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SRy PR IE AR 258 S VE B I R] L 5 1] B P9 8 A S 0 AT — A N AR i 28, ELARIERE S A ORI B b
W, T TN R IR B0 ARk I A S £ 38 XA R R AT A i, BRSO s SRk [37]. AR SRR K
WX AR UE 1R, B R ST E 4 AN I A5, A S 3 AN TR R A A A A F T S EE R
1 AR AR [ F T TR, 4 N I S s 2 A R S AR O SIS R IR B i S B % 1
TR 3AVBIRESL B E AR R 8.0 mm, JEEE4S AR 1.278. 1.568 Fi1 1.871 mm; B AR 58 B K 8.0 mm, J5 B 43
51°A 1.006, 1.006, 0.998 F1 0.996 mm, F5 M A F H T 3 0 357 5 A Al Al S )3 SR 0.996 mm,

R1 OKBEH

Table 1 Experimental condition

Exp. No. Position Material Size/(mm * mm)
Plate_top left 1100A1 8.0 x 1.006
Sample_top left Sn 28.0 x 1.278
Plate_top right 1100A1 8.0 x 1.006
Shot 696 Sample_top right Sn @8.0 x 1.568
] Plate_bottom left 1100A1 8.0 x 0.998
BT BRI SR S 00 £ B XA i A [ Sample bottom left ~ Sn  @8.0 x 1.871
Fig. 1 Schematic diagram of magnetically driven ramp Plate_bottom right ~ 1100Al 8.0 X 0.996

wave loading and the samples
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SEHG NS 3 0 R EE A B e T 1.4
U 2 s i & 2 AT, 3 Fh RS B A i 1Y 12f
F H T R Y AR — B, HOR R AR AR 2 o} e Sls7
5o BN R S R0, B0 @ T R "; 0sl thry :-:snjlﬁsﬁs mm |
LT, ek B R A R A R R 2 Snlarsm,
] F 3 R R IR 2 2, i B 0T
U 453 253X O 9 6 B e 24949 40 /s, PR = 04p
Rk 381.2 MPa, X o7 9 JiE Il 5% & 4 197.0 MPa, 02}
3 R B B AR o AR AE (AR A A . py MR X N ]
T ) A T B 400 L BE A 40T, B 676.3 /s ik L6 18 20 22 24 26 28
/NE 636.8 m/s, XL A9 R 1 M 7.62 GPa FEAILF| Time/ps
7.11 GPa, X J2 B AH A8 I g 8t 8 A i i, 5 80A B2 Shot 714 KNI v L il T
PR 2k 1) p s S 56 55 SR AR Ak a3 AH 5] S Fig.2 Experimental free surface velocities of shot 714
3 BEENSSH £ REHHE LASIEE

T YR B M R RS 5 B S o R g Table 2 Characteristic values of the velocity profiles
Jr RSN, i T B A A AR 1 R A A AR 3h 1 2E O R Thickness of Sn/mm  #gp/(m's™)  upr/(m's™)  pyr/GPa
AR T o ASIF 5T 2R FH A 56 1 B S i A 1.278 40.0 676.3 7.62
55 1277 FE I Hayes Z2 AR 75 72 . 1.568 39.6 660.0 7.41

1.871 40.2 636.8 7.11

31 HEMAFERIE
AP 105 11 22 Bl 3 27 75 2R ] Hayest* BERY , HEH) B 53 Oy « AR AR T 3R 55 A AR 3K 3l g Km0 4 A
FAAZ AR R 23 ) BAE bE, BARTE AN

o 1 Gl—Gz 1_§ GI_G2>D12
é::H kT 5 H: 0 —D21<G1_G2<D12 (2)
el T ¢ Gi-G,<-Dy

o & AH AR U 0 B0, H R nl A B AR AR AS A= K iy 25 (8], G 4 Gibbs A H1RE, G,—G, NAHAZBR 5h /7,
r N BN AR FU R B I8, &y oM Boltzmann 80, T A7 iR, o A AHAS s R I R], D, A4 4 40 10 87 A0
AR RERE, D,y R AR a0 Gh AR L AR A RE R . 24 AH AR St 75 B (] 7 = 0 B, 5 A AR I SR U] R AR 1B )
5E R, 1 5l 2 - Al AH AD AR A
32 BB HRE

