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Ty 8 g 7 B8y AR SR L o A5 0 28 S R A0 R R 2k B R, nl sl 4 B (1~ 100 GPa) 5% AR
H(10*~107s™), S5 B K1 & R 1 sh A gk AR S,

W BELATO R JE A B 2 M v SR N 3 F R B9 A% 0 . 1984 4R B A, BRIE AR B 46 30 &4F
D7 s, N AR 22 RS0 2 N 8 2 A 4 RS BE MR R L A M N A AT TR 2R . R
U BELBCRE B A AL — i i R RS R R B L S [0 2% B2 10 & B /R A W0 T 28 5 R 445 1T B, 40 Mg/Al/Ti/Cu,
Lexan/AUTi/Cu/Ta % Z JZ 6 B E U, SRR KT 107 s 5500 F 09 ol ingom b, 388 % A i
SR IN R BN AS REAR T 3~4 NECR LR, 290 100~ 10 s, H iy T HAH 418 32 98 J2 6] 114 35 L H7 R 2% i 22
K G5A R BEAC, o F0 ™ A 0N Y 2 B Bk L T, AR SR IR IR R . 2006 4, Nguyen 45
KM ARG 405 B 4 AlMg)-W K Ik Cu I, SR R AR FRILFE A 10%~10° s, [ 77 30 BBl 38 75
w2, 2007 4F 32 [ 55 48 W R #h 5 R B % 525K % (Lawrence Livermore National Laboratory, LLNL) [
Martin 1" R A PE/Mg B R il £ T 20 2 %5 8 e 22 9B R, 78U 2R S8 56 Hh 4645 T 58 e
TS BN AR, BB N AR RS LA 10°~10° 57!, 2018 4F, Tan 25U %31 T Ti-Cu-W BREE K A, RHZ
2% M N4 5 vEE S B ALY 12AL, 3230 T 30~50 GPa, 10°~10°s™" B A $ a8 iy 11 5 A8 K

MWEERTE R L F, e Z RS M | WS S, #8 T & )2 41 0 A, 38 2 o fa) i
JEH T S i T RURE 400 23 TR 114 %% 2 S ok R 4 6 JEE b ) %) 5% 88 0, o IS T BRAS AN [R] 9 ) 4 e
F1 0 VA R 7 UL R R A% F A5 N4 28, S AR S i T s 2k .

B J2 41 oy A FE R RE B A e T RE 8 i ST R AR G U 2 0 R A, AL TR DL L R
ML B2, 2RSS . A6 052000 S 2 450 BB A RHE 25 0 I )2 22 (8] 38 o BEKG | be4h 55 07
K5, 454 FLH N o] B G b A7 7E 2480 . LI L ZAH LA B4 BE | RT3 5 A5 [n) L, DT 52 M Jin 28 35k
TE 0 % 22 v Fl—E0tE . 2007 4F LLNL () Bastea 251" 38 33 BOEUAR SEL A 78 B W2 ) o 25000 in 2 i A v /9
— BB R ZE BORG . BE h J5E B 9 TDRG BE A Hi BELC 43 A 1l 4 DL B2 Wi R 5 ) % e i A LR S T 7
(equation of state, EOS) ¥ 5 M, JH: i B 86 [R] 3= i) 4 /INAE fb 25 5 30 EOS T i 3f 2 v = AR 2 25, RS 2
B JEE B AR AL S 3 3%~ 10% AR 2%,

LLNL A Kelly 2" 858 1 R I AE 2 45 B9 Al-Cu-W-Ta & )2 B KA B9 % B . I BT AY 3LE %
VI 55 52 B 8] 22 B 09 SR AL, & 3300 408 32 1l FH 1) 45 T M R A7 A SR Ak, BR s N B0, B4 o A v AN ] s e
b A B 4 8 TB) Ak A A5 ) B, 359 25 50 M R R A SE BRI BT o DRI, Al 45 T R R a2 B R B R
BE R A3 WERR I, e R A R ) Ol )

