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WERERGEHEFHTRANELNENE T BT A B FRTREMA, XRTE
58HRATEARBDS FUHARRETGEEREEERMNE UL EL2NEALREINEX . A
b, U FEEH-BE (p-T) HENRNFS B, ERTHE AN E HAH BC8 £414, I
BTedE BEERE XA EFH S FENRBRRERM O F ik, EA TR TEEM LN
SR EAANTEREXENNELT SN EBENERAREN, WX BC8RW S HFREK.,
EARRER, SAEHEFOTANERNARBRATEABE, AZE mBEEE LARE.
M EMA LW E DN ER P E . B, BERE S ST F ER T AR A B AR A 8
B, WM p-T-path HE 2, Z TR A Hm & TH M A LR B AR RALE M D B A
RETRARRESE

KRR B B A AR b R 45 AR 45 4 W B kR fh; BC8 AR IR A Bk

FE 52 S:0521.3; 05212 MRRAR RS : A

ik A sp. sp’. sp’ S5 2 B aEE 7 5, WIIE A B L S RIA L B I Ak RN G E T Ak 5F 2 Fh S5 A A
ARG TER L TR TR W s 2 S W, (R Ay e e A AR A s A% R R R R
FHES KB 58 1 FE AR R U,

AT BB B2 5 B A8 (inertial confinement fusion, ICF) . 5 FEAT LS B, k& A T-Hu 3 £ 45 5
e ek e PR A AR FH R om PR 0, RE R il E R DL E ik R AMT B R ) mT e K & 2, e
AR BT AR 3, Bk AT RE LA BB 40 fil 4 WAy L VSl B85 @ WA AR AEAE D0 G WIS de R, ZER R+
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FA AL IR B | F -4 iz e TR % B 2 Sl e AT R R R 43 )2 L IR A | ) TR R 3 A
FE ICF 2 & v, 5 % B ik sl 4 WA 2 B 20 o 2 M kE, b i b . s B | S8R AR AR A T 8
S el 8 I L ST RSOE P A R A AR D O PRI, B A AR e R AR T I 5 A T A AT O AN AR B SRS
PyBRIn) R, 5517 B R R e i 2 R B A G

SR, A v PR 4 T e 1R AH A2 47 8 AN BB 58 4 -4 28 5 7 - 1R B2 (p-T) AR A o i 28 R 4 S 9
TERP B /NI ROBE - 422 30 P A B A48, 0 2 25 6 48 552 390 00 9 20 v oy Hugoniot, RHE R4E . 22 ity sl s - )
AR A p-T #1725 (8], MER A2 Wi (8] 2 S g RD 2B iR 1722, e — B [ RUBE N, A 552 ()
W sp-sp’ A HM KRB . S RIA B S RA A ST RESZ 2 8 15 4 | TR T iR
MOBM 205, DRI, S 30 UL 2] () AR 25 A AN AU T B AR p-T ARZS A, B T3 g6 42 | RS Hi
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B I 18] LA K32 Wi 5 AR of 465 49 K HAB R P 12 W 23 BRRE 0 020 R T aX —Il,

iR P < Bl A5 AR [ i 0 2
TE V-85 p-T AHIE B B 6l b, 3 — 20 51 AN 2 A2 (path) | JE BB AR - I TB) A1 1) T 0 38 B2 4l ik (p-T-
path) o ASCLISPHAH K0 2 I8, Z8ih 47 25 L NI WS DA K BCS B 35 AH 45 FA 72 B 25 TR 40 T 11 i 75

178, T ATHE A Bl 57 7 4 WA (cubic diamond, CD) /75 J5 4: Wil 41 (hexagonal diamond, HD) %4748 | 4>

IG5 RS IS4 LA b BC8 ik IIARAZ 311 712, FE O Hriot s s I i S50 2 Wi 7E Rk (19 S A AR AZ TS i)
ﬁ_:‘);ﬁ o

1 BREISEAEEEG

AR R 25 T AR SR VAR E A NI A AE IR S R S AR AR E M, WA R
T X A A AN 2 B AL &, B S R SRR T RAR S K 1 JRIR T B SR T p-T
SHME . B, RS SN SRR 4 KA 5 AR X 7R B S LS T SR ) B A R
1, g8 3 2EIm R 2R 1) 37 7 /75 T MESRAE OC & NILA i B AR 18 88 . S WAL 5 ISEs 1, LR
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Fig. 1