AR R 7 BT B R A M Gibbs A HRE, 1M Gibbs H H GE WL 7T LA i Helmholtz A i G5 5]
(GO, T)=F(w,)+pv) . BIELELE v FIIREE T WY Helmholtz [ 1 fERY Ny

F(Vs T) = ¢0(v)+Fion(v»T)+Fel(V’ T) (3)

o po() N BRI EE B BE, Fion(v, T) N A% BIIR 31 B BB, FoOv, T) N HFH) H HAE .

AR R 45 5 e R HE AR B sR L, SIREE TG, Bk ak =N

. B Bove  [/vg (5!
= @"(VRH(B_;{ 7 ) Vot BB -1 [(7) - 1} @

vy WS FH IR, &)(ve) WA G RETES 5 WA RIME, By 0 4 %) % JE I [ A TE 2 2% s Ak i) R
By, 09 By Xof e 58 (19 350, pe 9 %8 L 55
FEMEVE IR TR0 T, SR 1 PR 3 A dRETE XN
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Fionv,T) = Nk { g@(v) +3TIn[1 —e oW/ - TD(@)} 5)
b N Ry AR B TR R T, O(V) BRI E, D(z) MIEFERS .
BT e AR
Fa(v,T) = —1r<vR>(1) T2 (6)
2 VR

1% Helmholtz H HEESHULE 3.

%3 $H Helmholtz B FIRE I B £ %™

Table 3 Parameters for the Helmholtz free energy of tin"**!

Phase Vvg/(cm*-g™) T/K pe/GPa  O(1R)/K q, By/GPa By @/(Jkg™) 71(J-kg - K?) a
B 0.1372 298.15 0 180.91 1.60 58.0 2.8 0 0.015 1.0
4 0.1198 298.15 8.664 187.77 1.38 78.1 02 853x10° 0.015 1.0

33 ZHRSHFEMEMXR
Hayes"" §& t i) Z2 FHR S T7 B2 2 I H TR0t 8l 25 s 4 0 AR 8 i 7 A B (ELRE SDL0T 5, LT AL
i B AT E IR AN

p = Bs,f(év _ASV é:_a'{:T)
Cps

e &R 2 2 AH BT i 03 E, B NI 20 B SEAR A B, Aet Ry AHZR 5 RS A 1A N A (8] I8, ¢, h SE TR L
I, a WK K R 5
XF SRR 5 ( By ) AT Ao B o A vhils PR 4 AR ZZ 5250 b, B0OREBY B BECR ZS AT LA & A 16
A BEER B3, 76 7 - He 2511 6 0 A9 B A% J& P 2% Rayleigh 28, PR % 75 3806 B A9 J& 9 4% Rayleigh 2k
FIAREE, FTRLCH & 54, T R K = poCER 1, £5 AH B R AE i 0 AT 35 R #5870 M 4 AH AR
SEHGH AR P BRSO S ) AT DA A BN S, A R T - AT T X R A AR R SR Y ()
SRR, A P | R B S ) B R i SR ARy, O B AR R IR A5 iy ek gk, A
RE PRI AR B 8 . ASBIF 9T 2% 8 7 RS it 1) 52 e, B e 400 o 2 o 3 B iR AR /0N, AT LA 22 O
A2, 5 %585 FH T 25 5 1 2 19 Murnaghan (R 255 2, B SRR B 5 N
Bs = Bso + By,p (3)
K B SRR i, Byo 0 4R S R B, By o IR S X R I — B 8 p MR . AR
Bgo Hll By 55, By, M B HH5%
A 5 Z R FH Steinberg 5 711
Y= Y0[1+K(sp+8i)]"[1+Aprf”3—C(T—300)] 9
A Y, NI IR T IRGR EE , k1 n AL REL, &, W SFRHOB NS, & AR IR SR, A F1 C 5350 5T )
g X0 ) R B R B, =V Ve T80 AR o AHBR BERRAIR, 28 A/ 0N, XA AR LM 8/ N, A5
XoF TR A 2R FHAH ] B AL R 240, BARS B R 4.
= 4 B9 Steinberg fR AP 23

