBANED bR TWD. 20 & 5 I/ MIEERWENILLThhd — 5T, TD
FREEZHLOPEICHEAT L2000y v MIFEET, EICITHEEVAEREE L CERHE
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OHLELCHT S EF B ICA DY v FTOH EIF 2R ShTnd. K& 4T
LEFax baEELze 7y b &AW EE o/ MU R OFHEE S AT MMISHEE
WIS RO BND. FEHERTFHELEN AT LAELTRLTHZ LIZE-T, vy
v MOFHEEMRICE D D HTOREPINET 5 THAH. I 5IT, MR OFH %
ZERST, M-V el y ho k) REXERENARERERR Fy N Tholo b, ke
NDT =2 H2ThHo720, SEERTHEERIIRIS LIk x 2 Cltke 7 v hOFEL
K2 XA MEOZERIZZAPD B L TN B HND.

EAEE OFHEE KIS T D Thi, REEESKBEAS o — RIS+ 5 TH
, ROOENDIETA MED LU TEW. 2013 FE I b EFbni-A7verury
MZBEWTIE, a2 MEICE T DHFE LTl ZIEE A VER > 2T A% Sz,
ENRANVERIT AT KEFNY a2y 2 BRE TS RIPERI 21T 0 EFHR T AT LA Th
5. BROEa A MEER LGS, ke sy NE—2ORET vt 2 DBRED b OfEt
WENThD. e8es, 7T EFoEHERICE R, EFHEEVEE~OR ALK
A 72— RES~OX ST &K, S%IFE= 2 MEE @ LR 7> hE—4F - HitE
WOBGEEHMA TSN NHTHDH. — 5T, EHEkery hE—2ET a2 2ADE
FEPETEM RO 7y b3S, T— % OIFERER & —HO TRAERL TNDHTD,
HETa A ERFT D56, HILOBERICESW-RE T o e A2 RET L EAME
Lrb.

X1 HEEREME

2. HARBH

BEiRE 7y ME—Z I3k y F 7 a R LR R - SRS - T LS
JEE AT PN D 7 n e A TRIES N TWD . X 1 IR S D BRI HEE SO & LTl
LA O FRIE T > =7 L(APKL T - BRELO 7 L I =7 L(ADKL - « BREFERS B A D /3 A
Y T OMIBERR E AR, EMLUTHERRZ U 2 13y FFo/ET 5. RICE
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DAZVEary NE—Z 7 —AZER LT, A X RBBRAESHD) O ES SIS X 0 i
b5,

— RN F T & ORTETIE OB NG DN D0, RIEEE ORI E O R
HCTT e RIIEDNRATH L EENTWD. )7, k7 ot X CIRER A ERE
R E LC, EENTEOTRENIE R S BRI & A0 LT BB RRGH 2175 720, 2hE%
DR BERZLIZH L THIKICKHETE D70 ARARETH D &L S TWDH. [EIRHAE
HIROBLE BN K X MBIZRHETE S e A %2525 9 2T, ULOBEE LT
B 2 OEFALREFHIIR TH 2.

7ut AOHEFHICIBN T, L /2D D00 mPa-s #B 2 5 BERHEER 2T U o
KMETH 5. EAHEER 2 F VIR AP - ALK F-OERS TH Y, 6 %208
BRSEDNA IS E TS, MV esry NHOHEEROES, NA 237
D 12% TH 5. 7 vt AMUITITEEE NI IR O EIM: 4 5 58 U733 AN E0, RIS
LD OIXE S B TEEAHEE IR A T U 2 i Cx 2 L H RdEETHDH. nr v RE
—HNTOBBENLZET D LI, KRBT+ ELIEAT Y ORERMELE S
DNHTHD.

