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Study of aging mechanism of ammonium dinitramide using thermal analysis and spectrometry
Hiroki Matsunaga*l, Satoru Yoshino >, Mieko Kumasaki ', Atsumi Miyake*l, and Hiroto Habu>
ABSTRACT

To get better information about aging mechanism of ammonium dinitramide (ADN) during storage,
thermal analysis and spectrometry were carried out. The infrared, Raman, ultraviolet spectrometry and the
sealed cell differential scanning calorimetry (SC-DSC) of AND (1998) which has been stored for 11 years
in a dark place suggested that ADN has degraded to ammonium nitrate (AN) during the storage. The
amount of ADN in AND (1998) was determined to be 57 wt.% at the surface region and 89 wt.% at the
bulk region. The extent of aging was greater at the surface region than at the bulk region. The thermal
decomposition behavior and kinetics of ADN were analyzed from the results of the isothermal test of AND
(2009) using thermal activity monitor (TAM) and the infrared and ultraviolet spectrometry of products.
From comparison between decomposition ratio of aging and reaction ratio from the isothermal test, it was
possible that aging mechanism of ADN was similar to that of the isothermal condition. The results of the
SC-DSC and the isothermal test using TAM showed the aging influences on thermal decomposition of
ADN.

Keywords: ammonium dinitramide, aging, thermal decomposition
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£ (SC-DSC) FiRaBR L v, ADNIIIFERFICHEET v E=U A (AN) IZ0fFT 5 2 LR
A7-. ADN (1998) /1@ ADN #lE, WHEBTIL 57 wt.%, FKE CTIL 89 wt.% TH D LIRE STz
REEZLIINE LD B REOEVNEITL TCWD I ENHONE 2o T2, T, ERERES
(TAM) (2 X% ADN (2009) ORISR & AR DRI KOS L, ADN O #;
R ORFTS X OMEMNT 21T o 7. BRI L 5 ADN O iR & B OF5 R X 0 Kk
7= ADN D FER DO H#E LV, ADN ORI, SIRSMHICI1T D ADN D4R & [
ORE T T 2 ATREME2V R &7z, S 51T, ADN (2009) & ADN (1998) @ DSC H-iEitBris
FOTAM IZ L 2% EABR LV, ADN OEGHRIZ KT TR DR EN RS Lz

1. [FL®HIC

I{ZIKD/T/ MEEE OB LANITE VEEFENT VA, TRAVX—BEEFTH J:inz‘w)%ﬂ

. BUEOEK e 7y MEEIE, ORI LRI CTH 5 Z 006, BEEERT >
%:?A(M{Nmam)%%mﬁ&Lf%kaP%%@%ﬁiﬁ&@ofméWzWﬁ%
HWEISKITEN TRBERHEZ BT 228, AP XTI CLIR T2 &Tel= 0, MRBEAR T A & L gtk
MRORKHE TH D HCL BAERRT 5. IT4F, vry MEEROE 2 2 miEie b L OWEH T 2
DIRAFICREHORE E->TND . 2072, SRR TREAN Ch 2 HEEK OB MITZ
S OBFEMMTbA TS Y, 7oE=7 LY = 173 F (ADN, NHN(NO,),) [Z#HHE= R/
F—MLAl & LTHIfF SN TV DOIWED—>Th 5. ADN OiE% Fig.1 12, 724 % Tablel
IZ7R7. ADN TR WIERFENT VA, ZX VX —EEEZHGL, "arr7)—ThdbI b,
HIfE ADN A [E AHEMESE 0 52 I 1A AIFZE 3T LT B &',

Ry FHEEERRICSRD SN AME D —o & LT, BUBHETMmRE, S5 RGERE, R R,
il HREIZ 31T D42 ﬁﬂﬁi%hé ﬁmﬁ*%m%&i?.%&bfi@¢t K378 &R
ESND. ADN ZFEAMT H7-0I121E, 2O DR T X 255285 K OV il BE O fi B 23
WETH D, KT fiﬁﬂwﬁﬁ Témm®%ﬁﬁm ZHEHL, ADN O fEA =X
LB L OREFEALDMEREIZ B 2 D B OWTHIRZ S D Z LA HI & Lz, Bt LU0Vt
BT EATV, ADN OB O fitds K ONREMAT 21T o 72, & 51T, #RIFZ{L2Y ADN O
PR AT T ROV TR LTz

