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T E: NHFR Zry TiygNipsCuBey s EFH A AN HELH ML AWATR,FARFRAERE, WRT ZBEHEN
350 m/s ~550 m/s By HE AR B, RO ARFN A HBRFEE; RAMRCRARE THHOT LS8, HAHER
BAMEAM M T TASHATTE, 2T TER T HEREERER B KM ALFRDA T REN LY
TG B, 3R T E TR KRN RS R A T R T, R TR XS8R, FRABNE T T AR
HEFHF-BNERES TR ZARXDPE TR, AU HARTZHDEI TR SRR B LB ERRN,5~10 GPa JE /1 3%
B 7, Zr, Ti,Nij, sCuy Bey, sJE @64 M EERREHE N 4267 m/s,D-u %A E N 4.376, 1 4 Fiw Kk F— 4 BMH,H
WRAMBRIBE N 5.60 GPa A4 ; BERAYHAREHN THEGER Z X FERELNW RIS 8, KEXERITEER
R AEREEZRA;ES~I0GCPaEAREN AL EDA TR ZAXDEIFTRE LR ERYSGERE, A EHF-BRN
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Theoretical and experimental research of shock compressive behavior of
Zr, Ti ,Ni,, ;Cu, Be,, ; amorphous alloy

ZHANG Yunfeng', LUO Xingbai', SUN Huagang’, SHI Dongmei' , ZHANG Yuling', LIU Guoqing'

(1. Army Engineering University, Shijiazhuang 050000, China;
2. Army Equipment Research Institution, Shijiazhuang 050000, China)

Abstract; The plate-impact experiment was used to measure the response of shock pressure and the equation of
state (EOS) of Zr,, Ti Ni,, sCu,,Be,, s amorphous alloy. The particle velocities of free surface were tested under
impact from copper plate with the velocity from 350 m/s to 550 m/s. The Hugoniot parameters of the material were
calculated by using impedance matching method, and the experimental results were compared with the
computational results calculated by ideal mixture model. The problem to solve the Gruneisen EOS of the material
was turned into nonlinear optimization. A novel numerical method based on simulated annealing algorithm was
developed to analyze the Gruneisen EOS of the material, and the annealing scheme was designed. The Birch-
Murnaghan equation and the Trinomial equation of the material were proposed by analytical method, and compared
with Gruneisen EOS and the experimental results. The experimental and theoretical results show that within the
pressure between 5 GPa and 10GPa, the zero-pressure volume velocity of Zr,, Ti,,Ni,, sCu,,Be,, s amorphous alloy
was 4267 m/s, the slope of D-u curve was 4.376, which is much larger than normal metal, and the Hugoniot limit
of the material was around 5. 6 GPa. The ideal mixture model is only applicable to calculate the Hugoniot
parameters of Zr-based amorphous alloy in high-pressure phase, whereas considerable errors will be caused under
low pressure. The Gruneisen EOS and Trinomial EOS matched the experimental results well within the pressure
between 5 GPa and 10 GPa, while there were major errors between the experimental results and the Birch-
Murnaghan equation.

Keywords: Zr-based amorphous alloy; equation of state ( EOS); plate-impact; numerical method; simulated

annealing algorithm
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Fig.2 Schematic diagram of the experimental setup
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Tab.1 Experimental and computational data

KB W/ (ms™)u/(ms™)  p/GPa p/(grem™) Dyp/(mes™")
1 350 190(6.00) 5.97(0.32) 6.36(0.021) 5129.9(64.55)
2 390 210(10.59) 6.76(0.68) 6.38(0.042) 5 258.7(136.00)

3 439 239(7.38) 7.57(0.55) 6.42(0.028) 5 170.3(109.35)

4

5

502 270(7.18) 8.88(0.48) 6.45(0.026) 5 368.7(94.94)
550  290(8.61) 10.05(0.57) 6.46(0.031) 5 656.2(114.62)
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Fig.5 D-u curves of the material
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Tab.2 Parameters and computational results

Bk po/(grem ™) Co/(kmes™) Ao MIRHSHTF I

Zr 6.505 3.757 1.018 40
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Tab.3 Parameters and computational results

kY po/ (grem ™) Co/ (kmes 1) Ag HIX STt
Nb 8.586 4.438 1207 41
Al 2.71 538 1.337 13

Zr;NbsCuy 5.4Nij, Al 3.83(3.848) 1.21(1.055) 34. 144

2.3 HEHEMESAE

TE AR RS R TR AT LT, 200 A H
FI0 ) 52 0, B Gruneisen ¥ 25 J5 £2 1 Rankin-
Hugoniot R 1t 77 F2 15 H [ 14 wh iF 1 85 07 B 11
EQ[IQ}.