Mz TE—2EET v 2O EA~FEE & 72> TV D DITHEEERDOfERETH D, 1
kORI CIIE B AR L SREEZ AT, BAKAOICL > TEMLTWS. & RED
PEIZ X B KAE, SRS AT FEE ISR 7 TREEERS ML EE L 72 0, A o0 i A A Al
fE& T DT mE A~ FEE Lo TV D.

b s, Elw 7y hE—2 fEom 7 v 204 ER TR TR A [EAHEE
M PIEOEAE BIET. AETIIANTHAT 7 F 2 x—2 &2 - iEihEs R 7
L A RMFECOWVTHRHAEZIT> TS, ZOFEL, SBEIC L 28 AW E V=it
RO ETELES, HHEEKZ T U OB EZ AW i Th 57 il 7 -t A~
DN ARETH 5.

3. AIfFR7UFaT—4%#AU=EMN

AWFFETHD 5 NLHRIEN 2 ITREND D TH D, 2Rz AT & 225K DET

%
WX o THZR L, ®hGm~ I 2, & SIZHh7 M~ RFE A Tt S TWL 0T
A AEE D ZENTE D,
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CONTHRAZET 7 Fax—2E L THOWER Y 7 NEENESR 7 (X 3)ThDH. EEHE)
HEENR T IIIMUD BN AT ENRO T LT 2 —7 TR I TS, AR E A
LF 2a—TOMDOF v o NITEREZEY AT Z & CHEIT S, X 3 OIFENEEIR 7% 1
2=y b LT, MADEIICZOR T EHEHEE ST 52 & TADOBE D X 9 72i%H)

EEZRBHEE L TV D, IR EYIEENERIC K-> TV Hah 573,

Cylindnical obe

SIEHEFHRLT 11=v k)

WHA P RRBILEN T3]

FROENC & - (LR
FAEEL . F0iER

 (b) RESD AL

X2 ANTA5A
B EREISETND. 2D LD BYOEE & WK & OIRE & Wie L7-iH{k 7 nt 2
ERERD Z & &, IRENEE)AR I L o TREAHEEIERE 7 e & 2 2 2 BEt 217 9
ZEMAMREDORFETH D,

IR I b &
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4. STENEEIRY TICKHEFDF S

IRBNE R 7 X B R OB L IR A T B, EIRIEER 2 5
U OFE B E AT R ORBREHL SRR TH L. TR T
B2 AR DI S. LTS S OB A FE R e & o | R~ a5 L
BB ENDRINE RS,

a. etk

"F'

4 WRENEEIR T (=Y M)

EE T 1 ATRO HILD S DL, MEE L2 ETEE - BEHETE 52721 0% e
HETh L. BERHEERIIAETH D720, BIKOMERMED D 22BN T D
R BT, ZORDERET 0 ZME~DFEE & 7o TV e, KRR U FITHEAR
MIZ T A CTHERL S 4L, ZEXJETEEI L TV D728, 5% OFKIENE L MG
FRIEIZFTF 5.

ORI LT, HEBEC L2 EAB 2RO 22Wo TRFTICHEE 5
FAB NG, BREERLAL THD.

b. PRI
Ny F Tt ATORMDGE, FRIFRCHEAREGREEIC S LRI REEE
T2 B d@if 7 nE A THIUL, EFEIR L TV D OREERPHIITE 5.
HEMESE 2 00D & U THIEDIRE « WBIT LA TRV THIORERSE 22 2 R 097 1 h3 7
MDD, AR T FIZORICEALTHEK=a X My - hR(ICFHF LS TE 2.

c. vr—varr7l—
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KR, BIETERARELIICERED 2=y MaflAabdbE CEizSE 5. =
=y T EIIHMEENIE, NERaRXNTRUTHREZRET D ENTE D,
AR Z 2L ALY TEX D L, KRR FIILEITE Z T BERHEESL
INFIREE 70D HEEREFIEG O v 7y MERERIE O RKERAA N RoTWND 2D,
nr—yar7 ) —kRidERe Y MGEOFEL - K X MeE: S HICEET
5.

5. AMRDERE L SEROFTE

AWFFEZRNT, BEICERMETA & B IRORFNTIAIEL 2> TWD . EMEOZXT Y %
M 5IZRT. RV T 7 UM R TAEHTAL—ADRAT Y % 3 REFIGENER) R
THEM L.

SHOBEXE T ERHEERZ 7 ) 2 EZRIENT252 2 Th b, T, EELOX
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