NO,

7

N

NH, | N
NO,

Fig.1 Molecular structure of ADN
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Tablel Physical properties of ADN

Molecular Weight 12407 ®
Density [g cm™] 1.82-1.84 6
Melting point [°C] 91.5-92.59
Heat of formation [kJ mol-'] -148 19
Oxygen balance +25.8
Water solvent (20 °C) [wt.%)] 78.1 1D

2. EERAE

AL LT k TR 454> ADN (ADN (2009)) 3 KT 1998 4EIZ G A S 4172 ADN (ADN
(1998)) %\ 7=. ADN (1998) (2 2\ T Fig2 lZnt &k 9 RN T O BEBRFT 5720, £
W EPEBIC T TERBRGNT Lz, 72, TEMBIRMIET v E=7 5 (AN) % Hlia s &
L THWE.

REIREOFER O =8, EERE FHEMBE (SEM) (2L 28E1T- 72, BN IIskSttE
SR ERT Sl > SUPERSCAN-220 % FV 7=,

EFREEWR DT, TR, T~ BAFHIEAT T2, TG IEHHTIE B AR ek
FEBL FT/IR-420 Z 6 L7=. 7~ v 3 Y650 HTid Kaiser 4L RXN CRER L —H—, R @ 785
nm) ZMEH U7z, SV I i3k Nt B R E T UV-1800 Z i L, 45Uk 4 KSR
& LT Starna AL (ERE :1em) ICANVHIEZITH 72,

BVEFMEHDE 0 72 8, Mettler Toledo #E5 HP DSC827e % W72 B L - REERAENE (SC-
DSC) 1T & 2 FiR#E I K O Thermometric 1 (Bl TA A & AL A 2 xt) oD &l i B
TAMIII |2 & 54505k 217 - 7=. SC-DSC FIEABRIZ 2>\ T, Seiko #:8! SUS303 & /L Iz 3k
ZF91.5 mg FEE L CHE L, IREHPHZ 30-350 °C, FEEE 4 5 K/min & L7-. ZERABRICH
W T REF AL T SUS Bz /L 23k 2 40 100 mg FEE LEE L, HIEEE X 115, 110, 105,
100°CE L7z,

| Heat Light Moisture

S

Surface region 2 mm +
10 mm

Fig.2 The definition of the surface region and the bulk region of AND (1998)
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3. MBREEE

3.1. ADN (2009) & ADN (1998) >FREIREE
ADN (2009) ¥ X TVADN (1998) @ SEM {4 % Fig.3 IZ7x9. ADN (2009) ORL{I1%7 L —
MR ToH 72, —J7 ADN(1998) 13/ S 2 HR ORGSR DEEEE L7 L 9 72k T > 7=. ADN(1998)

TIX ADN ORIFDNRE L TWAH Z EREZ L.

Fig.3 SEM images of ADN (2009) and ADN (1998)

3.2. ADN O#REEILE/RY

ADN (2009), ADN (1998), AN DO7R# I L ONT v 2 AT L% Figd, 512777 . ADN (1998)
TIE, NO, ([ZHIKT DRI (1380 cm™) B LT~ U HEL (1040, 710 cm™) DOAFIEDHERR
SN, ZA 51X ADN (2009) TITIEEL 2o 72. ZOFER I D, ADN (1998) (2% NO, Ji

FHEZZOWEPREENTNDLZ EREZ LN,

ADN(1998) '
bulk region
ADN(1998) |
surface region
|—No;

2000 1500 1000
Wave number [cm™']

Fig.4 IR spectra of ADN (2009), ADN (1998), and AN

Absorbance [-]
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ADN(2009) “ A A “ A L AN
ADN(1998)

bulk region

ADN(1998)

surface region ’| A | A\
AN . N A - JL

2000 1500 1000 500 0
Raman shift [cm"]

