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Abstract
Cr,03/AP (ammonium perchlorate) energetic composites were prepared by a method of solvent/anti-solvent. XRD analysis re-

vealed that the crystalline structure of AP in Cr,O3;/AP composites is the same as that of pure AP. SEM photomicrograph
shows that an average size of cuboid Cr,O3/AP composites is approximately 2.5 um. TGA analysis shows that the addition
of submicron Cr;Os particles into AP lowers the HTD (high-temperature decomposition) compared to that of neat AP and
the activation energy of the Cr,Os/AP composites was calculated by the isoconversional Starlink method. Considering changes
in the activation energy, the decomposition reaction mechanism of AP was suggested as follows; the decomposition with the
formation of nucleation sites renders formation of porous structure in the composites up to conversion of about 0.25 and after
further conversion of over 0.3, it seems that decomposition reaction vigorously takes place rather than sublimation of AP.

Preparation of Cr,O3;/AP Composites and their Thermal Decomposition Characteristics
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= AEeA Aa g 2l B4l 3 vA= sigtEelth 2 A
0]24x(Cu, Co, Ni)F} o] AFEE(CuO, CoO, Co0s, CoiOs,
Fe;05), 5854285 (CuFe0s, CuCo,04, CuCr04)°] LA STt
[2,10-23]. w5AkshEe] - 55 SlAbel nlal 54 H % 47
Az 7 QA FAS HQR 57 o= A, AHe 5450 &8y
BE AP Hi| =vjE o]g¥ [2,6-10].

AT E 35 AEER Cnos T AP YAHE ETXoR 3
3 E3kA] 9] solvent/anti-solvent®l] 23l Cr,0:©] AP Afel] UZH
Cr0y/AP 53415 Azt ]2 0= E33 CrnOyAP H34]
o] #&ll A= vl ARl QlEl B vt 9lom[11-23].
Cr0s= AP 112 W3] 55 YW 2102 A4 gitk a8,
Cro0s0l €3k APS] T4 Q1 23l HIAYSS SEA YA Pt &
ATA = Cr0s0ll &3t APS] 23l HIAUSS 1gsk] flste] &
Z%  H2(thermal gravimetric analysis, TGA)¥} A|RFLHEA
(differential scanning calorimetry, DSC)2 =35It} A5 “Ev”@],O_
2 SAY AR A4S o) gste] @A AU E Al
33} AR 2} Augis-Bennett2] © ZHE] AP 23l HAYFS 14 0]‘
Sk

do/dt = kf () M

o71A k= HEEH I Aol fle)s AEHEe oty gk
a® 2 Q) ok

T = >
A5l Ao mes Wk 5 AR #% Agolrk, gl dae ¥
At WSS Ak 2] 3ol tiAl 4 02 Arrhenius
Aoz Ak
k= Aexp(— E/RT) 3)

©37]4 A+ pre-exponential factor, R 7|4 A<F, T+ 2%, E=

st ouiHele 4 (1)3h 4 30z E] Al7lel] mE A v]
sk 2 @)% o] ojart,

da o
= A (o) “
2 @8] #HHF RS MEEE dTdE W Bl £S5
(nonisothermal rate law)©] =%tk
de A _
ar Ee (E/RT)f(Ol) ()
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A7IM g ZrdgEeI AAF M SrolA vk S 4
} Agge] g7k o al B f( a9k A7F 2128 Frrt obd A
F A el Cal 4 ()l v Aol dojxink

AFE [ exp(—y)

a _ A T _i _AE exp(—y)
0 W*E/ B ity M el (6)

01714 y=E/RT, T= At =]tk 2 (6)9] %
integral©|2} 8}, p(y)= EHFTH24].

fm%dy:p(y) @)

Y

W52 = A o8 EE A8l A8 Arrhenius in-
tegralol] thel Alite] e slc} 18vt 231 <= FEl(error function)
Q1 Arrhenius integral®l] T3t a4 4Q1 dl= glom 4] A& = &
Ab2lo] AIRKE 3L QlTh25]. REek, y>> 1% 789~ Starlinki= Arrhenius
integralef] Tl# 27 2ARIOR 2] (8)F ANSISATH24.26].