Schematic p-T phase diagram of carbon under dynamic compression (The phase boundaries and loading paths
are schematic. Results from Benedict, ef al.!'® and Correa, et al."” are shown to compare theoretical phase-boundary
differences. The ramp-compression path and shaded region indicate metastable retention of diamond within
the theoretical BC8 stability field. The HD/lonsdaleite window marks path-dependent transformation
products observed in static high-pressure high-temperature (HPHT) and shock experiments.
Liquid carbon lies above the melting curves. BC8 and SC1 are candidate
post-diamond phases that still require in situ structural verification.)
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i () P-4 AH 81 1 SE el sp® BGOSR sp® A 10 S NI X PR SEE A ZE R Lo 1 R B 1 2 A
AR B S GARUR B A S SRR TP B AT R G B 1B RIR RN, A SRR R EM, BN
A 5 2 () 559 A0 A PG L 38 0 4% 1) Sk o FEBGE A LA L, 4 WA R #0OT AF ReE A  (H A SR
G WA 7 7 5 BT O R S A B I 4%, R AR i 9 Bh Fy 2E R . TR TE MY R IR EE VI N, A SR A
S WA #B T RE DL R I A7 AE

TESE SRS, BG4 WIAR i A8 hy 8 B 0 s 9 Js A WA AR 1™, BCS Rk il # Bl oy 22
F A e A 22—, LS 1) N 1a3, (R DU LA sp® B4, (H DU T A I 46 22 74 7 B S i Lt , 2% B T T 4 W1
Ao BB — PR DB W BCS 7E £ A 7 X [R] He 4 WA AR A . AkSE Tt RS, 8 557 7 (simple
cubic, SC1) . fal #7575 (simple hexagonal, SH) J 2 B = FC v i 4 SR A il BEE ARG 2 X . ZHPIRAE T
FEREALE A A | NI BC8. SC1 SR A AE AN A G —HESRPY, iy J5 4 Hugoniot 5 #1242 115 12
BET S5l T I R B DA i e D A7 ) 6% 380 BT g TS 45 R 1) L, ST R L 465 S T A SR 2
RS2 HEVE . FEIH Sandia F R LK E Z 268 F A X AT H (Xoray diffraction, XRD) 3£ 4
W BB, B AE phili PR 1 Rl UL AR 5 1l 50 =2 1) T RE A A S 3 O 2 Y

VR Al 2 3 42 1 AR T A 1 5 B A S B RS AR 2 . RS R TR 5 sp” AR DG A I 67 T
Ao Bl TR ) Th i, WA A S 4 TS B0 0, S e L A S I DY A R R R . R RS
T AN ) f B JC 7 AR, B BRI BB 5 4 WA A AL AR O, T 584 BC8 45 5 4 Il A A $2 41 Ry 3 45 4
B o VAR, B9 K TR, TR AS AR A0 285 A8 DR | T (57 50T R v o R T Rl S AL, FR U, BRI
VS DX N 1% 75 AT TE 57 3 /I 248 VA L 30 W A7 V0 A Atk LA B B v T 0 T I v T A6 5 FlL 9 A A EL AR
Ao BCHIRAS Z 18] 15 AR R 3% 25258 UM 2 — G-I AR, B R I JE S8 18 .

S22, i 1) - A5 AH P Ay 30 25 A AR B 98 SIS T 0 BEAR AR, (AT P IR e M . & NI B IR A
2 I H 5 BCB I A4 14 3 T2 e o R AH B AN s PE e SR v i X B2 — o 20 22 80 4F X BCS fik
B o Si A Ge BYJG 4 NI AR LA, 58 — 1 T B30 R0 N Sk B0 43 3 7 2R AR RO 9 i 2 I, 7 K
AR FT BT, B SRR A 4 R R 2 TT RE S IEARPR Y BC8 ML M52, B A 4 NIl 7 -BC8-TR Ak —
AH 1018250 2k PR 48 SO % = A B T 800~900 GPa., 7000~ 8000 K 5 Y, {H 32 BR T 5256 hn %%,
2 WERE 1, — B Bl 5200 IE 52, iR T 1 S Bk 14 00O 3 285 TR 47 52 36 T i 52 56 6 3E