Fig.5 Raman spectra of ADN (2009), ADN (1998), and AN

Intensity [-]

ADN (1998) %7 & b NS, AR ETREWIT/HELT7-. ADN (2009), ADN (1998),
AN 3 L OVADN (1998) D4rHEIC L 0 AF SN TR DRI AT V% Fig6 IZ/”d. ADN
® N(NOy) , JEFFH DO IR LS BERT TITER TE 7203, B TR TE holz. £
FEAMITTIE, NH, JHFMH (3150 em™) B L OYNO, R (1380 cm™) D ARAMRIN A3 TR S vz,
PR & AN @ DSC #i# % Fig.7 \Z789. AN TIE, %55, 130, 170 ‘C THIzBEIZ L 2B E
— 7 h, #1260 THH AN OFRIC L DR — 7 Bl S iz, 2 b OWEds LU E e —
ZIIFERMICB O THRBEOEE TR Sz, Z O/ R L 0 ERBWICRIT 2WEE AN Oz
¥, BEULAN OB TH L LRIE STz, aXotr, BotrofERs 6, ADN (1998) (T
X ADN DIENZ AN BEFEND Z ENRDo->7-. ADN (1998) [XERGFORIZHIEH & & H 12 AN
~ORLTZEEZILND.

ADN(2009) ™
ADN(1998)
surface region
Residues from
ADN(1998)
g SSE
N~ JL__ .

4000 3000 2000 1000
Wave number [cm']

Absorbance [-]

Fig.6 IR spectra of ADN (2009), ADN (1998), residues from ADN (1998), and AN
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4wg'
Residues from ADN(1998)

Heat flow [W g"]

AN

030 100 150 200 250 300 350 400
Temperature [°C]
Fig.7 DSC curves of the residue from ADN (1998), and AN

3.3. BEFEILIZK S ADN NEEDEE

ADN O R EDEED -, ADN (2009) L TUVADN (1998) ZKIEHRIZ DOV TERI 4T
Z17\y, N(NO,), (284.8 nm) DOWIEE M5 ADN f% 7 L7- (Fig.8). ADN (1998) 125 &
1% ADN [ZNEBT 89 wt.%, ZKIfi T 57 wt.% LR &7z, ADN (1998) TiX ADN &tz LT
ADN &34 LTEY, REDOFDBEFENETTL TWD Z Enbrot.

1.5k
L y=0.033x
[ R'=0.998
s 1ol ADN(1998)
g8 surface region
£ 57 wt.% ADN
2 ADN(1998)
. 0.5 bulk region
' 89 wt.% ADN
ADN(2009)
[ 100 wt.% ADN
0.0

0 10 20 30 a0 50
Concentration of ADN [mg L]
Fig.8 The amount of ADN in aqueous of ADN (2009) and ADN (1998)

ADN (2009), ADN (1998), AN ¢ DSC #h#f% Fig.9 (Z/53. ADN (2009) 3 X OV ADN (1998)
TIE 2 Bef (130-220 ‘T L1V 220-290 C) DIEENE— 7 HBLHI S 72, 220-290 COFREA L — 7
L AN D43 fiF & [RIFR O IR BE fapH Tl S 7z,

PEED#ZE ™ P L0, ADN T AN & NO IZENIRT 5 Z L3 s nTns. sz (1),
(2) KR 7. 1EEBEEICADN R AN BLUNOIZ/HfEL, 2EBEEICAN NS LIZN,0B X
O HO ICHfET 2 & EnTND.