Table4 Parameters for the Steinberg model™ of tin

T/ns Ag¥ Y,/GPa K &i n A/GPa™ c/K™

6.0 —0.018 0.2 2 000.0 0.0 0.06 8.66 2.12x10°
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34 HEERMOH

AP BV 4 42 15 1 3 57 A0 A A P, UL 1 h VR 1 ol T 0 7 o 4 SRS R 24
. P 3 ) G TR HL R S B 75 . 3 L TR 290 550 ms, WL RUE (L5 2 MA, FE Ty
fE024 % 18 GPa. 3 FELIE 9 53 M LS00 A 70 25 K AL I3 AL, B 3b) S50 A0
HOSEUIRE L 1 300) AT, PSRRI A — B T4 R AR M LI R 1 R PR
L2 B SBPE 25 RURAS R LS80 5010 9000 3 A ARS8 15 50 0 26 R 4, IO T
ST TSR E A B

2.5 T T T T 25 1.4

@ —— Current 1ol (b)
20+ —= Pressure | pq ’
Lot
< T
S & ®
E 1.5 F 415 g g 0.8 F
S S =
E 2 2 0.6
£ ] R —o— Exp.,1.278 mm
= 1.0+ 410 & 2
© £ B —— Calc.,1.278 mm
= 04r —o— Exp.,1.568 mm |
0.5+ 45 02 —— Calc.,1.568 mm
l —o— Exp.,1.871 mm |
0d ¢ —— Calc.,1.871 mm |
0 . . . 0 a n A A . . .
0.5 0 0.5 1.0 1.5 2.0 04 06 08 10 12 14 16 18 20
Time/ps Time/ps

&3 Ssimd s g (a) UG 5 5280 U O (b)

Fig.3 The loading pressure(a) and the calculated and experimental velocities (b)

P 4 25 B AR 25 X (8) X Hayes 570 {5 1E 19 Aol {7 D00 ) 1350 445 SR 0 9 360 3 32 351 1T, R 5 & 18 IE.
f Hayes $5 %1 By, = 0.0, HAWZHOA A . iy K] 4 ATl RAG E AL B (Y TH 33 45 A0 A A s e A8 2
Ja /N TSR 2 SR AR A R Uy a5 X IO B AR S BE /N T S B (L 1B TS B9 Hayes A58 075 21 ) 3 5545 5 5 5
KA R W R, PRI D0 f 245 B i I (E B B JE A 25 BEIAORE , R BB IE R RT3 19 1T 5 45
RSB AR, X T ARE OO B SRR B R . 18] 5 Ol 0.7 s IFEERE Y 1.568 mm Y B34 iy
FR S T A A ) R 2 B TR B T 1) B A 2k, K TR H = 0 mm AbSE SO INER T, H = 1.568 mm
Ab5E SCh TR H DS AT, AR i w Al B s, 2978 18 GPa, BifJS U8 B 5 BE D5 [0 FEAI, 7 A i
T BAF ST TR 0 9 2 o R T A B A B B 2l g S R, AR B T Ak R e RS B AN TR s TR T

