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B =R SEM &
Fig.1 SEM images of the three Al powders

R BRI A

Table 1 Particle size distribution of the samples wm
sample dio dso dyo Arnean
1# 1.587 4.503 8.007 4.684
2# 5.403 10.37 17.78 11.02
3* 13.31 23.63 41.08 25.54
Note: 1) dyy,dsq,dgg: the volume fraction of particles whose particle size is

less than or equal to this value is 10% ,50% and 90% respectively;

2) dean: Mean particle diameter.

L
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Fig.2 Particle size distribution of the samples
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Fig.3 XRD curves of the samples
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Table 2 Element type and its quality content of the samples

%

element 1# 2* 3*

Al 85.67 88.04 91.51
(@] 11.71 9.02 4.9

other 2.62 2.94 3.59
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Fig.4 TG,DTG,DTA curves of micron-sized Al powder oxi-

dized in air at 10 K - min™" heating rate
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Table 3 The thermal oxidation performance parameters of mi-

cron-Al powders

Am T, Tax (dm/dT) ean (dm/dT) ..
sample ~ My -
/% /°C /°C /% - min /% + min
1# 63.7 573.09 1028.06 0.077 0.36
2% 14.1 581.83 1014.16 0.017 0.12
3# 7.5 586.01 1014.27 0.009 0.06

Note: 1) Am: increased mass of the sample at the end of the oxidation reac-
tion; 2) T;: ignition temperature; 3) T, .. : the temperature at which

the rate of mass increase reaches the peak; 4) (dm/dT)

ean*

age rate of mass increase; 5) (dm/dT) . : the maximum rate of mass

increase.
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7 136.54%x10°,153.40x10%,162.0x10” J - mol™" .
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PR o X R A 256 A5 5 R B, R T AR,
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o T R
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Table 4 Kinetic parameters for micron-Al powders in thermal

oxidation reaction

E
/s /)« mol™
1* 3.31x10%  136.54x10° 3.31x10%exp(-1.64x10*/T) 0.99534
27 1. 52x10° 153.40x10° 1.52x10°exp(—1.85x10°/T) 0.98543
3% 2.55x10°  162.00x10> 2.55x10°exp(1.95x10*/T)  0.99014

sample r

Note: 1)A: pre-exponential factor; 2) E: apparent activation energy; 3) k:

rate constant in chemical reaction; 4) r; linear correlation coefficient.
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Fig.5 XRD patterns for oxidation products after heating to

different temperatures
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Fig.6 SEM images of oxidation products of 3* sample heated to different temperatures

MIE 6h HET LIE B I BE T 2 925 TRl )79y
Hh AL 5 2 TR R Al R 22 ELRE R A VR 2 I
AR TE . B 6c IR 925 “CR AlBURL R i A
K, FURLAR S Al 1 80T 9 B, A i 2 Y A i A BRE R
T, T2 A B B 22 B AR 1100 °C i, 5] 6d &2
7N UKL THT B TIVHELRE | A0 P0 J= BB, Ak 4 SR o
RIY2) GELL B AR PUR R i, W 61 MK 6) fr
7, AE SEM i WL £ B B AN [A] AR AR A9 4T 7
AL OB — BRSNS, 5 N AR A 20 85, R RO Y
Al BT A AL R e R LR 5 1VF 2/ ERIRBURL AL
VRV, I8 43 AR 14 R A2 0 HUA JLAOK: TR BE 43 A
IRE e S N & SR O LS R YA Tl N
12 pme S8 IR PR B G ™ A i Sl (1) w5 T i

Chinese Journal of Energetic Materials, Vol.25, No.8, 2017 (667 —-674)