2019 4F 36 [E & il W [E %2 22 16 ‘% (Sandia National Laboratories, SNL) H¢ Brown 2515 15 ¥R 38 1o i 455 1k
SR T 2048 7 —FoB 85 M A9 AL-Cu B EE R RE . 12086 B 44 R 100 45 B2 R 340 nm (9 J8 391 30 461 2
MR, HANAMZEAET 1A ALUZ 1A Cu )2, Bk WH a4 ZE b ALZ A Cu 2 HJR B, STEUAHAR
JEVI 2 P8 T) — A Ak 0 o 1) 2t B A 1% AR AR, DA 76 6 B2 A RE 34 pum 9 RLEEE I, SEBA 4L Cu 31 46
AlFZEML. T ALZS Cu)ZRARA, R KREE L% T & EulEYNER . i, %2
JE B 5 B ARA R A 22 578 5% LA, PRI (0.5+0.1) pm; SG24 48 BRI & 1 25 P T EE /N T 1 pm,
M, FE S EUA B 09 - 1 M s X SR AT 5 (Xeray diffraction, XRD) 4% 5 i 7%, 78 Cu/Al FLIHI AL FETE CuAl,,
HEE/NT 0.1%, S8 5 — 4 BUE B PLEE R Won, 2 s i Ta #AY SR, W46 I 1 5091 A
52 1 78 GPa, WEAH N J1 43 1k 99 Fi1 151 GPa, ik i A8 S AR A F] 107 s, W45 Ta 7€ 2 WSLH 1Y N I
N AR BT RN 3~4 GPa. il 4519 Al-Cu /R & /Y FHPTYE L 78, T S35 1 A% 8
JLEEI /N, 2021 AEEP PR - 5% 70 (Bhabha Atomic Research Centre, BRAC) Y Ray 416 3 i —
He AR N 72T R IR, SR FH D BELAC I B B 0 Mig-W AR ZRERE, R S0 3 A R b R T Sk B A [ 64 18 A
JEFl. SEE A Brown SV & B, AL-Cu J& 198 il B B2 AR AR 5 5 pum JBE ALSE 9 5 B2 oy, BOIE B H0LIY
WL T 2 A R B IS BT B IR D8, i PR a8 LT, (EAE 43 pm SR Ta fESCE
B S5 ERARAT T I 0 maR e . R, B JEE B A S IO TR BT T i 2Rt 4k =G E

FeF SCHRATFFE 45 3, A 50 0 8 R Dl BT 25 5 38 K L 1R & O 7 i) Ti (B BT 2.2 g/(em®ps)) 5
Pt BHPL 7.4 g/(em®ps)) R R, IR F 5 0 w30 85000 28 85 7 157 4% Ti-Pe JE 30T 08 i 6 B2 M4, B FE SIC B B K
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FIRY 187 3 0 7 78 S48 8 2 91 1 9 S5 S A, [ T, o8 AT 0 T 0 08 o) B B R I BGOE 1< Hik 5 B TR
T R AEABLUITIE

1 SSSRIE

1.1 Ti-Pt /& B A S 56 E # R 45 481 1t
FERR FE AR BRI MR FE 8 SR FH U BELBC v J52 B2 Ty ) AR Ak i S5 40 280 I BT I e UKy
Z=pC (1)
W BT B R B A DL T e R
Z(0) =7, +A($)n 2)

s ZWBPRHBE BT, Zo o I B X 00 4 I BT, Z (o) b B JEE B L J82 B 75 1) 5 B e A R 8 FHLE, oA
PRV BE, CONRERLA T, AN B R B, d o bERHEEFE , nol AR K. 18 3 o0 45 5 BRIV AT Ao 80 S [ 90
BHAC 43 A1 S AL A 16 A )

Ti-Pt Jeil J3 38 il s 2 A ORL B S A AR P 1 ez, N2 e A, SR v T )= 00 B JEE S i i), Pt = Y T2
JEBHTIG AN . Beitn = 389 Ti-Pt & W B BERTRL . T8 KOBRT , Bh AT REG R R B s AR AR, T
TN A8 AR AR, 2 WY by S T 330 A S | A ) BRSO AR 70 2 AR AT, 2 D e o e 45 R v AR 4 0/, S
I A SCRAL AR X B o 30723 JBE 1 5 Ay 1 g, S 9 1 S S22 A RUZE 43 (T R P RS ) B JREJRE, 5
LR BT AR L AL . JRI)Z A Ti A P2 A9 )5 BB 4N R Sk &