14 — — — ; 20
18 -4 100
1.2+ b ;
16 F Mass fraction
- 80
1.0 F b 14 -
7 5 3
£ 08} 1 R {60 £
=7 S 10t g
7] B
2 06f . 2 sl 1.5 GPa 2
= & 40 <
> 04} g 6r
—o0—Sn,1.568 mm 4l
02 —— Modified Hayes model - Pressure 120
—— Hayes model 2+ H o m,
04 = 1 1 1 1 1 71 0 L L n . n 0
04 06 08 10 12 14 16 18 20 0z 04 06 08 10 12 14
Time/ps Thickness/mm
P4 THERISES B E T R X L P55 0.7 ps BFFEITRT o AHBT o 4B RE a JEE B D ) 43 A7
Fig. 4 Comparison of measured free surface velocity Fig. 5 Pressure and mass fraction of y phase
with calculated values along the thickness of the sample at 0.7 ps
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FE B BE T 9] 3 A e 43k 4 AN K38 H T 2 H,(Hy = 1.26 mm) Ry & T3 BAR M 3 B By 2 H,(H, =
1.07 mm) A J& J3 FEAHH [] 0 g S8 PR 5% AR By, HL AR 712978 380 MPa; H, & H,(H, = 0.58mm) A J& 71 3%
T pAHEBVEBL; H) Z AN, p A0 BT BN T G B 100%, X — X BOMR G AHIX, H K149
7.5 GPa. M\ H, AbFF U6, 1) IR J5 ) R 7 b 0 A0SR I I RIS, 3K R R A AR 5 R ) A4 1N AR [R] T Ae i
B, BT A < 0, WA G AE SE A B b & AR AR T4 S AR A o 2 A — A T IB IE T A - €,
ZAE IE T 23 T BUE J7980/0N, AT DL ABL - DA A AH AR (9 [R) B 7 A — AN 0 002, 12 L I8 1) i 32 5 M L A AR
3| i A AR 7 72 ] bR RT3 — B 28] A A A R A O

3.5 HEE)S XTI K A B

SR R S TR ), FC B SO AR S S BRI IR o BEOS bR, R AR T A
AL, AH AR TR A DX S B 0 T g DX TRIBOARS, g A ) o AR T s e i B AR . e 2 P Bk
N, TR, AR AR YR A XX T f14 3 JRE X ] o 3B 3 o AN [ A 7 st BRI i) b 7 114 3k JEE R TR 6 B
i, Hfl gl 1 2 Z 8O, i3k 4 Bos, (5 B AT 40 R S e A 4 R AR . 200 &, WES R RETE S
% WA IYE, Q)2 Helmholtz [ i AEAY D46 {EL, PHIE 73 Hr ok B 500 4% AH ] B AR AEL, PRI — JBoRs 40 2 A
BB E, BARAE 3 )22 07 R (2) A, BiARY @, (H e mARAS iR ih i . R @, 11515 2
PILERANIEL 7 s, Hofl3h 1122 S80S, 15 B R TR S5 R 5 BNE TUAl B 5w &, (H2 B IR o AR

AAE

16 T T T 16 T T T

T L4 — @, =839x10
_ 12l —— @,=849x10*

o = — @,,=8.59x10*

; e g 1.0 +

< <

2 T 2

2 - 2

= =

0 1 1 1 ] 0 I I I ]
0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4
Time/ps Time/ps
K6 b RSB BT B 7 @, W RIS B P BRI
Fig. 6 Influence of 7 on velocity waveform Fig. 7 Influence of &, on velocity waveform

S8 By, N B ARBIRI IR RS RE, (AR P T C, = BT , BEAE VRS D/, P /N,
PR B IR, IR A X I ) B I o D A, TEAH IR B9 P AR EE T, Bl R R A
N, TE TN, ARAS R AR TSI FEAR . AT By, fELAGER BE T WLIAT 8, A B )~ S HOR AR, 345 3 1 ik
AR FNBLIE S BT A [R] . S50 B, B AR B RERS JR 7 B9 — B S 20, B0 R A S R AR
F 1A 5%, (BAEAR T BER BN W1, BB T 0 B8 38 o, 52 mapBie s i = o 181 9 MRS AN [) By B (ELTH A A%
BIBE R o di 9 AL, AE 100 m/s A, AR S B2 TP 304 52 B2 e 5 BEE 2 0 9 52 &, By,
R, 0 G R o JRE AR R ) B g, A A A 5 X O R 3 R T A

