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Stepwise oxidation process with the increase of temperature (b) ”'; Thickness of the oxide layer as a function of simulation

time, the inner and outer radial extents of the oxide layer as a function of simulation time are shown in the inset (c) %"
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Fig.5 Oxidation differences of aggregates produced by different temperatures and oxygen concentrations (a) “**’; Chain oxida-

tion process of aluminum nanoparticles (Blue and red atoms represent Al and O atoms) (b) "
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Fig.6 Radial distributions of aluminum nano particle temper-
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(The blue, yellow and red colors represent the Al core, ox-
ide shell and ambient oxygen regions, respectively. The blue
dash lines indicate the positions of core-shell interface, while
the dash-dot lines represent the positions of ANP (Aluminum
nano particle) surface. The arrows show the moving direc-

tions of core-shell interface and ANP surface

3.2 W|-\ARNERHNREHNE

B8l )3 25 W 58 R B ARTE T SRR E AL R
JO7 B S 3 R -l JRE - ] 22 A] B O &R O R T RN 8
32 KR T e %) e MR R 3 AR ) RE RS . — T
00T A N E T3 el RO B AL S
JOL A AROWLAIL B T S N 8l g = S T f) R A e 2 B ik

Chinese Journal of Energetic Materials, Vo0l.29, No.3, 2021 (251-266)

A5 AR A [R) IR R s T) % A4 B9 s o TR B R 2 iz
T [R)

Satava-Sestak 77 #2 (3) 0] LI F 31 5B 45 ¥ 4k
J R 3l F1 5 S50

AE E
lg Gla) = IgR—ﬁ—2.315—0.4567ﬁ (3)

K a AR THI()F(2) I E L—5; (o) N R
J37 B R B A0 TE 3R, G () S HILER R B0 B4 B
Ko FE 10 Kemin™ (i FHIE #R T A 48 R 4R IR
TG-DTG Z 50 8 , & 3050k 0 AU A0 I A A 30 4
T A5E 7R PR KR, B 0 1Y e AT LB PR ER R (4)

Gla)=1-(1-a)® (4)

RN B 1 REE R F B 17 (1 um) (27(13 wm) |
3" (25 wm) B9 & WG 1k fig 45 %l h 136.54%10°,
153.40%x10%,162.0x10° J-mol™ . AJ WL k7 #2 # /)N (1 41
H3, TEAH [A] Y 25 41 1 B2 B R AT AR B &

AN AN [RPRLEE B 5500 28 LT Ak e Bl A Ak 2 SR B 1Y
AT AR S A A2 R B 2.5 nm BN E 3.4 nm,
LR ~100 k)-mol ™ B in %] ~150 k)-mol ™, I 52
JETE 155 kJ-mol™ 247 . &AL fE A9 A8 Ak ] LT T I Y

PRI 5) TR e 1l A 3
1.8 % 10°
Eomory = 154.2 = e (5)

L E,on 72 JE Al AL W A2 KRG 3ROV TE AL RE
kJ-mol™ s h M EALZ R . nm,

FE J I Bl 32 5 T R RR -SRI A FR A G A
FEATIRAS 223X W RE I Ay 45 0 3R T 78 U WD 4R
AL — A PR Y R T BB AR ) L R
3 0 4k B2 48 A O — AR g 1 R X R
DN 3k R A A 5 AT AR A ek ST 50 B ARG o b A 2 5l R
5, [R5 e A Ak 2 0 TR R I A e b L i — 20 HE i
i RN Bl ) Aok A AR A R TE E R I MERE . R L AE
R BB 5T T, NI T I R R A R T A A - AR
1A R BNy R ) 52 6 B R S ST A SN RN Bl ) 2
AL 4 RS BEA  3XO0F 48 - RON AR R 1 E AR
DA R S5 3 8 A A A < 30 R 2 ) ) 3 00 45 8 B A o
4

