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Table 1 The material parameters related to the calculation

ok 00/(g+cm ) ¢o/(km + s71) A Yo ay /K Y/GPa
2024 Al 2.784 5. 370 1.290  2.18 6.93X10°° 0.276
Ni 8.875 4.590 1.440  2.00 3.81X10° 0. 380
Cu 8.924 3.973 1.498  1.97 5.01X10° 0.448
w 19. 20 4. 040 1.230 1.78 1.38X107° 1.729
Ti 4,500 4. 877 1.049  1.33 2.51X10° 0. 140
Fe, O, 5.274 4. 450 1.323  1.99 1.50X10°° /
epoxy 1. 200 2. 480 1.395  0.58 3.50X107° /
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Table 3 The calculated and experimental Hugoniots for Ni/Ti

B S mITTZ JE A N m/ % p/GPa w,/(kmes™ ') w'/(kme+s ')
0109 ’RE w 50 1.12 0.92 0.90
0104 BA & 47 2.71 1.50 1.34
0105 HE = 49 3.22 1.77 1.45
9923 BRI (4 h) = 52 3.67 1.79 1.54
0101 BRI (8 h) = 53 3. 82 1.68 1.58
0108 BRI (18 h) = 46 3.75 1.58 1.57
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i b RTIA  MSURE 2 8 A4 R 25 07 B 0 VTSR EL A SE IR (B B 0T LU AT U B AR SO 8 ST B9 8 RE 6 e
Wi B EA SR AR o WA . 6T MESMs., s JE 48 5088 /93T 5045 51 5 oK & A 1
DUT WY SEB S5 R W) 5 B 5 R A ROV DL T W S B S5 RAF A — R 22 % . EHESE MESMs & Ak RN 1
BUT B ety T 4 Kt 7 EEI AL ROV Bl g SRRk RAE MESMs B {27 SR 00 . MBS A b 35, 1%
SR RE A HE B T MESMs 1R R K A2 A2 OB B0 T I 4507 72

4 F it

(DRTARES INFEHF Wu-Jing 77 R, B )52 C R BT TR Mg ba R G W 48 75 R 19 8
FEAL, FF LA W/Cu, Al/Ni\Ni/Ti, Al/Fe, O, /epoxy JJ i 715 T it RUBORL 42 J@ A1 8} M A1 MESMs /Y i
TR SR BN 2R RE A8 AR L M 1 AR 5 AA AR A W 0 v R 48 AT 8 L TR R MESMs,
Wl AT R B RS B A AT ERLR . (X T &AM N A MESMs #h i 1R 45 508 1931
BT B — 25 A2 N Bl g 24 B ok 2 B A B o i o e AR B RS . (D)X T A R R A W
J5 1 MESMs, i 5% H ofr o i 13 47 4y 75 22 AW A T, 5 18 A W 6H TR A 4 o o g 1o 7 500 52 i, )



154

I N L 5 33 %

WL % WURR 45 1 7 16 R TT 98 A%

NP AR E SUR ARG AL 2 O Bl 7 2 B8 A Ak o B AR I 3 57 2% T AR o S Y MESMs

i P 25 7 AR B RS VTSR
S5 3k

(1]

[2]

[3]

(4]