SR I AL 5 R AL-O S AR B AL S A
O, (U M e S Al AS ALy O, ) B, A2 T A Ay
AL O, , B 45 [ 7 Y AT 8 5 2, 5 SR AL O,
T — BRI S5 5 (2) Al BURLER T 48 A6 572 J2 19
PR AR S BRI BV A, (7 SR A AR R
LA AL 32 ABZ K K IR 72 2 RO, o o2
JZ AR AL BT 2 T 5K ) AR ) A
3 BIOBORLAR /N R B, 40 HF () I SR 0 R B 2R
Rufino B 45"/ idt 52 46 L B 04 3 1 41k 572 J22 0 4
JaR VA 2% ) A2 R AR 7 3okl DA T A
S8 A I R Bl ) TR TN AR I A A 1 TR R
TR MR ) 8. SICHR15,20,23 ] H  48)
TE R AR AT AL ol S 7 J2 1) R4 I 20 IO S
L

www. energetic-materials. org. cn



TR 940 J0RE ST 45 1

673

1 A A TR AR AL 7R IO A RN B2 YT R AR 1 A
WA BT R Y2, A BE 58 % B, 70 BAR A I Gl = F
TR G A A [] I A7 A 0 3R -73 WAL A R T2 3 HIC AL
PP AL A

4 & it

() FEBAR M TR R T, SOK 38 8 1Y A1k i &
A = AN B B W0 IR A AR B B, TR EE AR T 550 °C
S — YR ZUAE AL B B2, 550 ~ 670 °C il 14 Ak B B
670 ~1110 °C. J W 7E 55 8 B #4 43 B7 52 40 o 5t J2
TG Mk 2 Hf— 183 & —fHfH— 2R3 & Ak
Job i e 0K % T A A AR AR R A RO R A O
B AL SR TG TE >y — 60— a-AlL O, 1Y A BLEL 7E

(2) 5ok ) BRAL A PR o A AL i B A o R B
PRSI o AROK S5 K 78 B AR I A 3R T 1 S b R A AE
B 1 RUBE RGO« B0 M 190 -S4k AR /)N T 3 T AR
K, HARU sy S s ek 3 A R AIG, B ) Ak, R
A Ay, ST R R

(3) it Satava-Sestak JFEHfE T 3 FiFE S AE A
FAE N IYEAL R AT G R R R B R, . G(a) =
1=(T—a) " HFWLE AL BE FNFE A N 74 W44 /b 81K
Ay5h 136.54%10° ,153.4%10%,162.0 x10° ) - mol™ FI
3.31x10%,1.52x10°,2.55x10%s™' , EHPRif2ik /N, b3
TR B R ) A 8, HE A s iy 1 98 O 37 Ak e BRI, S5 g
R 5 AT

S

(V] BN, B P, AN A5 5 s o LR B s s )] &
Wi G, 2006 (4): 12-14.

GU Cong-biao, TANG Qing-zhao, HU Gang. The impact of
precision guided weapons on modern warfare[ J]. Aerodynamic
Missile Journal, 2006 (4): 12-14.

Geisler R. A global view of the use of aluminum fuel in solid
rocket motors[ C] //38™ AIAA/ASME/SAE/ASEE Joint Propulsion
Conference & Exhibit, 2002, 3748.

XUk, & a7 [ ACHE R SRR e pa Bt S T ()] fk
SEHEBER] S E S T RL, 2007, 5(4) 0 612,

LIU Jing-ru, LUO Yun-jun. Research and application of metal

[2

[

[3

[

combustion agent for solid propellant[ J]. Chemical Propellants &
Polymeric Materials, 2007, 5(4): 6-12.

BOME, BT, MR SAORGEB I E SIEAIIE )] KK
2242002, 1(2): 1-3.

HUANG Hui, HUANG Yong, LI Shang-bin. Study on com-

pound explosives containing nano-sized aluminum powder[ J].

—
N
[

Chinese Journal of Explosives & Propellants, 2002, 1(2) . 1-3.
Jeurgens L P H, Sloof W G, Tichelaar F D, et al. Thermodynam-

ic stability of amorphous oxide films on metals: Application to a-

[5

[

luminum oxide films on aluminum substrates[ )J]. Physical Re-

CHINESE JOURNAL OF ENERGETIC MATERIALS

view B, 2000, 62(7) : 4707.