exp(—1.008y—0.312)
ply) = SPLL08yY ®)

& OMHUr S £501W S EWE} Oﬂ
yA= 7l MHE —Ei =AY Sy 5hE 2] el 24,27
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B 2
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@ Zl(relative error)= 2F 0.2%C|tH28]. ZIEEE 20<y <60 H ol
A, Kissinger-Akahira-Sunose?], Ozawa2]oll B]3| ©] “g2sl &3}
UXI(E)7} AL & O‘i:rLoﬂ*ﬂt solvent/anti-solvent*] o] 2]} #|
Z%H AP YA}, Cr050] UAEH Cr0y/AP E34, Cr,0:%} Ee]8 o=
=3 CrnOJ/AP E3A9] TGA FA 02 HE] 8493} o qA] ARXlel
Starlink2]o] ©]-&¥ it}
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3.1. A2 2 Ri=Z

A2 AR E(99.5%)-> Zhulindu Electrochemisty (China)AFollA]
Fagon B UPE 240 umolth HA2ARITES] L)
N-methyl-2-pyrrolidone (©13F NMP, > 99%, CHROMASOLVE Plus),
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Figure 1. SEM microphotographs of AP particles precipitated from
different mass ratios of NMP and dichloromethane : (a) 5, (b) 25, (¢)
100.

Cr205 (99%), hexane (ACS reagent, = 99.0%)+= Sigma-AldrichA} A
ot} w-gul¢) dichloromethane (°13F DCM, 99.5%)= A3k #1%
ojty. & Aol o]g¥ BE Aok MRS A glo] AHEE ST

3.2. CnOs/AP S8 M=

20 CTeollA] NMPof| APS E3PJelE =52l § o]F ¥h&v|ql DCM
o] drfell F=qiste] AP YRS AEAIHTE NMPSF DCM ] &5+
F2Z(FP40-HE, Julabo)ell 2]3ll A= STt o] dA Alz=¥ AP YA
= RE-APE 339t}

CrOy/AP 5= thad) 22 Wi R A|2sGith 20 TollA
NMPol| AP EIPJE|Z 51 5 o]F Cr0s YAE AR WHgv)
¢l DCMel| UAE Fl5l0] Cr04/AP E3A7F A|Z2H itk 20 Tl
2} NMPoll thal APS] |3 =% 0.328 g/g|tH29]. Cr,0+& DCMell
21 10 minZ+ Z53}F FAKVCX 500, Sonics & Materials) = Stk DCM
2 magnetic bar®ll 2J3l] 500 rppm= WHIE S O™, L} Niguj= &
e 10 min7t AHFEUCE Cr0y/AP 534 hydrophilic PTFE
membrane filter (HO20A0474A, Advantech)® 3|<+%$1 01 DCM O
233 AHE $ 60 CTE AAFE 2T 2B 24 h AZRFH T
o]l og AxH AEE CR-CrOyAPE HHHUCh
APF} Cr,0; 9AFS] E2]7 E¢of 93 Bahal= tgy) o] A
3tk AP YAHRE-AP)S} Cr,0; YAFE F-5° hexaneol] ¥ 5,
FES 1027 2595 AR & 2204 | h §<F hexanes &
A B3AS AZsAh APF hexane® AZH|E= 1:1000]t
oluf AFH Cr0/AP BT PM-Cr,04/APE HHE 3T

u o (N

33. 24

Cr.OyAP E3tAlel AP 342 FARIAIER] B (ISM-6010A,
JEOL)°ll )&l A= 3Tt AP ks Cr,OyAP H3A2] 3 d
ol L= AAFEAILSZA(DSC 9710, TA instrument)® 5453
o) AAFEANE R Ao 7k & 5 C/minolw A4 #917]0]
t}. A&+ pierced Hermetic Alodined Al pan (TN-18, TA instrument)
of TXE F FAHUE 7MY Lol WE Cr057 AP HEAC] 4
T 24(TGA 2950, TA Instruments)> AXFFAFA R4 7} Fd ot
S WA 2RI M S5 5, 10, 15, 20 T/mino. =