NH,N (NO,), — NH,NO; + N,0 (1)
NH,NO, — N,0 + H,0 (2)
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ADN (1998) @ 130-220 ‘CIZH1) B3 EEIT ADN (2009) LV /NEho7=. —J, 220-290 C
DHEEIT ADN (1998) DB K E o7z,

Fig.10 {Z ADN (1998) (21} %, #4500 LV k7= ADN OFIE & 130-220 ‘COFEEE
Opsc.i PPEFRZ KT, ADN (2009) & Ft#: LT, ADN (1998) (Z31F 2 Opsey [XPHEET 89 %,
KET6l % THo72. Opsciy £ ADN EOIK T & AT L, Opsciy PEIAITERIN 3 5081 &
DRk 7= ADN OFEIG LIRIFELL o7z,

PLEOFER X Y ADN (1998) TiE, 1 EREH OFEVTIL ADN 230 fif L, 2 B H ORETIX
1 BB B IZ 3T D Rt 3 L ORREE(\L AR ThH D AN B3R L TW\WDH Z ENEZ L.
BT OFE R DD HIRRFEIIZ X D ADN O3 L OVAN OBMA/RENT-. 72, ADN O&
TR Z DT HIREFRRETH D Z LIRS L.

ADN(2009) ;"' ~ =7 Z>First exothermic peak
swe' : me-esy

1
"
__| ADN(1998) ! | exothermic peak
“op| bulkregion ! E: 1/
=X 1 !
—_ 1 I 1
3 i LI 1
& | ADN(1998) 1 " i
&= f 1 1 1
£ 1 h I

[ A /\(

077750 100 150 200 250 300 350 400
Temperature [ C]

Fig.9 DSC curves of ADN (2009), ADN (1998), and AN

100} ’ I ADN ratio

1003\'?

| (from spectrometry) | =

Y

= 80 BN, PO
= ' a
£ . &
E‘ 60F —460 5_
g2 | ] 3
Z 1} n o
Fal 40 40 O?
< | 1 >
201 —420 9
A

<l

ADN(mﬁQ} ADN(1998) ADN( 1998)
bulk region  surface region

Fig. 10 Qpsc.1o/Opsc.is (2009) and ADN ratio of ADN (2009) and ADN (1998)

3.4. ADN D E4 RS

3.4.1. ADN D E\ fEEE)

TAM (2 & %5 ADN (2009) OZERAER (110 °C) OfEF% Fig.11 ([ZRrd. £ THIEBEE 04
A2 DREEN 084K ¢! OHLWHEALE —2 (F1E—7) MNEHESH, 7.8 A2 DREAEN
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0.66 kI g' DFFCH BB —7 (B2 —7) BEHShT-.

WIZ, ADN OR8N 2 R 5720, TNENORBANK T LERRTHEEZKTL, 4
BT AR LOGERRMA BRI L Tt 211> 7.

BRI DN TORNI KT OFER, NINOY, ORNCENE 1 v — 7 1%, 52 t"»—%&@
NECHD Lz, & 5IZEEYTIE, NH,' 85X N0y IZHKT 2N SR SN (Fig.12).
SRy FEHT DFE R, SRR THE LN A —2r D9 5, &1 B — 27 % Tid ADN O 70 %75>
B2 E—7#% TIXADN DIZIE TR TOADML TN D Z RSN (Fig.13). MO T
FERXY, WTRORAE 7128V TH ADN D L TWD Z ERNbhotz. Fiz, EEY
WANDBEENTWDLZ BB 2 b, ZNODOMRLY, RERAER TIX, DSC HIEHAHR

TH:H 72 ADN R OFEENE — 7 78 2 BERE IS L TR S N2 2 & B b D.

IZng'l

First peak
i Second peak

Heat flow [mW g"]

0 5 1015 20 25
Time [day]

Fig.11 Heat flow from ADN at 110 C

M

M
<—NO;
AN

4(1;0'350030002500200015001000500
Wave number [em''1

Absorbance [-]

Fig.12 IR spectra of samples before test, after tests, and AN
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N —— Before test (ADN)

| —— After first peak
[ \ —— After second peak
! — AN

Absorbance [-]

;) B . | R\ RO | R
Wave length [nm]

Fig.13 UV spectra of samples before test, after tests, and AN

105CT6 HMB XV 115 CT 12 HRHFRREF L7121, BEANB Y O THERT A 28 L,
I EAT T2 25, NO BAEKL TS Z &R SN (Fig.14). N,O X ADN O
BRI O TR Th D 2 .