[6] Jeurgens L P H, Sloof W G, Tichelaar F D, et al. Structure and
morphology of aluminum-oxide films formed by thermal oxida-
tion of aluminum [ J]. Thin Solid Films, 2002, 418 (2): 89 -
101.

(77 R, PEB, YO [ {ACHE BE 700 65 00 A 00 45 0 S AL BEATT 50 i Jé

L) FARKHETHOAR, 2015, 38(2) : 232-238.

TANG Quan, PANG Ai-min, WANG Yue. Research progress a-

nalysis of aluminum combustion property and mechanism of solid

propellant[ J]. Journal of Solid Rocket Technology, 2015, 38

(2):232-238.

PdE, BRGE, MR, AF. AN SR  ANK R R A KRB A

WFE[)]. T 244R, 2014, 35(5) : 640-647.

LI Xin, ZHAO Feng-qi, HAO Hai-xia, et al. Research on igni-

tion and combustion properties of different micro/nano-alumi-

num powders[ J]. Acta Armamentarii, 2014, 35(5) : 640-647.

(9] ZdE, BRUE, (U4, 4. [ P59 K 508 2 w6 8 v iF 52
BERELIT. MEHRAP, 2013, 46(12): 47-52.

LI Xin, ZHAO Feng-qi, Yl Jian-hua, et al. Research progress of

—
[ee]
—

surface modification of nanometer aluminum powder at home
and abroad[ J]. Journal of Materials Protection, 2013, 46(12) .
47-52.

[10] Yavor Y, Rosenband V, Gany A. Reduced agglomeration in sol-
id propellants containing porous aluminum[ C] // Proceedings of
the Institution of Mechanical Engineers, Part G: Journal of Aero-
space Engineering, 2013.

(1] y5enes, B, B, 45, 40Kk Al B AR R RHE R B SE (]

AT k%3], 2007, 36(3) : 638-641.

LU Hong-xia, ZENG Zhao-huan, HOU Tie-cui, et al. Thermal

reaction properties of nanometer aluminum powders[ J]. Journal

of Synthetic Crystals, 2007, 36(3) : 638-641.

Trunov M A, Schoenitz M, Zhu X, et al. Effect of polymorphic

—
N
[

phase transformations in Al, O, film on oxidation kinetics of alu-
minum powders [ J]. Combustion and Flame, 2005, 140(4) .
310-318.

[13] ffmiss, M RED, BHEE, 5. GBI R M TG-DSC
WFoel)]. Bk HH A, 2011, 34(5): 628-631.

HE Li-rong, XIAO Le-gin, JIAN Xiao-xia, et al. Investigation on
nano-aluminum thermal reactivity by TG-DSC[J]. Journal of Sol-
id Rocket Technology, 2011, 34(5): 628-631.

[14] Levin I, Brandon D. Metastable alumina polymorphs. crystal
structures and transition sequences| )]. Journal of the American
Ceramic Society, 1998, 81(8): 1995-2012.

[15] Sun Y, Sun R, Zhu B, et al. Thermal reaction mechanisms
ofnano-and micro-scale aluminum powders in carbon dioxide at
low heating rate[ )]. Journal of Thermal Analysis and Calorime-
try, 2016, 124(3) . 1727-1734.

[16] MAMEE, sokss. [ A8 I sk orsc )], &

TR R A S TR, 1997, 13(2): 30-34.

FENG Yang-jie, SHI Yong-giang. Study on thermal decomposi-

tion kinetics of solid[ )]. Polymeric Materials Science and Engi-

neering, 1997, 13(2): 30-34.

BAZRAH, R SO AT S 2 ML JE R BReE A, 2001 .

127-131.

HU Rong-zu, SHI Qi-zhen. Thermal analysis kinetics| M]. Bei-

jing: Chinese Science Publishing & Media Ltd, 2001:127-131.