EAY ’
¥
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Figure 2. SEM microphotographs of Cr,O; and Cr,Os/AP composites
: (a) neat Cr;0s, (b) RE-AP, (c) CR-Cr,Os/AP, (d) PM-Cr,Os/AP.
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Figure 1> solvent/anti-solvent5] el 2J3l] #|Z¥ AP YUAKRE-AP)2]
FAPAAFER R ARolel. Bt 47 1~2 pm 918 Zr]A APS]
Az S 24, T4 Ax, 259 2AF o] ¢#A SIth30-35].
olgl WSS APS A% ARG} AMBAA 5 H7HAIZE et
W 20 A B A X T 53 AXE eqrdnk 2 AT
ol M= E4ek Wi ], H7HA AR §lo] NMPSF DCMS] &35
o oJate] Zu|Al AP YRS AR APS] Erlli= =439 ace-
tone, methanol, ethanol, H,O, NMP, dimethyl sulfoxide, N,N-dime-
thylformamide, N,N-dimethylacetamide 501 &4 1=t APl tj
 E2 AxsE 918 NMP7F A H SITH30-32]. NMPS} E3Hdo]
dlom APl tiaf] St =3 w2 WHEullE DCM, carbon tetra-
chloride, xylene, hexane, heptane 4] DCMe] A7 = TH29-31].
S|l NMP&} HEEmRl DCMS] EH]&-2 ARH|= 1:5,1:25, 1
10001tk AP YAFE] A2 tiAlA o ® vFolglem whgle
oFo] Frbgol wet Hk Y7L 2.7 £ 1.0, 1.3 £ 08, 1.2+ 0.6 pm
2 Holxlr}. of= wkg] <ko] 7ol whEh AP AEol thgh 3
xR Roln APS] A% /3% Kot Ao FEstErt &
Bxo] oF 3 pm olate] Hig- mAg At MEE Fow melt)
UREA] O 2 XA ZAENA 8= AP Ak Hat YgAol 1~
3 umo|il Cr050] A& DCM2 F-317F A -9 AP YAfell
Cr0; YAZF X EA] ok= wAlRe] e E NMPE DCM ] A&
vl 1052 2= AH29].

Figure 23= RE-AP, Cr,05, PM-CrOs/AP, CR-Cr,O5/APl| Tl AR
27 ARIO]tE Cr0s, RE-AP, Cr,Oy/AP @A tjgh
L 0.6+ 02,27 + 1.0, 2.5 = 0.1 umo|th Cr0; UAHe] &
Zbge A EtlE o & MRtk CR-CrOyAP 1AHe] AR E4f23t
o] RS et AdEjolth PM-CrOy/AP 34| 73-¢- Cr0s 4AH7}
vl 2 AP 4 Fel 2 FEjE Exwe] gl Zlow ®al
t}. Figure 20014 & 5= 3= 2 Cr0;°] DCMO| A4S 91 W AP
AR Ht 9782 2 0.2 pm = ol o= HE3t: sl
b A Ak mAEE Cnos gAbel Qs vl A

%
Ak
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Figure 3. X-ray diffraction pattems of neat AP and CrnO:/AP
composites : (a) JCPDS 76-1853, (b) RE-AP, (¢) PM-Cr,Os/AP, (d)
CR-Cr,O3/AP.
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Figure 4. DSC curves of AP and PM-Cr,Os/AP with different Cr,Os

concentrations : (a) neat AP , (b) CrO; = 1 wt%, (¢) Crz0; = 2 wt%,
(d) Cn0s = 5 wt%, (e) CrO; = 10 wt%