HTi HP[

Z(xX)=Zn— +Zp— 3
(x) Ty +Lp, H (3)

Zn—Z(x)
Hy=H——— 4
N Zn-2Zy )

Z(x)—Zr;
Hyy=H———— 5
bt 2o 70 (5)

Ao HOA AR RIRIE, He o SN2 A TiJZ IR E, He ol JRIBIZE N PR BRI, Ze N RERE Ti (93 FH
TU, Zo HFEEL PEETEBELAT

Pt thickness modulation: increases gradually

Pt base

Ti cap

Periodic layer
Periodic layer

Ti thickness modulation: decreases gradually
1 Ti-Pt RGBSR A5 7R 2
Fig. 1 Schematic diagram of Ti-Pt periodically modulated gradient material
BT AY Ti-Pt J5 3 8 6086 B2 A4 R AY SR EE N 36 pm(4 pm Ti 1§ . 30 pm Ti-Pt 1 9#$1 )2 . 2 um Pt 3
JI§) o SRANRAENTHEASE] T 30 pm Ti-Pt J5 998 2 4 Ti. Pe %57 i 23 OR8¢ BELA7C Bl 52 32 1) 728 A5G
#, WIE 2.
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Fig.2 (a) Wave impedance and (b) the mass fraction of Ti and Pt with position for Ti-Pt periodically modulated gradient material
1.2 Ti-Pt B B E 46 E A B A &

1201 EREREELEE

SIS BB AE Ti B A (23 mmx3 mm, 205 >99.99%) | Pt [B H (@5 mmx1 mm, Z{i# >99.99%) . Al %
(213 mmx1 mm, 262 299.99%) . To/K LBE . PR ; S 50 A3 2% G455 R P I T R 4S04 AR H - R 78 4 B K
0o LTI ZE R B A AN P 3 B 7, SR T 32 ) FH 588 o A Pl A R B R s L, A S TR
YV F R T8 B 1) H - RO S o 3R rh B SR, - B e e 4 Sl FAE DT AL SR, B RHE LS
s 2% R BURASR T, DU AT AL )2 .

Rotation Quartz crystal
Heating detector
stage
Substrate
® .. ®
©e@
External °@ 0 ©® Observation
vacuum pump ® : .... window
® ® : ®
e -
Electron beam . )
entry :’o Crucible 1 ~ Rotation
. Electron
gun
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K3 TR RN B
Fig. 3 Schematic diagram of electron beam evaporation coating
122 #mbl&

Yot B4 AL R R 22 T0 K ST RN R SRS T, T8 E TR TR BRI o K P T BORL i i
ETEA R R b R S A 6.0x107 Pa BY LS B, T IR UEAT ML T R ZE L UUAR . 2o 3 i g e
S P YRS T BRI SR DLR . TiL Pt A TLBUE R 20510 2.5 F1 1.0 Avs, SR FH IR TR AS ST i 42 3
A A PR A R AR TR T 4 B Y AR TR R . Y — b B R B R AR R BB R RE S, K]
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e 3 LA SEAT 55 — PP A TR 2895 . WA &, AT 60 R B U, #E ALK R A R R A 30 1)
Ti-Pt Jif] S 0 il 56 32 A 6
1.3 Ti-Pt B 53846 B # R B RAE 50K

SR A 2 3R 10 A 3 S S Ti-Pe JE] 03 91 A6 B AR 0 R BE . Ak 39 4 B B SR (scanning
electron microscope, SEM) LA I BE 1% 73 #71% (energy dispersive spectroscopy, EDS ) W45 Fl 43 #1 Ti-Pt J& 1A 4
il B2 AR B BT TED (A BT TR0 R PH SR AR B 7 I 48 ) o SR XRD 431 b4 RL 09 W) AH B2 2544, 717 5 5y
CuKa, 1=1.5418 A, FH# 2 Ky 10°/min, FHl f1E 20 S}y 20°~80°, A IFAG AR J1 24P RE, R G0k
FEIRAAR DI T A4 3 A AN [ 7 5 Ak g A o R e PSS o, A4S 1 3 R, 5 R IBCE 3418, BRI AR
JEEAS T b L R BE 1 1/10, AR R 7 A 5o, I L PR A VR R] 43 50 5.2 RS s, IndRE
4 50 mN,
1.4 Ti-Pt [ 5 5 56 B #4 R 1Y 4 5 65 00 3 S ae

