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Thermal decomposition mechanism and decomposition kinetics of ammonium dinitramide
Hiroki Matsunaga*', Hiroto Habu*’, and Atsumi Miyake*'
ABSTRACT

To get better information about thermal stability of ammonium dinitramide (ADN), this
study discussed about thermal decomposition mechanism, decomposition kinetics, and influence of
aging on thermal decomposition of ADN using thermal analyses and evolved gas analyses.

From the results of evolved gas analyses about ADN, it was found that thermal
decomposition of ADN has three stages depending on temperature. The reaction at low temperature
side was the decomposition of a part of dinitramic acid from ADN dissociation. At high temperature
side, 2 stages of reaction with gas generation were occurred. First reaction is thought to be
decomposition of dinitramic acid. The reaction mode is different from that at low temperature side.
Second one is thought to be the reaction of decomposition products of ADN.

Kinetic analyses of ADN decomposition and lifetime prediction were carried out using the
results of SC-DSC scanning tests and TAM isothermal tests. The results of kinetic analysis from
TAM tests showed lower activation energy, and closer decomposition amount to real time storage
than that from SC-DSC scanning tests. Non-isothermal tests may not be able to precisely predict the
lifetime of materials whose decomposition mechanism changes with temperature, such as ADN.

From the results of evolved gas analyses about ADN and AN (aging product of ADN)
mixture, the exotherm and gas generation at low temperature side could not be observed. Nitric acid
from AN dissociation is weaker acid than dinitramic acid. Thus, HN(NO,), decomposition at low

temperature side was inhibited when acid level in the system was reduced.
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FHlE = RV —RLHT =T AV = T X RADN)DEVZ EMEIZ DWW THI A 245
D720, Bk JOBG AR A 30T 24TV, ADN OBV RN, Byl B, Ry
LAY ADN OEViRIZ B 2 5 58I OV TR L 7.

ADN OB RA KA A3HT DFER:, ADN OE R IR L > TRRD, 32D
TUEAT LI LRI S, (RIRMTIE ADN OfFBEIZ Z Y 4 U7z HN(NO,), D—h
DS 5 2 ERR ST, EEA TR & 1 72 2 8% T HN(NO,), D4Rk LY
HN(NO,), D3RRI O3 fRISETT D5 Z L NEZ B,

BEE VR ZEERAERE (SC-DSC) F-R BB L OV BE B FHTAM)IZ X 5 %R 5
£V, ADN RO R ERwfET I X O Tl 21T > 7-. DSC F-ilislk &t L T, TAM
FIRRBR L VA O NTIEM b= L F—MEL, FEATEGRE O fif & LR WEE & o7z,
ADN D L 9 ITIREET K o THEE 20T 2 WE I DWW AR Tl B2 FHam T
HIATERWAREERSH D Z LRS-,

ADN [ZRREFE(LARD) TH HHEEET »F =7 A(AN)ZIRES L7230k D TG-DTA-MS Oiff
2, ADN HUETIFEIMN S 7 ARIRMI T oREGS O A ERMB B S e oT7-. AN O
FRBEIC Z 0 A U7c HNO; SR ODOFERE 2K TS5 2 £I2X Y, HN(NO,), D3 i a3 i &
N5 ENBz L.

1. IIL®IZ

BUE, ko7 y MEEROBIEANT, mUVBEAT VR, TXAX—HEZAL, K
ik T2 = b, MIEHEEET o F =7 A(AP, NH,CIO)R EFE & e > T s V. LaL,
AP [T FNIC CLIRFA G780, BRI A & L CIRMEROJRR & 72 % HCL A3 AERT
%. HCl Z IS5 5iE0—>2L LT, Cl BiagEh VW WEOBEANETNE. =
N E TICEMERE TIRERBE AR Th 2 HEER OB IS % < e Thbh TE = 7.