(heterogeneous nucleation) & Z}% KHQITE PM-Cr,05/AP YAFe] 7%
AP HI3l Cr,0s 1A+ & o] Uehd o]+ Cr0s YA =
2 5 (isoelectric point) .2 A8k FAF O F HQIT} Kittakaol 25}
W ouEHA 084 mYgel AAA Crnos YA A A (isoelectric
point) 9.4°]tH36]. DCM} NMP &3¢t §-49] pH7} 7.5~8% HS
7181 Cr05 YAF T2 ©F -10 mV O] 2] zeta potential®]™ &
AstE sPE ARl 2o ® HIth X DCMZF NMP &3 g3}
Cr,03 YA =2 1% 202 Cr0; YA |7

Rtk 7P FE DCMOIA Cr0; YA 53 T

7} 5202 Holw CR-Cr,0yAP YA+ EHA Cr,059
Zro] A& Fo] ety

Figure 3 NMPS} DCM@] A&H]7) 1:59 ], Cr,050] AP 1
wt%E DCMo]| #4318 ) Al %% PM-Cr,05/AP$£} CR-Cr,O5/AP =
Ao x4l 3" TAlolt) BE ARE APPEA AP Al thE
AT 20 = 15313° (101), 19.381° (011), 21.705° (111), 22.811°
(201), 23.804° (002), 24.817° (210), 25.750° (102), 27.577° (211),
30.084° (112), 30.862° (020), 31.723° (301), 34.624°(121), 35.392°
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(3112} LAETH3T]. Cr0; YA 2AkeZ 1% A 34 7w
W3} glom AP ¢1Abe] A% FAbol] FES XA = Zog 1

etk AlgelA] A Cr0s9] 34 TR0 26 = 24.484° (012),
33.584° (104), 36.181° (110), 41.463° (113)7} BZHA] o= d] o=
AZ AZ Qg ZAoE HATH3S.

Figure 4= APS} PM-Cr,05/AP2] AAFANE 3

2yl ot
ZF2 AP 1, 2, 5, 10 wt%ATh AXFFARS AL 3
o]

o]t} Cr0s 3
A 3709 Mol
e 240 T F9) S T35 AP Aol AP AlCIA
ALPARE Holu= Flolrk 7 72 Hd A APS A2
2% (low temperature decomposition, LTD)?} 112 3l -2%(high
temperature decomposition, HTD)®|t}. 273 Fo] %= Crn0; &
2ol whe} & W37} Q191oH 241.3~242.1 Colvk A4E Mol
2 Crn0s ¥kl wet 67.3, 1012, 100. 7, 97.6, 83.9 J/gol3ith
Bolydyrevell 2Jshd APS] AE o= 240 T F-ZollA LAt
o]2-2] s]Hof oJ3t A7} 243 C o] 4] martensite % ©](martensitic
transformation)©]CH9]. AP2} PM-Cr,O5/AP= 243 C odellA &=
%= martensite 210 BSE A QML Evans?] Hateof] 2Jshd AP
ol AHE HolhL 962 J/gl & A 9IrH2,9,39]. o1& A}l
o3l APOIA UF- T AbskEe] 2ste] AXE Holdo] FAaHA
v S7 AN gt WAL Se] WaA ikl gtk e Ape] A
e Aol A HaAtol i 54 AlsE 11e] EikA 34do]
frEstAl AA= L QlTH40-41].

Figure 4041 APS] #2373 286.5, 286.7, 286.7, 286.5,
287.0 TolQlt}. 578 APS] A2 23 259} nwPs u) 42 2
3 EE Cr0soll &gt ko] A9 gllrh ¥ 12 L=
352.1, 345.8, 3672, 358.5, 3529 C& Cr,0; $rol w2 W3y} ¥
3tk Cr0s2 APl W3l 23l Fulx2 &8st A+ v Bas

=l
25

w3

HE7E Mtk Cr0sell 9 APO 3l A= vt o] el
oAtH2,9,11,15,18,21,38,41]. 1) Cr,0s 37H= LTD % HTD % %jelA