SR FH B A S B O — R R, A iE E AR SRR E . R E M E 3. mERE
HMEZS RGN ETEIRGEME . FELRMERTHGE, 5%, M Es 8 8> Re4 THE
M B R A, RS R ER ARG MR ENTASKCERE RAT), RPN . KMk
R85 6 G i, SFG AR I, AT IR ARG Y UG A S I, RUE Y e R B AR T AR, AR
Fefs JEE AR 118 S8 HE o S Sk A A R B A TR R AR A U SRR ELAR O 23.9 mm, ST T v AL 45 B
#2213 mm 9 Ti-Pt S 3198 46 BEAS R, 58 1 A UM 286 LA 480.9 my/s B il 2806 JBE R S 26 A7 Ti-Pt JA]
SR A B AR A ST RE T E A S pm BRI LiF 7 115 55 2 R BRI SER T, DL 541.6 m/s 9N 2
2 5F Ti-Pt JE 8 RS B b BHE T 88 A 60 um JEAR ALY LiF % 1 K] 4(a) 2 Ti-Pt J& 9 i 466 B2 A4 e} i
i ALBERF 7R L, 1] 4(b) SR 4 Ti-Pe J5 3 3 86 B2 R BL B9 384G, 18] 4(c) o LiF % H 75 0 Y 621 I 5
AR . R HOE T % (Y (displacement interferometer system for any reflector, DISAR) #£I
AV/LiF 5[ foRE U

@ py Ti LiF
B 4 Ti-Pt JEIHJH SR BE AR HESE TINS5 56158 1T () Ti-Pt IR GIRE B A RHE & Al BUR TS,

(b) K%k Ti-Pt J HIRHIBE EEATRHK BAFE, (o) LiF & 1 T 434 DG 3

Fig. 4 Experimental design of Ti-Pt periodically modulated gradient material: (a) schematic diagram of Ti-Pt periodically

e CHI1
e CH2
e CH3
e CH4

modulated gradient material impacting Al target; (b) a projectile bonded with Ti-Pt periodically modulated gradient
material; (c) the distribution of velocity measurement fiber on the back of LiF window

1.5 Ti-Pt BHAAHI46 E MR EFEmE HEER
K — 4k s 3B RS B H AR sh F1 25 5 RO R IR Ti-P JE IR RS FE A R s o 28 v S50
INERERE . ASHE S A Ti-Pt JE 3 A P R4 RN 280 R A AR L 2 R T b [ TR PRAE 5T e AR ) B
WRSE T ] 32 TF 5% 10 204 0 B A% B H AR 3 1 2 R, g sh iR L s ey R R B i Jr Pl
do

u=—Ra713—R—(a’—1)E(0'R—0'e)

OR (6)

_Rar 1
om

E==(p+@)v+v[S & +(a—1)5:8]
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s ROGRRPL AL R F N AYAE 1] AR AR, w BT, R = u, oA BEATRRT , @ = 1,2,3 53 531 %8 137 - T [72)
A T [ SRR TR [ L, o S AR TR IS T, o R ER [) BE FT, oy HAT o R A O P RS 4R (o = LI D iR ),
VAR, g I KT, 1 Sy R EE, &1, & RRER, p kT, EJLNGE.