4 H-KkRNEZR

-7 BRI AR AR — RO A AR AR T TR &R
B -7K RS AN A B A 2R 0 Y B D 2 — R
it V7 T AL T AR O T B TR I R b Y A2 1 R

Sttt

www.energetic-materials.org.cn



T2 oK 508 1 SR 3l ) 2 BT O ok T

259

ol 2 T B R A KU R A FO TR
DR800 DR R - 7K R AR R A 32 3 T RIS I e G
o HET, B X8 -/K R AR &R o8 E b Tt s
BROBY - S 7K 2Z 0] 04 B 1 Bl 7 2% T 4 7 R 8 43
JRURE GO B 1 ML B 4 3l g 2 0 58 38 A 6 A2 7
W R Go b bR BRI AR AR

4.1 H-IKRNERHDFIHhHE

58U R R R 2 RS 1 0 R R AR R
B Re M 2 5 3 00 5 K A B g ML 7 AR S e AL A
FROBURL B RL AR R T AR AR R A

Dong R K %5V 3 # 37 A Ay 42 AR 1L )2 B
B4 R AN K SR AR R | AFF 5T T R AR R 2 T AR AR )2 R UK
J2 07 AL B A 5 ) A BRORE A% Bl AR Xk R ik A4 B B T R
K AN M ) 5T 47 5 0 FE A DR 5 T 2 T AR AR 2
I BHLAR 58 7K R 0 i R W AL s R . I 7a ks A,/
H,O Fl Als;, O,,/H,0 R G153 F 8l Ji 2E B IR 78
F IR, Al FIURL AR 42 T A, O, B 8 1% ik O 75 3%
T B Al—H FIAl—O 8, 3% 52 T Al B0k 3% 1 1%
A AEAZE H A O W] DUAR PR A R #EAT S 5 Bl 2 52
N HEAT , 3 AR ITE R i Al—H R Al—O 4 {5
A5 RO AR X — ) X B IR R Al—H
P VNI W 2w P =y A Sl 151 Fask /P ] W i
i Al /H,O Fil AL, O,,/H,0 48 I 0 47 3] /9 IR
JE oA, nl LA R BT R RN ML A B 2 R
7b) , Alg,, PN T F i T+ L 16 B AE 00 0T AL, B 5E
JEFRT AR T 5 H,0 &A1 Al O, 52 N #B
FE4G T, [F B 7E AL, O, R IT R & B H IR, £
TE LRI AL, O, H Y R #2220 [ P AL
T 58 A Z A fb 24 O .

BR-K RN AR R AE B 2 — A A (H) T A
SH R HEF H gk AK G (H,0) , MK F 1
B F ok, Wik &R 72K F i B8 i
H,, U Z ARG LR N B 5 KA. 3l )
SRR R T — PR 1k BB B SR AL A AR SOk
FETH AT AE B iy 397 IR MR FGRE 67 A5, BEBE ALK 73 7 1Y
fiff g BN [ Ao 33X — 2 o 2 5 i Bl 7K 43 - 22 (8] 1Y T
TR s, BRI E B is i n] DL ok 2 A A i
B 7K 43 Z T8) 0 S AT, Y BT 5 A B Y
AT 3 7K 43 - SRR B 0 — s B 5 5K A R AR e
B, ol AN SRR SRR SR AR A, DT S BB - AE A B
N Y I F% L X — ML 8 FR B Grotthuss HIL il 274 .
Bl 7c R T Al 5K F % A W Y 3780 o F gy
S KA F R EIR T (0) 5 BA Lewis R M RE1E 1Y

CHINESE JOURNAL OF ENERGETIC MATERIALS

AlFEFHEGIE S AR B 1 (OHY) X 3 o 1 & [l Al
JEL T 1 Lewis Bl MERRAE 5 [R5 F, % 25 3 A9 H &7 (H B
Jix¥-) ] iE i Grotthuss L 7E 7K 70 5 I8 i Y S0 4%
KAEPEIERS A Lewis B 09 AL 5308 SR o
XA R, Grotthuss HL I K KRR T 7K 7 29
B 9G FLBE L Fe 2K Lewis B AL 5 9 &R F 45 & T8 %
Ao A O SRR B B AR SR 0 B ) R
A3 13 Grotthuss ALl F- U8 WM BE K 43+, 3T A R 4k
SL e SRR AT PR A