7= LY = h7 2 R[ADN, NHNNO,) JIZH i m = 3L X —fgfbfl & L CHifF S
NWCWDOIWED—>ThHh 5. ADN OIEE% Fig.1 12, F72WME% Tablel IZ7~7. ADN (X
WIRENT VR, TRAX—BELZAL, ~"aF 7V —ThbHZ b, HAIE ADN ZH
IRHERESR D I A RFFE ST T LT g B

BT Ay PHEESRIC RO DN DHE D —> L LT, JFUBHTER, S5k, S5
I, ERERCRB T 2 ZEMNET bR 5. ADN IZREHHEGFETICHEET T =17 A(AN)IZ
SRS D LIRS TEBY, TR I ur Yy FE—ZOEEE TGRS SIS
ADN OFERMEDT=OITIX, ks, NDfEELZA L, o TPEITO 2 EBRET
& 5. AHFFETIT ADN OB REENCER Uiz, BT R K OB RAE R T A 54T 2470,
ADN O# R OGS X ORI 21T o 72, S HIT, BREFE{LA ADN O fiF
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Fig.1 Molecular structure of ADN
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Tablel Physical properties of ADN

Molecular Weight 124.07
Density (solid) (25°C) [g cm™] (X-ray diffraction) '®  1.820
Density (liquid) (100°C) [g cm™] (pycnometer) '® 1.560
Melting point [°C | 8 91.5-92.5
Heat of formation [kJ mol'l] 12) -148
Oxygen balance +25.8
Critical relative humidity (25°C) [%] 55.2

2. EBRGE

Ak LT kK TR AL D ADN(ADNQ2011)38 KO8 1998 4EIC Ak &, BEATIC T
F U — A NT 11 AR S 4072 ADN (ADN(1998)) % FUV /2. ADN(1998)I2 oW TIERA
& DEACHE DO RO E N 2 EEMICIRE T 5729, Fig2 [RT L 5 IR & NI T
72. ¥7-, ADN ORFZEAERMIZAN THS Y D2 Lhnn, TEMKIK AN Z ADN (I
RBAL, BEEZ(E LB 2 HE L.

BN RRFERIE D 728, Mettler Toledo #1:4 HP DSC827e % i\ = £ & LR A B
HIE(SC-DSC)IZ & 2 FiRFER 35 X U Thermometric £L(BL TA A o A L A 2 )8 oD & g
BEEF TAMII 2 X DR &2 1T - 7=, SC-DSC F-iEABRIZ OV TIE, Seiko #H:5 SUS303
BRI K 1.5 mg M8 L CEE L, M % 30-350°C, FdE% 05, 1, 2, 3, 5
K min" & L7z, SHERBRICHOWTIIRKEFR T SUS Bt /Wi B 249 100 mg FRE: L&
B L, BIEIEEL 115, 110, 105, 100°C & L7=.

BN E TS K OB iR A Rl T A D [RIRFI AE % 7R 22 BARAR-IR A4 53 6 53T (TG-DTA-IR) 35
F OREBKIE-E B H(TG-DTA-MS) & W T1T > 7. TG-DTA-IR Ti, BEiUfEaribr
FEENKAF DTG-50 |2 BV EFTHRL IR Prestige-21 % #5#5¢ L7 A3 E 2 V2. BN 4 mg
7V =0 AR VISR L, FUEEE 5 Kmin', BIEERFE 350°C, X4 U7 —H A
% ArQ0mL min") & L7z, TG-DTA-MS (% # 7 BUREEKAF TG8120 |2 iR /Efr il 1 =
s ua~ 87T 7B ESHTE GCMS-QP2010 Z#5kt L1T o7z, #EH 4.0 mg 27 /LI =7 4
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B VISR L, FHREE 5 K min', BEIRE 350°C, F+ U 7 — 74 A% He(200 mL min™)

L.

ADN 73 fRAERDIRIE D T=®, RO T 24T o 72, B ARGy JCBLGRAN 53 e Ol BE Gt
FT/IR-420 %\, KBrikTiro7-. 3k O ADN &2 E&T 5729, FHER UV-1800 (2
K DENG T a AT o 7. Al A2 KR & L C Starna fHELAHEE L OEEE: 1 cm)IZ A
MBIEEIT>72. ADN KT 284 nm ([ZWRIL L — 2 ZHf> D7=0, 284 nm (21T 5
FE735 ADN %R 7.

| y

Surface region |2 mm T

$ 10 mm

Fig.2 The definition of the surface region and the bulk region of ADN(1998)