—pc —E¢
p =V4%- (9)

P 5 Vo=")
A p WA BNES TR E A BHA RE, v 28 Gruneisen
FREL RO ETTE, 38 E R R - HR 3 ¥ e E
A TE pofbhy Qg B

_ﬂ LX a1 -3 _ L—l
EC_POK{qep[q(l o )] o (‘] )}
(10)
pe =06 {explq(1-6"")1-6"}. (11)

f([:fj :POKﬂﬂ*ﬂLﬂ@rﬁ: 0 K H#E@%E ,6 = VOK/V Zp/pOK-
Gruneisen £ %¥ 1Y) Dugdale-MacDonald ¢ £ 21 Q .q
A

_ 1 q25—1/3

~explq(1-8")] -68
yD—M_6 .

g+ explg(1-6""")]-28 (12)

HL(10) ~ (12)FRAZ(9) BN AT R 5T 12
Qg B B AT ha(6) T il R e i3 32
(1) D-u J2 3 Hugoniot HZE A A (4) (6) RIA] 15
@J_‘éﬂﬂzjj N tlﬁgﬁlﬂj"j P = Vi 4%‘ Pa — Vi ’f_h}\
K (9) ~(12) , 38 i Hoop AT 15 B EUE 2 0 H AR

S = «/2 [p(Q,q)—pm]z. (13)

13 ) KSR AR 25 5 8 2 800 0] R 4k oy
JELAEA A ) T, ASEAPLIR B0 5 il R 3 S ) R
AL IR Kk B (Simulated annealing algorithm,

SA) JE MK Ge it B 2 [ B, A5 AR Ak AR Y
BELOE AL SR O RS TR i &



$ 98- MR U

NN AN

AL & A% 0o Metropolis 275, Metropolis 22
B A — A E R AT R, B I R AR L B3
— A2 FARRY Gibbs 23, il EERT , RGEHEH AT
W SR 42 Ry i /I . Metropolis 53 = (14) FrzR
Y,, AE <0 ;
X, =1Y,, AE>0, ¢<e' ™" (14)
X,, AE>0, ¢z=e 4D,
AP X, n I ZPRES, Y, I BEHL AR LAY HTR S, AE
NERGHIE X, B Y, ReE 2, T YHNRE &
(0,1) [ BEALEL. 25 AE St MUEHIRAS R Sehe i
SR Z U B B 525 4 AE DB IE, U Y, DILRE R
e WD M X FOR MR S EL 0 g I, R
Grhea 2= By HARRE(13) T IR S 22 25, Ak
AR AR AN AR SCA B35 IR, SHBCE T, o
T = 107 WG IR, Ty = 10 LRI & =
0.995 il 22 28K, il EE R =0 (15) AT AR
T, =kT,. (15)
K7 B S B B A bR X RO L, iT LUR
B, IR, i S R, LAkt ey 8 e/
185 ARG, i PRl 8, AR SR BT 22 2K
W, AT E MR

BeE/10°GPa
ESN [«)}

N

0

40 30 20 10 0 -10 -20
E7 BAiEiE

Fig.7 Annealing process

PR ZSEL Qg IRAZ(9) , BIFS Zr,, Ti, Ny,
CuloBezzAsjEEﬁl?‘&%é E@ Gruneisen (Fl:‘ﬂi%?n}ﬁ%% %
ZR1% 0 =6.829 6 x 10° GPa,q =2.047 8, i35
D7 R E e 5 SRR 7 258 0.376 1 GPa, Tl it
T KA 0 =7.869 5 x 10° GPa,q =44.846 7,
RN SE IR A 01U B, S SR, R
JrikaE T Ze FEAE G 4 Gruneisen Y857 TR 1Y
THE, S ST R ZE K.
2.4 ZIMXYWEHE

S R, A5 >R F Birch-Murnaghan 47
BT R = 1 2 25 07 B R R bR p-V
£, Birch-Murnaghan #7558 M

3
3

3K, Vo\T [V, ' VoS
- A5 )
(16)
KKy AR AR B & Zry, Tiy Nij, 5 Cuy,
Bey, sAEMMA B LN K, 2 114.4 GPa, K’ W AT
X p B R, Hofw ot

K'g=4x, - 1. (17)
AR
p=Au +A2M2 +A3,u3. (18)

A IR AR AE T R U A, A
BHRMIEEC 1 =p/p0 — | S BPRHIER 25 i =T
45,4, =114.4 GPa,A, =705.2 GPa,A, =7 651 GPa.