B 28 £21 a7t QAR 53] HID 25+ 58 APS] 23]
2EHTH10~20 T A% Wolxith 2) 300 T ©142] 0, 9171014
Cr0s2 CrO,7 & AFET) 3) Cr0s2 AP £3) AAES Tpd 4xt
o] Eaflell E4do] Ak, 4) Cr0s H7h= 71 8l wkgo &)
ok Figure 4014 & 7 S1%0] Cr0:9] F7tell whet LTD 25+ &
W7t A9 HTD ka o2 4=4= APl vl 2k 10 C A
% ulolth LTD 9 HTD 999 A%t &5 o] Avwiet oekst

d, Boldyrev®} Jacobs®] At&E 1831 =k

B
EIE Holu Q=
O 7 HTD7} AlZE = 13t 2= 310 Coln, LTD= A4 3 o)
7h FEHE 245 CollA AFHSTH2,9]. T2z 2 AFelxE
310 TE 7|F°% LTDS HTD ¥4 T2 313tk Figure 55
Cr,0:9] 71l w2 LTD 9= HTD ¥ 9] HdxE vehd A
o|th. Cr0s°] AP9] 1wt% A= 7SS o FdZo] 7 =4
velstth LTD 99]9] W =ke RE-APE AZHOF 37.6, 64.6, 63.6,
56.7, 47.0 kJ/molo|3{tk. HTD 9 9j<] =2 104.9, 166.1, 163.5,
152.9, 125.9 kl/mol®|t}. LTDS} HTD ¥ &jo] wrad=sal HTD <1 9]
w3l &7t WolR= Ao 2RE AP RIE FHHE] L% H4
Cr0; FEE 1 wt%® Ztdc) LTD 9 HTD 3 YollA AP &4
3} o #] A pre-exponential factor Fh= Bo] &4 YA+ Fa|d
2 719 oA A 2t} Joshieh Liuell 2J8bd HTD <ol A 2l
AL 97.98 kI/mol®|t}42-43]. Cr,03 A7l &l AP Fa|d
7kl o™ APS a7 FRE = A oE dhdkEth o= A
AEA Ah ' S 7E § T
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Figure 5. Heat of Enthalpy of AP and PM-Cr,Os/AP with different
CrO; concentrations : (a) neat AP , (b) CrnO; = 1 wt% (c¢) CO; =
2 wt%, (d) CrOs = 5 wt%, (¢) CrOs = 10 wt%
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Figure 6. TGA curves of AP and CrzOs/AP composites at a heating rate
of 5 C/min under N; : (a) RE-AP, (b) PM-CrOs/AP, (¢) CR-CryOs/AP.

Figure 6> RE-AP, CR-Cr,O5/AP 333, PM-Cr,O5/AP 53k 2] &
Z% 224 Aotk NMPF DCM E8HEo M A& AP IAE 1)
Fsto] BE Auw 29 A 74 dofwinh A= Ao A&
Y= &%= REAPY 7% 261 To]i, CR-Cr0yAP E&A9)
PM-Cr,Oy/AP 53A= 233 Colth A2 238 &% RE-APOIA]
261.8 C, CR-CryOs/AP E&zolA] 254.0 C, PM-Cr,O5/AP £330
A1 252.9 Collom 12} Hul A A S5 HTh 12 T8 &
T 353.0, 339.7, 358.9 Colglor 23 A A& 7ta £25 B9
ot I FHoERE AL EalVF 9REE 255 CR-CrOy/AP
E813| 9} PM-Cr,O5/AP E-33|%= 271 Co|i RE-APE 298 Co|t} i1
< Baj7t 9uEe 255 RE-AP] 7% 418 C°]al, CR-Cr,O5/AP
B8+ 9} PM-Cr,05/AP E-84]= 367, 346 C o]t} CR-Cr,Os/AP &3¢
A9} PM-Cr,O5/AP E3A12] -9 7] A 3l 227k ALl fA}
ot A2k 7k 4G Ko AR HTDOA] #3) £571 g5t AP 2
AP EFA9 HF AWs 2% PM-CryOyAP > CR-Cr,OyAP >
RE-AP 0|t}