3. RREEBE

3.1. ADN OB

ADN OERIEFEIZ DWW TIE, TV E TlThkx 272 N TE < o Thil T
7= 2B oRFZEIC LT, ADN 1 N,O, NO,, NO, NH4NO;(AN), HNO;, N,, HONO,
H,O, NH; 72 CkE» 7o~ 9 5 & ST 5. ADN OEMREERE E L CTIREINT
WABERIGED 9 b, TG E SND GER(D)-GITRT. —%HIIZ, ADN OE o
7=y L EEER, NH; & HN(NOy), ~DOfETHIGT 5L 3 Tnbd. £D%
HN(NO,), ITAYBERIZ /0 L, NH; &6 52 & TANDERL, &5 AN B E 52 N,O
EHO IZHET HEEZEZ BTV,

NH,N(NO,), — NH; + HN(NO,), (1)
HN(NO,), — N,0 + HNO, 2)
NH, + HNO; — NH,NO, (3)
HN(NO,), = NO," + HNNO," @)
NH,NO; — N,0 +2H,0 (5)

AWFFETIL, ADN OESEEEEAEIZ SV CREMIC R 21T 7o,  BAEEH) & AU 2 D[R]
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WI7E % Fhite L 7=
ADNQ011)?® TG-DTA OH|EFEF % Fig.3 (23T, £ 90°C TRMEIZ L 2 WA X
7. %@%2&5@%ﬁkioﬁgﬁwawrwrkiormnwo#%ﬂéh,@@@ﬁ
JEEIT LTS Z LR D72, 150-175°C ([Z861) 2 EERDFRITH 29 % Th 72, 7,
#)220°C THEFADFEN 100%E 720, 2THAETLHZ ERbhot-.
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Fig.3 TG-DTA result of ADN(2011)

ADNQO011) DENGiRAE Y TT A D ARSI o3 T DifE R % Figd 1237, N,0O(3500-3400,
2250-2100, 1350-1200 cm™), NO,(1650-1550 cm™), H,0(4000-3500, 1800-1400 cm™) D AR F+ WL

DB SNTZ. L2y, NH; HEEOFRIMEIL(950 em™ ) TBIH S e ho 7z,

N.,O

2

NO N,O

2

/w___/\wu\‘\ﬂ‘_
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Fig.4 IR spectrum of the evolved gases from ADN(2011) decomposition
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ADN(2011)® TG-DTA-MS OHEREF % Fig.5 (283, B L OE BB ORI 3 B
D H AR S 7z, ARIEMI(150-175°C) ClIE BB ML m/z=46, 44, 30, 28, 18, 17
EROTAPAER L TWD Z ERNbooTz. ZOIRE TIX ADN O—#828 NO,, N,O, N,,
H,O WA T ARASUSHEZ S Z ENEZ N, EIBM(175°C LLE)TIX2 2T v 7D
HAERNBR SNz, £, miz=44, 30 OF A ERPER SNz, Z ORERO GO
— DI NO WAERT HRIETH D Z L MRS, NyO OARS & 1EBNS, m/z=46, 28,
18, 17 OF AR SN, BT, NO,, N,, H0 2ERT ARG HETL TV D
T EMRENTZ. TG-DTA-IR [AIEE, NH; (34 A & L THER SN2 o7z,

m/z=17
_ mz=l8 TN
=
5 m/z=28
S
o]
RS m/z=30
Am/z:44 J
m/z=46 D
100_ 1 " 1 " 1 " 1 " 1 1 1 .- £
X 80k i s
= L <
fn 60 4=
D 40k 1A
= 13
Ok 1 N 1 N 1 . 1 " I " I " 1 . $
0 50 100 150 200 250 300 350

Temperature [°C]
Fig.5 TG-DTA-MS result of ADN(2011)

IR D SSIZ DN T S BITHRTT 5720, MEVE 170°C Tk, FEEWIZ OV TRSM
DI AT - 7. WIERTDO ADNQ011), ADN(2011)% 170°C F THIEL L 7ZBR 5%,
AN OFRARIN AT R V% Fig.6 \Zx9. A TIEINNO,),, NH, H RO IR DIE
2y, NO3HRDFARAMRIL(1400 cm YANER S 7z, L7and> ¢, KRB ORETIX, —#0
ADN 73 AN ~3 92 Z & indom o7z,
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ADN(2011) before test