Ti-Pt J3i 301 980 i 4 B2 A R B AR A O RE SIS H T 36 1, Hoh: po W BE, Co N ARFRA B, ASh W 5T
HRLL, y IARIRA TR R B, o WHCE R . lid 20 (3)~3X (5) HE 57 Ti-Pe J& 1 94 il B 2 b1k ) £
B, Ti J2 5 PtZ A AR I8 BN 10 nm, HAB AR RRS )OS PR $545 Ti F1 PR —(10 nm), L
i DR UL I 2 8 o Af 1P

x1 BERKURBHHRIESEK

Table 1 Material parameters used in the numerical model

Material po/(gem™) Cy/(km's™) A Y /(g "K)
Ti*! 4.530 4.953 1.0508 1.0923 0.523
Pt 21.400 3.46 1.1000 1.2000 0.133

A 2.712 5.38 1.3400 2.0000 0.850

LiF®2! 2.638 5.148 1.3530 1.4600 1.905

2 FER51

2.1 Ti-Pt AR AFISEMRNNERE
&l 5(a) Ay Ti-Pt J& 3T A6 B2 A4 BERE &, o] DAFE HH B B8 A4 ) 36 114 HLJZ (8]S4 7 B 8 4, 3 2% P Ab
V1 4 X2 1 e B e 35 i . 11 5(b)~ J&T 5(d) 43 51 SR BE i 3 AN IS [ 7 2 Ak S 75 1 J5E 38, )k 24 B 9

60

(b) Position 1 AZ=36 857.9 nm
50+

40
30 r-
20

Thickness/pum

10

of N

—10F

0 0.2 0.4 0.6 0.8 1.0
Lateral position/mm

100 — 50 ”
(c) Position 2 AZ=36 760.7 nm (d) Position 3 AZ=36187.7 nm|

sol 401
301
60
201
40}

Thickness/um
Thickness/um

20

ot

0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Lateral position/mm Lateral position/mm
Fig. 5 Thickness test results of Ti-Pt periodically modulated gradient material sample: (a) thickness test points of sample

at different locations; (b)—(d) thickness of the sample measured at different locations
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o5 6 1

SEPRIEBE AR 2240 T 0.1~0.9 pm Z [8], 3 A B A9 TR N 36 602.1 nm, 5 HISH A R 254 1.67%,

oS R 5 5 B HME AT & BT
2.2 Ti-Pt AR AFI S EM RIS m AR

&l 6(a) i Ti-Pt J&] H 98 i 86 B2 A4 BH T A9 SEM & (R KL, 1K 6(b) FTIE 6(c) 7l hE Ti K 55
Pt X [ SEM UL, Horp: iRk P2, RE K Ti 2. ATLLE H, PS5 Ti 09 )2 8] 5T 785 667, 4L 28 I
Lk HLA5 A B, T R SE B T NE Ti X 25 Pt XAHIAE . & 6(d) N EDS k445 %, T L F
W, Pt 5 Ti M7E 30 AN A E A S B0 T A2 B HES o Ti-Pt JE 3 9 BR AL R 8 BT R AL R AL B (Y
A3 A IR AN 6(e) Wi, Hirp: 2148 W BEIR TT I£R, 5 2 b S it BHLAC 43 A iR 28 . S 38k BEL 470 40 4 il
2 ik SEM EUR RS B AR IR BESS A3k B) MBIy . 45 S TR, AN TR) JEL 0 6 J2 000 e BEL G o KGR 25
H6.2%, V¥R 2.4%, BRI BT BHBT 5 50 00 25 W & 808, 20 1 5280 T Ik BHLBT A& Ti 314l

Pt (15 .
(a)
;,.;3‘ 4
' 30 umTi-Pt
Ti periodically modulated laye:
C4p- 5 um
(d)
(d)
128 | A —TiKal A
2 ! —PtMal 1
= 9
5 64t I
R
0 G e s
32k w . Ti-Pt periodically modulated layers “ v
0 6 12 18 24 30 36

Position/pum

—~
J
N

Wave impedance/(g-cm 2-us™)

—e— Theoretical density

6.0 f —=— Practical density
45¢
3.0
1.5}
O L L L
9 18 27
Position/um

6 Ti-Pt J5 BRI SRR (a), & Ti XITES (b), & Pt X
TS (c), REIEIIHTIAL (d), PSS SERR BB BE AL 1 2310 L (e)
Fig. 6 Overall view (a); Ti-rich region view (b); Pt-rich region view (c); energy spectrum analysis diagram (d); theoretical
and practical wave impedance distribution curve with position (e) for the Ti-Pt periodically modulated gradient material