2 HTEREERERSICEEE

SR SE LI W AF AR AR ) . FHE S IR T CRRRRS R M 2K AR . R R N 2R K AR A
FERMERBI AR B p-TARS X (B o FOGCIK S by | RHE 46 . B 18] 23 B0 3/477 5 5 AL A 27 > SR
EG IR ERAS p-T AHAS B 53 1 U8 B 9 R0 25 4 642 5 AR AR Bh g 22 2 o2
2.1 [EAEREF

TER R B S 25 MR BR AR T, B BT 7 SRR o 8w o JR 45 6 RE ) MY Hugoniot 3HUEE TR THEL,
TE 7 . B B RN RETE it D [ 17T 775 5 2 Rankine-Hugoniot SFR 6 2 o X TFRE 75, B il 72 10 {32
76T Bl A B RIS X, 164 0F 9T 42 NI 1AL . RSB 45 K I 2 42 i A 62 ) S 9% i, 3R U T 4
1 - AR S . 4 . S A BT Eh S R A T — B TR BT 1 PR A . e SR SRS A 1 6 A 2 T, B 5
Hugoniot 5 ¥ 5% Sz 5 58 A8 AL AR MENS A5 5 ME — I3 R T 2 — AR AR 200

M R 48 W0 388 o 3% 2 /N R 48 I 2, 3 A bk 3, AR SOV R SR B AR AR R IX . S pp
A EE, B B AR B IR R AR . AR SR ] 5 Bl A WS A AE R ) T AR . R R 4R T LR AL i %
NS 16K T 75 4 e PR R X, - T PR TR MR L I ) T 1 A R o 0 - T E R A A . AR B AR
SRR A 2E R AR RS Bl ) ] IR SR T B

Mty /2 i AR A T LR P 22 8], L SEARUR I 2 — 18 wp s U 00 1R R TR R PR A, P A
Ji 2 wps PR 48 R i 6 AR R B i AR I A X DL R IR Y p-T X3 () 2 R v SR 2R
T 507 2% I 5 R 25 R 245 1 BAIRJE IX, T R % A PR ] L SRR B R A% sl 45 A I g e i )
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TR o A — U S H vh 2 D EE A A 1 o i R, R PR A U N B i B B T S . X ICF e o
BB TR T 7, el P 47 ) S0 2B A 5 Ll B MIAH S D7 s s DTN G o X Wl A e =, 52
A T R [ I 24 SRR ) A8 A6 ) Hugoniot, i B2 1 52 S5 25, 5 B RN B3 A7 IX | A S T g
) = AR BRI AT

BNZ, AL 2 i, B 32 AR A i LA TR R AR S A, R TR A6 TS 6 v T 445 [ AR T
Rtk AR AR T B X it /2 s ) AT B8 52 A V8 WA S 46 WA AR URZ 7 11, T ) 28 o i v
EBEE A LR NANEEIE = AT SESE P NL D VA

10 000
Liquid carbon
8000 [ Diamond melting
BCs mcmng
6 000 mp P2
X
& —
4000 /2 —— 5 -
,—"__—_7_’—.,‘ BCS8 (theor
2000 5 Q \\s\-'\scm\”OY"L pott ( o)
Diamond !
i Diamond-BCS§
0 1 1 1 1 1 1
400 800 1200 1 600 2 000

p/GPa
P2 BN p-T X A Sh A i gk 278 B8 (i Hugoniot AL S54H
RRM AR S R s TR et S5 (VR o N 2R SR Jy o s Wy 2 by
AT R AR K, #E— 2 0E ASHREL BCS BB RE X, )
Fig. 2 Schematic diagram of dynamic loading paths in the high-pressure p-T region of diamond
(The shock Hugoniot and quasi-isentropic ramp path represent typical directions of high-temperature
shock loading and lower-temperature compression, respectively. Double- or multiple-shock loading
may proceed from an intermediate state toward liquid carbon or the theoretical BCS stability field.)

22 BEAZESHETHE

SN2 T 4 S0 0 3 0 AT 9N RD T IR B I T T, BSR4 T R SR Sy L B . SEM R T
PEBT I Rl AL o 27 KR 2 — 155 HIBT A AE, 25 5 AT 4 B8 AR | HL 0 07 L 5 B2 S50 N 45 4 A 8 VR
TE—E o B AH B b G AR S B0 P B D SR L TRLEE | ' e By 4 R E AR e [ PR RS