ADN(2011) after heating to 170°C
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Fig.6 IR spectra of ADN(2011) before test, after heating to 170°C, and AN
UAEDBEE), LT A, FHEVOSHHERS ZOBEOME TVEY, AFERBR T

D ADN DOEN >kt 2 HEE L 7=,
F£3°, ADN [T 90°C THME L, o7 &= 1 & FAHEIC NHy & HN(NO,), |2 fiffift 9

B, Fe T, ARIEI(150-175°C) Tk HN(NO,), O — 88204 5. HNNO,), 158 /) 72 i
(pKa=-5.6)TH 572, K(6)D L 512 HN(NOy), IZHHIZ L » THfEnettid s %260

5.
NN+ H —*(/ .
5 .0 o j.D
H H H
J’_
— »N,0 +NO, + H,0 —» N,0+HNO; +H o

170°C DR O HTIZHB N T AN OIFEDER SN2 2 &0 b, RIEMTIZ(7)RD & 5

72 AN OIS HHEITTHEEZ OND. AT ZAOHIZE W T NH; M S e o
722D, ZORSTEEHF CORIGTHD EEZLND.

NH; + HNO; — NH,NO, 7

FEHRA T, 2 FEEOKISNETT 5 Z ENE X 6. 1 DHIZ HNNO,y), D N,O %
MEARRR Y ~D T 5. KR & IX B D 0 AEREI 2 /R L2 Enn, (KRS 1T
BRI DHECORIETH D EEZHND. 2 D HDKIEITXHNNO,), D/fiRIZ L W A L7z AN,
HNO;, NH; @ NO,, N,, H,O0 ~OSEN IS TH 5. BRI OIS CEREfH T O3 XToOWY

BN AT D
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3.2. ADN O LT
ADN ZHa0 & Lo HH =R X =W O FEA DT O FE el 21T 9 2 &
MRDBIND. BT O =L — W O FH ik _ou\fi&irb%é BER, R
5D%L NI FIERBRICESWETHITH S, AT, X0 EMRRFHTNEZITS
TeOIITEBE R FRRBR 21T 2 NMETH S, AWFFETIL SC-DSC Hiialii L O
R EENEEH(TAM) 2 W 72 55 IR 3ABR 12 L 0 ADN(2011) D F B ) 2 81| L 7=, Bl S iz
FEENAET IS X, ADNQO) DB R DM ETRAENT 21TV, ADN OFFfn 2 FHI L7,
ADN(2011)?® SC-DSC F-RARBROFER % Fig.7 (287, £ 130°C XY ADN D53 fi#lZ H 3k
T2 5B 1D BV 1.8 kI g )AL ST
ADN decomposition

/
I!““/\I — 5K min’
- 1 I | ——3Kmin''
Ile- 1 : —— 2K min’
R 1 .-l
I ; —— 1 Kmmn 1
1 I ——0.5Kmin
1 |
1 |
[

Heat flow [W g'l]

50100 TS0 200 250 300 350
Temperature ['C]
Fig. 3 DSC curves of ADN(2011) at various heating rate

ADN(2011)? TAM {55 BR OFE 5% Fig.8 (~xd. JIERIAAH 0.3-0.8 Hv D, REE
0.7kl g OFRBMNERM ST DL EORERICESE, ADN OB RO iR 217 -
7.
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Heat flow [mW g'l]

4 .
Time [day]

Fig. 4 Exothermal behavior of ADN(2011) from isothermal tests

Arrhenius ! O FOGSHEE XD AKX IZAQz L v RO END.

da E
— =kfla)= Aexp| ——2 a
- /() p{ Rij( ) 3)
ZIT, ISUSER, ¢ IIRER, K IXSOSEE T, ARG ET VSR OME), A 13
ERT, RIFXETEE, EJHEM b= F—Ths. ARFETIL, IBRTBEE O lTxf

T2H5RMICKITDREE QDEIG L L.