38 52k Grotthuss AL i B AT 52 1 1% fk fig A, AH 4B AE
W i O B8 25) 7K 43 B 4 By fit = () 8 1 30 £k B %
iK' i 7d fros B SR B K 4y Tl Al—O
R BE T ALBURL R T, I B BE K 1 5 SRS o — i
B AR o3 ¥l AU S MR K 43 T A A A IO R
Ko F 0 H R IE S B 1 H,O I 76 Al £ TH B T
OH (A B) , OH ™ W\ 55 & T 05 A7 & 7 2l B 475 % {7
H(C)s a7 H,ONMa e, & 5 M H,O i §%
% 248 2 1 23 7 1y S PEAS (D) | T W B 2 =
F CE) R — 0 52 3 125 A 7K 4 5 W B 28 &0 AT A
IO A RS Sh B AR 00 &, SRS B R IE A 0 T,
M U8 15 7K 43— AT LA W B 3810 AL SS0RE 2 If B 3 753 P B
5 — B K T RAEME(FAMG), nRLEM, X —
HLHI 5 Grotthuss MLHI A 7E — 2 22 55, EE X HITE T HI
FEN Ny AT A Bl iR B A K A3 S BN I B K 43 Y 4 B
fiff 25, TS 55 2 3% 2L 1 A B BE (Grotthuss AL ) X 5T+
AT .

AH X T BR -4 B AR R, THT ] AR -7K R AR 3R 1 43
T S B R AN A 2, B RIWESE TAE B i5 s 19
S A AT BT 22 S, RIS A A T AL B AL Y Rl B i R i
(9 30 7 27 B e 45 AN AR TR] 3300 B BR 7K S ) B0 AL
TS E AT Ak Z2 W AT . Ak, B HT R 0L 53T 3
T35 A8 FE VR AN [6] BR300 485 - 7K e I AL i B8 st i 1 5
Me , 0 45 UKL 0 & T R R A SR S R
W5 2 B AR J2 78 K 4y FAE FH R 19 2K Ak B R XF
R AL B I B A R, SRS
RRWBEFKE AR KTk KRR (iR
AR AR AT e 2 AR R BORE ) AR 3l ) S L
FE DRI A 0 R S HE R AR AE KA TR 1 48 Ak
N ATLERBIE 5T, 75 B W] L 9 ZE AL A B Al | i — 202
AN [ 235 1) 2 ik B R 35 TR 22 004 52 ) B AR, A N 22 5% T [
R 15> T8l I R DU S BN A AR SR AT AR K IR
IVRIN I TEORE NG 1§ 8

N XK 2021 % $ 294 %38 (251-266)



260

R BRBE L MER R, T 5 2 SR AN R

a b 700 K
—
[
; 0K
Al,./H,0 Al,;,0,,/H,0
d

7 Al /H,OF AL, 0,,, /H,O Bt i ] f b 1g

(AR, O 2040, H i {0 (a) 5 ALy, /H,O FTALL, O, /H,O ZGEAE 20 ps iF AR JE /3 A (b)) 483 P 3% L SBT3 72 1 7R 325 18] () 1425

PRI TR ALCT 1) 2 T UL 4 21 B4 4 B 25 AL (d) ')

Fig. 7 The snapshots of Al,,, /H,O and Al;,0,,, /H,O over time.