(18] Jrh, (i, =i, . y-Al, O, iR AHZE ) XRD # Raman Jt
B )], Ot 5 63% 40 #r, 2006, 26 (11): 2039 -
2042.

(17

[—

A fe AR 2017 % %254 %84 (667-674)



674 A, XL, AR, FEE, FHE, BTAE, HRE
FANG Ping, HE Mai, XIE Yun-long, et al. Comparative study on 1986.
high temperature phase transition of y-Al, O; by XRD and Raman [22] Rufino B, Coulet M V, Bouchet R, et al. Structural changes and
spectroscopy[ J]. Spectroscopy and Spectral Analysis, 2006, 26 thermal properties of aluminum micro-and nano-powders [ ) ].
(11): 2039-2042. Acta Materialia, 2010, 58(12) . 4224-4232.

[19] Campbell TJ, Aral G, Ogata S, et al. Oxidation of aluminum- [23] JRFME, SEEIE, 2RI, 25, TR BE 2 N 99 K 450 1Y 30O A5k

nanoclusters[ J]. Physical Review B, 2005, 71(20) : 205413.
[20] Rai A, Park K, Zhou L, et al. Understanding the mechanism of
aluminum nanoparticle oxidation [)]. Combustion Theory and
Modelling, 2006, 10(5) : 843-859.
[21] Massalski T B,Murray J L,Bennett L H. Baker Binary alloy phase

Bk beretE )], B KB, 2016, 39(5) : 642-648.
ZHOU Dong-hui, HUANG Xue-feng, LI Sheng-ji, et al. Laser-
induced ignition and combustion characteristics of nano-alumi-
num powders in the micro-scale combustor[)]. Journal of Solid
Rocket Technology, 2016, 39(5) : 642-648.

diagrams[ M ]. Metals Park, OH: American Society for Metals,

Thermal Reaction Characterization of Micron-sized Aluminum Powders in Air

WANG lJia-hao' , LIU Jian-zhong', ZHOU Yu-nan', WANG lJian-ru’, XU Tuan-wei’, YANG Wei-juan', ZHOU Jun-hu'
(1. College of Energy Engineering, Zhejiang University, Hangzhou 310012, China; 2. Institute of Aerospace Science and Technology Corporation, Xi'an
710025, China)

Abstract. The thermal oxidation characterization and its dynamic mechanism of micron-Al powders in air were investigated by sim-
ultaneous thermal analysis. Three kinds of micron-sized aluminum powders were heated up to 1110 °C at 10 K - min™" heating rate
in air. The kinetic parameters of the oxidation reaction were calculated by Satava-Sestak integral method. By analyzing the ob-
tained TG-DTG-DTA curves and using SEM and XRD to observe the oxidation products of different stages, it can be found the ther-
mal reactivity of aluminum has size effect; the smaller the particle size is, the deeper the degree of oxidation is. The oxidation
process of micron-Al powder is divided into three distinct stages. During stage 1 , below 550 °C, the oxidation rate is the lowest,
the natural amorphous alumina layer on the particle surface grow slowly. During stage Il , 550-670 °C, the oxide transformed in-
to y-Al,O, which can’t form a continuous shell on the surface of Al particles completely, the oxidation rate increases rapidly at the
beginning of the stage II , but decreases to the minimum when y-Al, O, layer completely covers the particle surface again. During
stage Il , 670-1110 °C, because of the volume expansion of molten Al and the shrinkage of the surface area caused by the transi-
tion from y-Al,O, to a-Al,O,, the alumina layer produces cracks or breaks, the oxidation reaction is the most dramatic and pro-
duced only a-Al, O, finally. Calculations prove that the smaller the particle size is, the lower the apparent activation energy of the
oxidation reaction is, and the easier the reaction is. The most probable mechanism functions of thermal oxidation of the samples is
the boundary control model function R,: G(a)= G(a)=1-(1-a)'” in the temperature range from 550 °C to 1110 °C.

Key words: micron-sized aluminum powders; thermal reaction characterization; kinetics; morphology; apparent activation energy
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