0
a= 4
Qtot ( )
R EE S AT L2 1 Friedman 1% °©% JV 7=, Friedman vEOfHT 051, XG)2 M+ 5
ZLTHELND
1nf 9% 2 1nfa(e) ()] - 2@ )
dt RT

HHAUONT, Inda/d)ickt LT T a7y h LIz L Z0ME NG, E, 2 RDDHZENRT
5. KT TETIE, A)ZRELRLS TH E,DEEZRDDLZENTE S,

Friedman £ % ]\, TAM a3 L OVDSC FlABR LV K 7za L E(o)DBEIFR % Fig.9
(TR, TAM S RAER K 0 15 54172 E(o)DfEIE 80-120 kI mol” Tdo - 7=DZxt L, DSC 5-
IRERBR L V35N MEIE 145-165 kI mol! TH Y, EFORISRICENTH HREABRN S5
N2 E,DFNPKREL 2ol E,DEOEWTREREOHPIC LD LB 2 DD, TAM %
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{mft%f £ 100-115°C lTB1T D028 L T\ b DIzt L, DSC Fii a8k Tl 130-220°C
\z D0 AR L T A, 3.1 TIlR72 X 912, ADN OB RITIEE1Z L 0 B 23 L 70
7. TAM ZEiE3BR & DSC FERBR CII B2 2O N ME2BHI L Wb EEZ2bND.

180+ ‘
— | DSC non-isothermal
o L
2 160 x/\———\\
= L
=140}

._.
)

Activation energy
>
?

20k TAM isothermal
60F
V=302 04 06 08 10

Reaction progress [-]

Fig. 5 The activation energy of ADN decomposition from TAM and DSC tests

£RBR LY ADN O fif &% Tl L, ADN(1998)D/yfif e b bl L7-. /ofifE O TR
Advanced Kinetics and Technology Solutions ! AKTS-Thermokinetics®"% /=, ABFFE Tl
TIPS T O fRRIL, BN ORFDOEP/NINEB Z HiLd ADN(1998) N O
WD Z LT L. BB DEIND T OFE R, ADN(1998)N# > ADN #13
ADNQROI1)D 57 wt% TH D Z L ¥bhroT-.

% ZC, ADNQ011)78 43% 509 % £ TORFEZ THI L, ADN(1998)NHER(11 year) & thig
L 72(Fig.10). 7272 L, ADN(1998)DRTJEIREIL 16°CHIKDHZIR) Th oo L5, %
Dk, %%ﬁﬁfﬁ.\%ﬁ@ﬁﬁﬁ?ﬁ%ﬁﬁiw%ﬂrm CIHWTHE E o7z, LIz, Hilak
BRIZ L5 THIIEADN O X D ITIREES K 0 it 3 28463 2 W8 ClLIIERE 7 77 6n Tl 23T
ZIRWHBEME D RS LT, 272 L, mﬁ%ﬁ@fk%%ﬁﬁb\f% 43% 53 fif & T OEE O T
E7S ADN(1998) 8 ¥ &< 72 o 7. AR TIL@E L 72 ADN OFEEEE ) b orfiR 2 THI L
TWB2, [EE ADN OSB3 3 EOTEHAL T R L X =2/ E N E WIS IR H 5. LR
ST, KVIEMHERTHIZIT O 729I121%, ADN Ol LL T OEE TOSRRBROME RIS
XTEATOMERDH D EZZHND.
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DSC non-isothermal

107 Fi 167°C
10° k! (Average at Tokyo)
]
st
10°F,
10*F!
10° _: TAM isothermal
]
|

Time to 43 % decomposition [year]

30 40
Storage temperature [ C]
Fig. 6 Prediction of the time to 43% decomposition of ADN at each storage temperature

TAM FFiRFABR D5 RIZES & ADN OFa Tl Z1T > 7. ARS8 TIL ADN/HTPB [ {AH#E
HEIRDORPH A TEE L7, ADN 25 AN IZH R L, SeHED) I, D 1%IK T3 2 & Fam & L.
I, 1X NASA-CEA* |2 J 0 B L7=. ADN/HTPB #EE3£0D AN & & [, DK T ORRZ FHI L
7= (oxidizer:HTPB=80:20), initial pressure: 5.0 MPa, pressure at end of motor: 0.1 MPa). % DO#% R,
ADN @ 5%7% AN (Z i LT2 & N2 I, 08 1% T35 2 & nEH S 7z (Fig.11). 22T,
a=0.05 & 7% £ TOIRE L KR ORIFR % AKTS-Thermokinetics (X ¥ 3R 7= (Fig.12). Z D
THRNCEES< &, ADN L 47°C LLETRPET 5 & 1 FEUNICHMmE R D 2 LTI,