(Al'in gray, O in red and H in blue (a)""; Temperature distributions of Al,,, /H,O and Al,,,0,,, /H,O systems at 20 ps (b) *"/;

Schematic diagram of reaction processes on an Al cluster (c)"**’; Snapshots illustrating the assisted dissociation mechanism ob-

served on an Al(111) surface (d) 1)
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Table 1 Rate-controlling steps, the activation energies and the nucleation and growth parameter of the Al/water reaction mech-
anism for 40 nm Al and 1 wm Al®
Al(40 nm) AlCT wm)
controling
stage ) E, m E, m
mechanism
/k)-mol™" 30 °C 40 °C 50 °C /kJ=mol™ 30 °C 40 °C 50 °C
1 JMAK 101 3.1—2.8 4.1—-1.6 7.4—4.1 110 4.8—4.1 4.1—1.6 5.6—2.1
2 Power 44 0.8 0.2 0.1 86 1.3 0.3 0.4

Note: E, represents the activation energy.
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Fig.8 Fitting of the experimental data (-e—-) obtained using 0.05 M Na,SnO, by heterogeneous kinetic models controlled by a
chemical step(-o-) and controlled mass transfer in the product layer (-a-)(a) "*; Fitting of the experimental data by the shrink-
ing core model controlled by the surface chemical reaction (-m-) and the H,O diffusion through byproduct layer (-o-) for the

reaction of 98.38 nm Al powder with water at 40 °C, where the initial pressure in the reactor is 1 bar (b) ”'; Activation energy

for the reaction of different particle-sized Al powders with water, where the initial pressure in the reactor is 1 bar (¢)"”’
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Table 2 The activation energy of Al/water reaction with and
without the catalyst™’

sample E,/k)-mol™

synthesized AI(OH), soaked in water for T h  56.59+13.04
synthesized AICOH), mixed with Al 58.25+£19.92
synthesized AICOH), in water 73.45+17.70

without catalyst AICOH), 164.85+51.10

Note: E, represents the activation energy.
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Table 3 Activation energy of aluminum oxidation in different oxidants'® kJ-mol”

growth of y Il a

formation and growth of 6 and Illb growth of o IV

sample  growth of amorph Al,O, [ formation of y I
Ar/O, 120 458 227
Ar/CO, 84 562 259

394 306
592 202

UEAh, Zhu B Z 25 F 58 T 9K 88 72 CO, Y
AN 15 5 9K AR R T A AL B B TS AL BE L 2R
— By B 147.48~286.53 kJ-mol™, V- 4 1% 1k Bt K
206.38 kJ-mol™; 55 kBl 275.75~346.16 kJ-mol ™',
SE M 7E AL e M 305.76 k)-mol™. il i Coats-Redfern
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— A B R HLEL PR B K (13)
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Review on Micro-nano Aluminum Oxidation Kinetics

WANG Jing-kai''?, CHEN Jie', SUl He-liang', YU Qian', YANG Xiu-lan', SUO Zhi-rong*, SUN Jie', YIN Ying'
(1. Institute of Chemical Materials, CAEP, Mianyang 621999, China; 2. School of Materials and Engineering , Southwest University of Science and
Technology, Mianyang 621010, China)

Abstract: The oxidation reaction of micro and nano aluminum powder is an important way of energy release and aging inactiva-
tion. Molecular dynamics and reaction kinetics provide necessary means for elucidating the microscopic mechanism of oxidation
reaction of aluminum powder and quantitatively describing the oxidation process. According to the type of reaction system, the
oxidation of aluminum powder can be divided into aluminum-oxygen (Al-O,), aluminum-water (Al-H,0) and aluminum-other
oxides (Al-other oxides) reaction systems. The recent progress of molecular dynamics and reaction kinetics in the above reaction
systems is reviewed. The mechanism of oxidation kinetics of aluminum powder and its key influencing factors, including the ox-
ide layer, particle size, atomic diffusion rate, temperature and oxygen concentration, were discussed, which proved the flexibil-
ity and effectiveness of molecular dynamics and reaction kinetics. On this basis, the important problems in different oxidation re-
action systems were analyzed and prospected. It is pointed out that the oxidation kinetics of aluminum powder under multiple
factors, the kinetics of Al-water vapor reaction, and the intrinsic mechanism of Al-other oxides reaction are the key problems to
be solved in the future.
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