MR =M XS R WA 8, i
SRR E G, TR S T ) A, Gruneisen
W75 )7 #2 . Birch-Murnaghan ) &5 5 2 . =Y &
T FERI AT A AR A R . =R A O AR
SR SR B W9 ¥ 77 22 93 91 R 0..376 1 GPa,
0.363 5 GPa.0.980 8 GPa,RHTE 5 ~10 GPa Wiy
JE 175 B Y, Gruneisen #1285 5 # . =3 U0 A& 5 #
XA 5T B 43 B R T

o SER¥HE
12F — =57
— — Birch-Murnaghan 7 72 -
Mie-Gruneisen 5/ /-

10+ -
<
Ay
o
28
=]

6

43 635 64 645 65 635
 E/(g-em™)

B8 MM AEMLZL

Fig.8 EOS curves of the material
3% i

1) 2R I VEAC P, I B R 5T PDV 45 -
BB AE T Zry, Tiy Niy, s CuygBey, sAEdH G BB 0
i Hugoniot fh 2%, 75 2| T #4 & Hugoniot 5 % K&
Hugoniot {1k, 7E 5 GPa ~10 GPa G PN, thZeay st
FRILR T — WS I8 &G4

2) R HHAE S WA IS THE Zr JAER G
4215 e X Hugoniot Z44, 1145 318 WM 8K4s 0
WO AN T 5 A RHI T X Hugoniot 2 %4
Zr,, Ti,Ni,,Cu,, s Be,, s IF i 25 G 45 Hugoniot fhZ& 1)
R RS X AE S KT 10 GPa.

3) T T AR K B MR
Gruneisen %757?*% 15} 7?% 5 ﬂfFﬁ:E,l" @J T Zr41 Ti14 Ni1245
CuyoBe,, sFEMH A 421 Gruneisen Y55 R, %7 AL



555 3

[ iy e Zr41TimNilz.sCuloBezz.sjﬁﬁqééy*ﬂi}%éﬁﬁfﬁlﬂiéﬁiﬁﬁﬁ% - 99 .

PG FATETEE T T Ze JE4E A 42 Gruneisen #)35
FREE; 5= YW ESTE. Birch-Murnaghan
P TTFEXS A SRR W] HE S ~ 10 GPa #hifi 738
FElIA, Gruneisen 935 75 2 . = I 28 05 & X8 4 8}
P T R i 3 B A T

%% Xk

[TEAR, RER. Jkdeib G M. dtat: b2 Tl b i,
2007 1
HUI Xidong, CHEN Guoliang. Bulk amorphous alloy[ M]. Beijing:
Chemical Industry Press, 2007 ; 1

[2]WANG G Y, LIAW P K, MORRISON M L. Progress in studying the
fatigue behavior of Zr-based bulk-metallic glasses and their
composites[ J]. Intermetallics, 2009 (17) . 579. DOI:10. 1016/j.
intermet. 2009.01.017

[3]DAI L. H, YAN M, LIU L F, et al. Adiabatic shear banding
instability in bulk metallic glasses [ J]. Applied Physics Letters,
2005(87) ; 14916. DOI; 10.1063/1.2067691

[4]CONNER R D, DANDLIKER R B, SCRUGGS V, et al. Dynamic
deformation  behavior of tungsten fiber/metallic glass matrix
composites [ J ]. International Journal of Impact Engineering, 2000
(24) . 435. DOI.10.1016/30734 -743(99)00176 -1

[5]RONG G, HUANG D W, YANG M C. Penetrating behaviors of Zr-
based metallic glass composite rods reinforced by tungsten fibers[ J].
Theoretical and Applied Fracture Mechanics, 2012(58) : 21. DOI;
10. 1016/j. tafmec. 2012. 02. 003

[6]KIM G S, SON C Y, LEE S B, et al. Ballistic impact properties of
Zr-based amorphous alloy composites reinforced with woven
continuous fibers[ J]. Metallurgical and Materials Transactions A,
2012(43) . 870. DOI;10.1007/s11661 =011 -0915 -5