AN[wt%]
0 5 10 15
95 % ADN
225} 59% AN
_________________________ 1 % down
'\4%
20F
100 9 90 %5

ADN [wt%]

Fig. 7 The relationship between /p and aging progression
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10°
)
o 10 Lifetime from
= isothermal tests (TAM)
wv
S 10
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Time to -1% [
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Fig.8 Lifetime prediction of ADN

3.3. R LD ADN OBGRIZE 2 55

ADN [T DI AN (T fE L, @i, BV ossEha, BSUSHE, BRBEEE MK T
% 1153 RHRIECIL, SRIFAL S ADN BUMIRIC -2 5 B DWW CREMNC R 5 720,
ADN(Q2011)/AN {E & FEHZ DU T TG-DTA-MS (2 L % Bgshds L OB ifdz sl 17 A o [R]EEH
FEZITVY, ADNQOLI)HURDHIERE R &t L7z,

ADN(2011)/AN (6:4)® TG-DTA-MS OHERE R4 Fig.13 12”7, TG-DTA DR, FEd
L OEEHA T | BB S, EEE— 7 1L, ADNQOL)HARD 2 B H o FEk
CHUDIRETH 7. ERAT AP ORER, ARIRMO T 2 BRSBTS, TADA
EIAIZ O E LD MR Sz, LEORER LY, REFZRIC L BV iR B b’ H 5
Z &, FRRIBIORISAIGI END Z ENBZ LD,

3.1 Tik~7= &350, ADN 139 90°C TRlEd % & HN(NO,), & NH; (Zfi#ffid % Y. ADN
DRI ZEE D IFAEIC L 0 REE 15 P HN(NO,), IZ 58 (pKa=-5.62) T 5 = &b,
ADN O3 fEMEE X1, ADN HAR CTIIARIEMI(150-175°C) THEE L OH A AR Bl S
TetEZ2bD. —J, ADN/ANIEGWIX, £ 60°C TETREfFS 22 L7225, ADN & AN
[FIRFIC Z 1 E 1 HN(NO,), & HNO;(pKa=-1.3)IZf#ffi+ 2% & & 2 b b, HN(NO,), &t
FATRE DRV HNO; IZIRA T2 2 & TROMIMREDMET U, ARIRA O SG[(6)] 235 S
LrEZLND., LENR-T, BEEICE D ADN O—E2% AN ([Z R 5 Z & Cfifpfny
DFRDOEEREINME T 5720, KEMTO HNNO,), D fEnff Shi-E B2 bhb.
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Fig.13 TG-DTA-MS result of ADN(2011)/AN mixture (6:4)

4. £¢L®

AHFFETIX, ADN OEViEktE, Fa, REFE(EA ADN OEBRIZ G 2 2 IOV
THRETZATV, LN OmRZ157.

ADN OBVGRIZ 3 DOAT — U THEITL, BEIC XD DN T 5 2 E3bno
7o KRR CIXEBNEFE T ADN O—#82% AN & NL,O IZ0fifd 5 Z RSz, @il
AR & $ 72 %5 E— R TO ADN DO43fifds LTV AN, HNOs, NH; O3 fREGSEITT 5 2
EMEZBNT.

TAM SEABR L 0, ADN OFEMMN TR ST, F72, DSC FiEABRE L O TAM SR
BRos & O 43RBT 1F KOV ADN(1998) & D LL#HER LV, ADN O X S ISR EIZ LD
H2 W EIZ OV TIE DSC FHRARER N S e W AREME DS R S vz, 7272 L, FREBR O
BE2ANTYH 43%5 R E TORMOTHIEL ADN(1998) & 0 K< ooz, AklT L0 B
2T EAT 9 7201, ADN Ol LU O EE T ORISR O SRAZHD ST 217 5 M E
N 5.

FREFZALIZ L D, ADN OB RN ZLT 5 Z LB bh o7, FRICAKIRM T, ADN
DOREIFEALA R T D AN OFRBEIC L 0 £ U7 HNO; BN R DOBEIRE Z K F &85 2 Lok
U, HN(NO,), D3RRGS D Z & R3B 2 bz,

EIrE2

AWEGE D 512572V, ADN w2 THEb Vo 72 & £ Lol K TR A& O
HERLET.
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