L6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

Committee on Advanced Energetic Materials and Manufacturing Technologies of National Research Council. Ad-
vanced Energetic Materials{ M]. Washington: The National Academies Press, 2004.
sk R T . ZIRE S REL AT BT SE R L) ], A REAT K, 2009,17(6) : 731-739.
Zhang Xian-feng, Zhao Xiao-ning. Review on multifunctional energetic structural materials[J]. Chinese Journal of
Energetic Materials, 2009,17(6) :731-739.
Ferranti L., Thadhani N N. Dynamic mechanical behavior characterization of epoxy-cast Al+ Fe, O; thermite mix-
ture composites| J]. Metallurgical and Materials Transactions: A, 2007,38(1):2697-2715.
Ferranti L, Thadhani N N, House ] W. Dynamic mechanical behavior characterization of epoxy-cast Al+ Fe, O,
mixtures[J]. AIP Conference Proceedings, 2006,845(1) :805-808.
Jordan J L, Dick R D, Ferranti L.. Equation of state of aluminum-iron oxide-epoxy composite: Modeling and exper-
iment[J]. AIP Conference Proceedings, 2005,845(1):157-160.
Jordan J L, Ferranti L, Austin R. Equation of state of aluminum-iron oxide-epoxy composite[ J]. Journal of Ap-
plied Physics, 2007,101(9):093520-093528.
Jordan ] L, Dattelbaum D, Ferranti L. Shock equation of state of single constituent and multi-constituent epoxy-
based particulate composites[ J]. AIP Conference Proceedings, 2009,1195(1) :1253-1256.
Eakins D E, Thadhani N N, Mechanistic aspects of shock-induced reactions in Ni-Al powder mixtures[]J]. AIP
Conference Proceedings, 2007,955(1):1025-1028.
Eakins D E. Role of heterogeneity in the chemical and mechanical shock-response of nickel and aluminium powder
mixtures[ D]. Atlanta: Georgia Institute of Technology, 2003.
Xu Xiao, Thadhani N N. Investigation of shock-induced reaction behaviour of as-blended and ball-milled Ni-Ti
powder mixtures using time-resolved stress measurements[ J]. Journal of Applied Physics. 2004, 96 (4):2000-
20009.
TRANAR, B L B8 SO L 55 PTFE/ALUS AR 1 2 PERERF T [ ). @ 4 "7 41, 2009, 23(5) - 384-388.
Xu Song-lin, Yang Shi-qing, Xu Wen-tao, et al. Research on the mechanical performance of PTFE/AI reactive
materials[J]. Chinese Journal of High Pressure Physics, 2009,23(5) :384-388.
PRAE 3 AR AR bR SR, PTFE/ AL SR b R 5 T2 Ktk e [T, E B Bk K %234 . 2008,30(6) : 39-42.
Yang Shi-qing, Xu Song-lin, Zhang Tong. Preparation and performance of PTFE/AI reactive materials[J]. Jour-
nal of National University of Defense Technology, 2008,30(6) :39-42.
TRANMR BIHEYE 2R ¥ . 55, PTFE/ AL & B A& R R TR A5 47 M AT SELT 1. J12# 2% 4], 2009,41(5) : 708-712.
Xu Song-lin. Yang Shi-qing. Li Jun-ling, et al. The study on the compressive behaviour of PTFE/AI energetic
composite[ J]. Chinese Journal of Theoretical and Applied Mechanics, 2009,41(5):708-712.
TRANAR, B LS 5608 45, PTFE/AL FRER A WA SC R[] B4 5 phili 2010, 30(4) : 439-444.
Xu Song-lin, Yang Shi-qing, Zhang Wei, et al. A constitutive relation for a pressed PTFE/Al energetic composite
material[ J]. Explosion and Shock Waves, 2010,30(4) :439-444.
e IR T TR R RN 4 A ey S R S A AT LT . B E 5 b . 2010,30(2) 1 145-151.
Zhang Xian-feng, Zhao Xiao-ning, Qiao Liang. Theory analysis on shock-induced chemical reaction of reactive
metal[J]. Explosive and Shock Waves, 2010,30(2):145-151.
Zhang X F, Qiao L., Shi A’ S, et al. A cold energy mixture theory for the equation of state in solid and porous met-
al mixtures[J]. Journal of Applied Physics, 2011,110(1):013506-013515.
U SOME sk A, A Tr BB T SIS IMO. JE 5t = S EUR A . 2008,
14 0% e A T P o ol s 0 0 T O W B R AN — A e (A M DTk ) ] R TR B2 4 . 1990, 4(3) : 175-186.

Hu Jin-biao, Jing Fu-gian. A simplified analytical method for calculations of equation-of-state of materials from



%2 YL NTAE . 22 D) RE T BE 4SS M Bk o o TR 4 A B BRSO 155

shock compression data[J]. Chinese Journal of High Pressure Physics, 1990,4(3):175-186.

[19] Barry R K, Thad V J. A Hugoniot theory for solid and powder mixtures[J]. Journal of Applied Physics, 1991,69
(2):710-716.

[20] Wu Q. Jing F Q. Unified thermodynamic equation-of-state for porous materials in a wide pressure range[ J]. Jour-
nal of Applied Physics, 1995,67(1) :49-51.

[21] WuQ, Jing F Q. Thermodynamic equation of state and application to Hugoniot predictions for porous materials
[J]. Journal of Applied Physics, 1996,80(8) :4343-4349.

[22] Herrmann W. Constitutive equation for the dynamic compaction of ductile porous materials[J]. Journal of Applied
Physics, 1969,40(6) :2490-2499.

[23] Carroll M M, Holt A C. Static and dynamic pore-collapse relations for ductile porous materials[J]. Journal of Ap-
plied Physics, 1972,43(4) :1626-1636.

[24] Marsh S P, LASL shock Hugoniot datal M]. Berkeley, CA: University of California Press, 1980.

[25] Deas D, Millett ] C F, Bourne N K, et al. The shock Hugoniot of two alumina-epoxy composites[ J]. AIP Confer-
ence Proceedings, 2004,706(1):693-696.

[26] Dattelbaum D M, Sheffield S A, Stahl D, et al. Equation of state and high pressure properties of a fluorinated ter-
polymer: THV500[J]. Journal of Applied Physics, 2008,104(11):113525-113535.

Theoretical calculation on shock compression characteristics

of multifunctional energetic structural materials”

Shi An-shun'?, Zhang Xian-feng', Qiao Liang', Wei Sheng®,
Zhang Jiang', He Yuan', He Yong'
(1. Ministerial Key Laboratory of ZNDY , Nanjing University of Science and Technology ,
Nanjing 210094, Jiangsu, China;
2. Ningbo Branch of China Academy of Ordnance Science, Yantai 264003, Shangdong, China;
3. Anhui Hongxing Litd. , Hefei 231135, Anhui, China)

Abstract: Based on the cold energy mixture theory, the equations of state were given for the compac-
tion multifunctional energetic structural materials (MESMs) under shock compression by using the
Hugoniot relations of the components. And combining the above method and the Wu-Jing model, the
equations of state were proposed for the porous MESMs under shock compression along the isobaric
paths. To verify the accuracy of the calculations, the Hugoniot relations were calculated for the typi-
cal metal particle mixture (W/Cu) and the typical MESMs (Al/Ni, Ni/Ti and Al/Fe, O, /epoxy), re-
spectively. The theoretical calculations agree well with the corresponding experimental results. The
shock compression characteristics of the MESMs can be evidently influenced by their porosities and
the proportions of the components in them.

Key words: solid mechanics; impact load; cold energy mixture theory; multifunctional energetic

structural materials; porous materials; shock response
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