[7]LI G, GAO Y P, SUN Y N, et al. Compression behavior and
equation of state of Ni77P23 amorphous alloy[ J]. Chinese Science
Bulletin, 2007, 52(4) : 440. DOI:10. 1007/s11434 —007 — 0067 —6

[8 ] MASARU A. Elastic constants, equation of state and mechanical
relaxations of some metallic glasses at high pressure[ J]. Materials
Science Forum, 2012, 706 1305. DOI:10. 4028/ www. scientific.
net/MSF. 706 -709. 1305

[9]WANG J Q, BAI H Y. High-pressure behaviors of Yb-based bulk
metallic glass[ J]. Scripta Materialia, 2009, 61 453. DOI. 10.
1016/j. scriptamat. 2009. 04. 044

[10JWANG W H, LI F Y, PAN M X, et al. Elastic property and its
response to pressure in a typical bulk metallic glass [ J]. Acta
Materialia, 2004, 52 . 715. DOI.10. 1016/]. actamat. 2003. 10. 008

[11]WANG W H, WEN P, WANG L M, et al. Equation of state of
bulk metallic glasses studied by an ultrasonic method[ J]. Applied
Physics Letters, 2001, 79(24) . 3947. DOI.10. 1063/1. 1426272

[12]ZHANG Y, PAN M X, WANG W H. Mie potential and equation of
state of Zr48Nb8Cul4Ni12Bel8 bulk metallic glass [ J]. Chinese

Physics Letters, 2001, 18(6) : 805. DOI.10. 1088/0256 - 307X/
18/6/331

[13]PAN M X, WANG W H, ZHAO D Q, et al. The equation of state
and potential function of Zr41Til4Cul2. 5Nil0Be22.5 bulk metallic
glass[ J]. Journal of Physics: Condensed Matter, 2002, 14 5665.
DOI:10. 1088. 0953 —8984/14/23/302

[14] MARTIN M, SEKINE T, KOBAYASHI T, et al. High-pressure
equation of the state of a zirconium-based bulk metallic glass|[ J].
Metallurgical and Materials Transactions, 2007, 38 (11 ). 2689.
DOI:10. 1007/s11661 —007 - 9263 - x

[15]MASHIMO T, TOGO H, Zhang Y, et al. Hugoniot-compression
curve of Zr-based bulk metallic glass[ J]. Applied Physics Letters,
2006, 89 241094 —1. DOI:10.1063/1.2403931

[16]emife. LM AT ST [M]. 2 . Jbat. Bhas bt
1999 209
JING Fugian. Experimental state equation guidance[ M ]. Second
Edition. Beijing: Science Press, 1999 : 209

[17 JROSENBERG Z, DEKEL E. Z¢ g4 M]. 505 F, ¥ b
A EB kIR, 2012: 9
ROSENBERG Z, DEKEL E. Terminal ballistics [ M ]. ZHONG
Fangping translate Beijing: National Defence Industry Press, 2012 9

[18]ikAE. Sz b P B 5 [M]. Jent: EH B Tl i i,
2007 15
TAN Hua. Experimental shockwave physics guidance [ M ].
Beijing: National Defence Industry Press, 2007 15

(191522, skoekE, TRR, . 2R RS AR bl T 4
PEFETHEEL )], KR Sk, 2013, 33(2): 148. DOI:10.
1188371001 - 1455(2013)02 — 148 - 08
SHI Anshun, ZHANG Xianfeng, QIAO Liang, et al. Theoretical
calculation on shock compression characteristics of multifunctional
energelic structural materials [ J ]. Explosion and Shock Waves,
2013, 33(2): 148. DOI. 10. 11883/1001 — 1455 (2013)02 -
148 -08

(201308, skt s REme Bt Eae [ M]. dbst. m%
A AL, 2008 212
TANG Wenhui, ZHANG Ruoqi. Introduction to theory and
computation of equations of state[ M]. Beijing: Higher Education
Press, 2008 ; 212

[21JHAYKIN S. g2 SHLas= g [ M]. B G, & dbat: #l
BT Rk, 2011 374
HAYKIN S. Neural networks and learning machines [ M ]. Shen
Furao, translate. Beijing: China Machine Press, 2011 ; 374

[22]834: 0%, Zetmile. b R4 Bl 309 B2t & e A — > R
fENTTIRLT]. SRR AR, 1990, 4(3): 175
HU Jinbiao, JING Fuqian. A simplified analytical method for
calculations of equation-of-state of materials from shock compression
data[ J]. Chinese Journal of High Pressure Physic, 1990, 4(3)
175

(HE wHZ)