LEORER XY, 1 E—27 TIEH 70 %D ADN 3 AN RN, 72 E~GiE L TnbH 2 v
hotz. £, F2E—27TIXADN L5 1 V=2 CBI2ERMBRIG LTS Z ENBEZ S
ns.

105°C - 6 days 1

Absorbance [-]

115°C - 12 days

4000 3500 3000 2500 2000 1500 1000 500
Wave number [em’ ]

Fig.14 IR spectra of produced gas from ADN

3.4.2. ADN DEHiERE

HRFBRICBIT D ADN O i (1 B —27) ICOWTHEMIT 21T 72, FIEFR o = 0.1,
0.3, 0.5ZET DM & JEIRE & ORER%E Flg 15077, 56N 7ERADOIEE (LT 2L F
—Eazcsotzﬁ;liﬁﬁ?%/\éﬂwﬁ: (Table2). ZZ°C, %1 E—27IZ81} 5 ADN O fRIZH—D
ROSHBRRCHEIT L, JEdEE (1 %kot) ThD M}ifm”é EROREHERT (), (4) Kiordim
n&is.

da Ea
i A exp[— E] f(a) (3)
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fla)=— (4)

I HOB%E MV, ADN (1998) & [AEERORAFESEM: (25 CT 11 FMRAE) 12T D RIHE
ay ZTHIL7. 33 OFER KD, ADN (1998) ZKifild 11 4 THI 43 %230 L7z, #EIFZAE
\Z & D ADN D3Rk & SR RBR OFE R 1 0 K72 ADN RO ISR WEEZ L o772, 2D
FER LV, ADN ORRIFE(GIL, SFIREMICEIT S ADN 04 ﬁfrk Ak OHE CHEIT I 2 A BEME
DR E Tz, BRIFEAIZ L D ADN O itk O O 72 DI121E, BADIZNTHRAKT E v oTz
KOO T HEHMAR RN LETH S,

[ B g=0.1 y=-137x10"%+248
R R’=0.991
. ® =03 y=-133%10"%x+235
-11.0f R’ =0.998
s |l
E -1 ].5:
-12.0f
* =05 y=-129%x10%+22.1
L -
J125F R. =0.9993 ccuna
0.00260 000265
1/T[K']

Fig.15 Temperature dependence of ADN decomposition

Table2 Ea, A, and « ;, of ADN decomposition

a Ea A a

[-] [kJ mol”'] [s"] [-]

0.1 114 5.64%10"° 048
0.3 111 1.60x 10" 0.47
0.5 107 4.04x10°  0.49

3.5. $ZEEZ LA ADN OENMRIZE 7 H8E

DSC AR aER L 0 1G O ol s T, FEBAAEEE Thseiy 3 K O Opsei DB % Table3 (2777
ADN (1998) OHIEAREFTIE, ADN (2009) &L T T, BEL O Opscag IR T L, Tpseye 25 1
HL7-. AN X ADN DS 4% L < K F &85 Y. ADN OBFRED LI, BIFZ(LICX D
ADN 2O TEBIWNAN LOREAIZED EEZEXDND.

ADN (2009) 3 LM ADN (2009) /AN B A B (6:4) 12OV T TAM % F W 72211 R BR D fk
R% Fig.16 [Z7~77. ADN/AN RS FUEHE ADN (1998) K ia Bl L72#kETh 5. ADN (2009)
TIEREBA L 0.4 H D BEWEEA L — 7 Bl S 7-DIlZxf L, ADN (2009) /AN IBE#ET
1.2 B DRSS BEE — 7 BNl & 7=, ADN (2009) 3 KX TVADN (1998) {22\ T D
DSC S35 TIX ADN D43 f#E» ) 130 CTRAE L7 Z &0 5, ARG T S 7o BT
ADN ORI LD EZEZBND. ZHUHLOREERND, BEFZEIZ X0 BUTK T 2 RISHEPMET
L2 eEnEBEZOLND.
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Table3 DSC results of ADN (2009) and ADN (1998)

ADN
Sampl e amount 1 m T, DSC-1st QDSC-Isl
[wt.%] [°C] [C] [KIg'l [%]