2.3 Ti-Pt AERASIHEM R BHE 2

Ti-Pt J& 1 98 il 45 B2 A4 HAS XRD 35 a0 7 fezs o &7 R B, B il & B4 6k i SRR Ti F P2, Rk
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Fig. 7 XRD patterns of Ti-Pt periodically modulated gradient material
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Fig. 8 Nanoindentation test results of Ti-Pt periodically modulated gradient material at three

different positions: (a) load-unload curve; (b) hardness and elastic modulus
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Fig. 10 Simulation curves of Ti-Pt periodically modulated gradient material impacting 5 pm
Al target: (a) stress-time curve; (b) strain rate-time curve
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Preparation and Quasi-Isentropic Loading Characteristics of Ti-Pt
Periodically Modulated Gradient Material

JIANG Yuda'**, ZHANG Ruizhi'?, WU Dun', CHEN Han', GAO Weilong®*, HUANG Zihao®’,
ZHOU Yiheng®®, ZHANG Jian**, HU Jianbo', LUO Guogiang™*

(1. National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics,
Chinese Academy of Engineering Physics, Mianyang 621999, Sichuan, China;
2. Hubei Technology Innovation Center for Advanced Composites, Wuhan University of Technology,
Wuhan 430070, Hubei, China;

3. State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan 430070, Hubei, China)

Abstract: The quasi-isentropic loading technique based on wave impedance gradient materials is a crucial

method for understanding the dynamic response characteristics of materials, which is essential for enhancing

material service performance. In this study, Ti-Pt periodically modulated gradient materials were

successfully prepared using electron beam evaporation deposition technology. By adjusting the thickness of

the two components (Ti and Pt single layers) within the periodic layers, a macroscopic gradient in wave

impedance was achieved. The total thickness error between the measured gradient material and the

theoretical design was only 1.67%, with an average hardness and elastic modulus of 2.8 and 99.8 GPa,

respectively. The interfaces between the internal layers of the material were clear, and no metal alloy phases

were detected in the phase analysis. The Ti-Pt periodically modulated gradient material was loaded onto a
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5 um-thickness Al target by a one-stage light gas gun, generating a shock-quasi-isentropic loading waveform
within the Al target. Numerical simulation results showed good agreement in the rising trend with the
experimental curve. For the 5 um-thickness Al target, the particle velocity, stress, and strain rate curves
exhibit significant fluctuations in the quasi-isentropic stage, with the strain rate curve oscillating
continuously between positive and negative values with large amplitudes. Stress contour maps indicate that
the loading process of the periodically modulated gradient material involved the chasing, superposition, and
integration of multiple wave systems. Simulation shows that when the target thickness is 60 um, the wave
systems complete integration and change into continuous compression wave loading. Based on the
simulation result, light gas gun loading experiment for the Al target with a thickness of 60 pum were
conducted. The particle velocity and stress curves in the quasi-isentropic stage change into smooth loading
waveforms, and the strain rate curve remains overall positive, achieving a good quasi-isentropic loading.
This indicates that the periodically modulated gradient material and target thickness need to be designed to
match each other. The results of this study provide a guidance for the application of novel periodically
modulated gradient structures.

Keywords: Ti-Pt periodically modulated gradient material; electron beam evaporation coating; quasi-

isentropic loading; wave propagation analysis

064205-13



	1 实验与表征
	1.1 Ti-Pt周期调制梯度材料的结构设计
	1.2 Ti-Pt周期调制梯度材料的制备
	1.2.1 原料及实验仪器
	1.2.2 样品制备

	1.3 Ti-Pt周期调制梯度材料的表征方法
	1.4 Ti-Pt周期调制梯度材料的准等熵加载实验
	1.5 Ti-Pt周期调制梯度材料的准等熵加载数值模拟

	2 结果与讨论
	2.1 Ti-Pt周期调制梯度材料的厚度
	2.2 Ti-Pt周期调制梯度材料截面形貌
	2.3 Ti-Pt周期调制梯度材料的物相分析
	2.4 Ti-Pt周期调制梯度材料的力学性能
	2.5 Ti-Pt周期调制梯度材料的加载特性

	3 结　论
	参考文献