Figure 69141 RE-AP2] - &% 771 239~291 CollA Az 7ha
= A Ak 249 28%0H, 2% 7t 291~380 Tl 72%0]tk
PM-Cr,Oy/AP E3A1= &5 71 230~289C, 289~358 CollA, 2
& TS 28, 72%0|th CR-CrOy/AP H3AIE 226~289 T

A% Tt 26%0]™ 289~364 CollA A A 64%°]t) Cr0s

o] AP9} EFEE 7% CR-CrOy/AP A2} PM-CryOy/AP A1)
Bl £ gk 18 T e sobxirk 450 Coll REHNS W) HF
A A

0.69%, PM-Cr,05/AP E312] 79 1.7%°]t}. RE-AP2] 7 A&s
A 2]8FE CR-Cr,Oy/AP H3HA19] 749 0.4%, PM-CrO5/AP 34 <]
12% A Eolth APl FallE B4E =S A|9)shd CR-Cr,05/AP
EH3HAOA Cr0s YAR= °F 0.4% A L2 F4E T CR-Cr,0x/AP
A9} PM-CrO5/AP HA9] #HF w38l =7} =fo)7t Azl 3s
o1} o] AwE 4= 9ltk PM-CrOy/AP 23419 Z$- Cr,0;9] =
249 &47 B 2o 8] AP YAl Cr057t B Hol
o] Ba] 257} dobxl Z07 RIIth ¥H CR-Cr0y/AP H3HA)|
9] A9 DCM#E] & TR} Cr08 THH o R 38| Cr0s YA
7F A FAFEA] &t AP A1) @A #g ol A Cr0s YAE
7} 288 YEEA Fot Aoz welth I 04% AEe] WG
Cr,05 L0 AW AP §1AFe] 1.2 Baf £5= 45738 AP H]3] 10
T A% solxlrh Cr0; YAkl &gk AP 238 3 avte By
Sl ¥h2-0 7 34dE ¢ =3 AP #-8 mechanism¥} A ¥-A]o]
g 4= Ut} Jacobs 2 Russel-Jonesol] 2JshH APQ] H3l 9} 53+=
ARE O]JX(NH )OI HARA o] (Cl0) R AL A
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Table 1. Activation Energy (E) of RE-AP and Cr,Os/AP Composites as
a Function of Conversion (@)

E (kJ/mol)

a RE-AP CR-Cr,03/AP PM-Cr,03/AP
0.05 82.6 88.9 148.0
0.10 80.1 75.8 131.2
0.15 80.5 71.4 122.4
0.20 79.9 62.9 108.9
0.25 753 70.3 96.3
0.30 82.0 86.9 100.6
0.35 94.1 86.9 112.8
0.40 98.8 97.6 118.2
0.45 99.8 101.5 123.8
0.50 100.9 102.7 1243
0.55 101.2 104.5 128.1
0.60 99.6 104.8 128.6
0.65 96.9 107.5 130.9
0.70 94.1 109.4 1325
0.75 92.7 109.6 134.9
0.80 91.3 110.9 134.8
0.85 90.8 111.4 136.7
0.90 90.3 114.5 138.8
0.95 89.4 115.8 138.7
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Figure 7. Differential mass change of AP and Cr,O3/AP composites
calculated from TGA curves shown in Figure 6 at a conversion of 0
to 0.3 : (a) RE-AP (A), (b) PM-Cr,O5/AP(Y), (¢) CR-Cr;Os/AP(@).
Solid line represents non-linear regression to fit the Gaussian

distribution during low temperature decomposition.
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Figure 8. Activation energy of AP and CrOs/AP composites calculated
by Stadink method from TGA curves shown in Figure 6 : (a) RE-AP
(), (b) PM-Cr:OJ/AP, (4), (¢) CR-Cr,OJ/AP (@).
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