ADN(2009) 100 94 132 1.8 100

ADN(1998)

bulk region o> 62 136 1.6 89

ADN(1998)

; 57 56 150 1.1 61
surface region

] 2 ng'I

ADN(2009)

Heat flow [mW g']

ADN(2009)/AN mixture (6:4)

o2 4 6 % 10
Time [day]
Fig.16 Heat flow from ADN (2009) and ADN (2009) /AN mixture (6:4) at 110 C

3.6. ADN OREBEILOEZERT

ADN (1998) D43 LOEGHT LV, ADN (1998) ZfRFEDMIZ AN ICHfiEL7=Z &
Whhol=. &5, N(NO,), NEA L, NO; WEMRLTWSZ E0v5, N(NO,), 73 NOy, ~%
fRLCNWDZEMEZLND.

FRRBROMER LV RO 72 ADN i OIS H ADN (1998) Kifi O3 fif=E LT M4 & -
727-%, ADN (1998) ORRRFEALIZZIRSLMICEIT D ADN O 43R & [k OIS THEIT3 2 "l
PR RENTZ., LU, KSR, FEET VERE L TR LZfETH 5. £7-, ADN(1998)
DIRAFGAETIZEUR D ADN O 53Tl 2 DITKE L, AREIRER O S0F ClrImfg L 72 ki8> ADN
DIFRIZOVTRIFT LTS, Lo T, KISET VORGFHRLEERIZONTORBNBLETH
5.

—7J7, ADN (1998) O3 N OB L 0, RECIIOMA LV EIT L T2 &b,
ADN (1998) DOfEFFZALITITIK T DFBENRE N ERHER S 5. ADN TR %2 H 5
HMETHY Y, ADN (1998) TITEMSEEKRETZE L T2 206, ADN (1998) (Ef%
FOMIZZERTOKRFICEVBBLIZZ EREZ NS, T 2T, ADN (1998) 13tz T T
RAFSINTZ PO RHDOEEIT/ NI NEEZHND. L7ch > TADN (1998) DOIRAFSEMR X
OGN RN B BLET 5 &, K538 ADN (1998) DORRFFEALIZH G L TWD Z ENBEZXHND.
TRIFZE(VIZ L D ADN O REERE DIRBA D 1= 8D121%, B RICET 2362179 & & b,
HRAKGY & VS T2/ FAT DN T b R EI R OB PN ETH 5.
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4. FEDH

ADN (2009) & ADN (1998) D EEIRFEIZ DWW T SEM & HWVCTHEHL7=. ADN (1998) 1
ADN RIF-2EEE L TWAH Z ENEZ b,

o, T~ BT LU DSC O LY, ADNIFREOMIC AN ICE L2 &
Whiol-. F72, ADN (1998) @ ADN &%, W TIX89 wt.%, KE TIX57 wt.% Th-o7=
RO T HBNEBL D BRIFELBEITL TND Z ERP LN E o7

TAM (2 X 250 RER I KOV L OVER T AO5HrfE R L v, 2R Tl DSC FiEi
BRCHF: HAL7z ADN iR DFEEE — 7 3 2 BEREIC Ay i TN SNz 2 e B x b, H1 Y
— 7 TIX ADN BEGR L TWDH Z L WNbiot. 72, BEEE(LIZ X D ADN O3 iR & S5
AREROAE R LV KO T ADN 5D SOSHEBNTVMEZ & > 7-. ADN ORI IE, SRR
31T %5 ADN D43 iR & ARk OBERE THETT 35 AlREME A R STz,

DSC F-ii ik ds X O TAM (1T L 2 FiABRORE F, ADN (2009) & ADN (1998) TIIEVRRE
WZER D Tz, RIFZEGIZHED ADN 28 AN ICZ(LT 2 Z L2k, #HEEROBRILANTRD 5
VD WMEDEALT D TREMED B B .

HiEE

PEEFITREIIZE OB A 5K, FEAHRKIZIE, A2 ED 5 F TR 5 ZRELTE
XFE L ZZIBECEHoEER LET.
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