By, H By, 2350 A A B U P gk ARS8 ) T ) 89— B 5, 5 8 MBS BOML, BT B
M YR 5 AH L o A X IO B B Y o AN TR] By, F By (B 00 BE SR I 10 AL 11 TR o BEAE By, (51
By, ) (RN, AR S iy B2 BN AN, AR T4 i o T )3k AR R I i B vy, S IR (E ) 45
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1.6 T T T 1.6
1.4} — B, =48.0GPa 1.4
—— By, =58.0 GP.
12} & ‘ 1.2
~ —— By, = 68.0 GPa —~
n 1.0f % 1.0
g £
< 08 < 08
2 2
8 06+ 2 06
g o
04t ~ 04
02+ 0.2
0 X . . ] 0 . . . ]
0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4
Time/ps Time/us
[ 8 By, W AHASH BB AR K19 By, X ARAE R EIE A9 S
Fig. 8 Influence of By, on velocity waveform Fig. 9 Influence of Bpg on velocity waveform
1.6 T T T 1.6 T T T
14+ — B, =78.0GPa 14 — B, =02 ]
12l — By=T73.0GPa 12l —B=12 |
=~ — B, =68.0 GPa — B =18
w 10} Y 1.0 i ]
E E
< 08¢ = 038 E
> z
3 06} 3 06 .
2 2
0.4 0.4 R
0.2+ 0.2 R
0 \ . . ] 0 , . . 1
0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4
Time/us Time/ps
110 By, XTARAL R EEFIE Y500 Bl 11 By XS R EIE A5
Fig. 10 Influence of By, on velocity waveform Fig. 11 Influence of Bﬁy on velocity waveform
hJ
4 & 1

T 4R B R R AR SR 0, ESE T B WAR AR Bl ) S R, 45 G Hayes 22 RS Jr B2 A0 AR P AH
75 By 1 2 R RGT  RH R 4 S B R R EAT TR, AR B 458 .

(1) 38 3 A 45 52 50545 ) T AN [) B2 B2 0 B A o S 3 T 5 A B 0 e 2 20 ARUAH A8 5 201 e T o
FTHT 5 853 1) B—y FHAS X 07 1) 48 1 2 B35 Bl A6 A o JE2 32 R 38 0, A 676.3 m/s B1] 636.8 m/s WgAG /)N, X o 1)
JE 71 M 7.62 GPa [%{i£ % 7.11 GPa.
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Dynamic Characteristics of Phase Transition of Tin under Ramp Wave Loading
CHONG Tao, ZHAO Jianheng, TAN Fuli, WANG Guiji
(Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621999, Sichuan, China)

Abstract: The dynamics of phase transition of tin under ramp wave loading was studied with experiment
and simulation. The ramp wave compression experiment of tin was carried out with photonic Doppler
velocimetry (PDV) and compact pulsed power generator CQ-4. The velocity wave profiles obtained
experimentally show that tin undergoes physical processes such as elastoplastic transition and phase
transition in the loading section, and the phase transition pressure is about 7.5 GPa. As the increase of
thickness of tin, the characteristic velocity corresponding to the onset of phase transition decreased slightly
from 676.3 m/s to 636.8 m/s, and the corresponding pressure was from 7.62 GPa to 7.11 GPa. The Hayes
multi-phase equation of state and non-equilibrium phase transition kinetic model were employed to simulate
the experimental process, and the numerical results can well describe the physical processes such as
elastoplastic transformation and phase transformation in the loading section. The calculated results revealed
that the correction of the bulk modulus with pressure needed to be considered under ramp wave compression.
The influence of typical physical parameters, such as phase transition relaxation time and bulk modulus, on
the velocity waveform was discussed. The results show that phase transition relaxation time and initial free
energy mainly affect the velocity waveform in the mixing zone, the bulk modulus of the two phases affect
the velocity waveform after phase transition and overall velocity waveform respectively.

Keywords: phase transition; multi-phase equation of state; ramp wave loading; tin
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