AT 7 S S 1D T 5 4Y (velocity interferometer system for any reflector, VISAR) 2 ) 25 K45 1 20 oK )
LR EEW T HZ P, Bt T kg0 sk A ek 1 e i D s, AT ES A BTV G | R A
T AARBEALL B 22 AHAR A T R BCTERE i TR 7 L 9 EE R A AR Y TR O s o R ) e B AR A R BRE R
AAAE & A B0 BE B R 0 TR HE LR, A5 2 5B | SRR X XRD 25 R 455,

T 12 W3 O 2% SUHR 5 =5 IR T (streaked optical pyrometer, SOP) o 2 I 1 B4R S0 & 21, R
BE S X A3 ¥ 4 ol A0 RN v T VS B AR Y 2B e, R T I S A | TR A 4 JE Ak N A WA -
BC8-YE AWk = AH R 0 @I Ry e, SR, ShaS RS 52 B A0 3 5 DRRL IR BERS B2 A A X R
FESZ 2 PR, AN BE MBS ) 2 A A A A B B A R

S BRI R ST R S AS R AR T MR B PR SR A2 WA At T BUBARET o X TR, SRR
R IR RS IR 6 & AL L T B A S BR CS e i R WA v AL BRSO SRR LG L R
JEF- 5 F1 Hugoniot 5 4 [F] 44 B AL IR 38 % 1) — 38 23 U340 HJE, SO SN2 450 F 40, el 2% B 44
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hn. RECHAL . SRS AL AR AR R S B O B AT BE RS A . PR, SOSR RRE A S e
TP AR, FIANBE B3 X W HE R S O 25 AR R — AR SR A

TEOR S S A WE 5T b, B[R] 43 3% X 5 2647 5 (time-resolved X-ray diffraction, TR-XRD) & 18 5l il A& 2%
Fa RN A G540 B GBS W 202201 BRI DA A3 85 SE T & WA L 75 T HEBR AR SC 45 44 Fl BCS i 1E I,
0, AT 368 o VA HCST 285 4 R D Ve MR A B 1) Ry SR 45 4 . Polsin 457, Werellapatha 450% JE 38 [E [ 4 i K
2% & (National Ignition Facility, NIF) & & /) Z Il TR-XRD i AR, 7£ [F]— W2k J7 1a) 1 3%45 T 4 A0 [a] it
24 2 ns B4 H A ZE R Ak 0 Sk o (R0 4 53 6 42 WA X T0ifif ( diamond anvil cell, DAC) 2544 F B8 4
ZER AR E G5 B X B4k B i B T30 (X-ray free-electron laser, XFEL ) M 3 & 4/ 2 wh oy 15 455 HP (1 %
AZERYEI S RS X BFLR LS . P X T2 WK 41 45 #4 (extended X-ray absorption fine structure,
EXAFS) #1 XRD [ Debye-Waller 73 #7 i iJ LU SEAA I BE LYo . 76 8 A TR 47 S50 b, BE Al B0 AR BN
PNARFF S AL L G Sk HRE i 0 AR R, AT g T BRI 2R | ARFROK N 7 L IR R T A ok 2 Ak T
T SR B8, DRI, 25 IR ATD 55 45 G 0 R AR A R

i, HA 24 VISAR, SOP. & §f 3 il XRD/XFEL 7E [7]— 48 i 5 oA 6 R B, A R WA 5 7
R B B] 2 AL T AR L ISR . BCS RIS Hy ik 2R A s U A

3 BAE M ARAS

LR 3 3 AN Z 0 e sh A sk b i a5 #1285 . Fa A K146 A1 4 KA A Ea v, I LUK 56
AR AR 52 WiHEZE
31 AZ=FENAMAFENA

A 55 B 4 WA B AR AR 2 A 1 rp B U A B S A AR 2 — o P A LSRR TR R spt BEAY
SN FE sp? S I A SRR . A S EAT BRI W 2R EEH, )2 C—C e idng, J2
AHE AR SS; U o b ingnss, J2 R BE P He 4, 2 A1 A L S48 . 5Y U0 RN BB E HE HAR AR g RD
K RP I [R] RUBE N S8 . A 2 30 4 WA 9 3 A8 G AR R 2 B Al 58 B p-T AHFL, T2 B w0 s By | o 5
BE WA )2 )T AL B S R2 BT ] 1 11 e (]9 ] A P A S A R R

T o S 50 IR SE, A AR AT A bl TR 4R R AR A NIA, (E LSRR 4R T 3R TR
Ja sk R RAE S, MELLHE R G A BRI 4548 o JRA7 XRD AR AR 73k — Ry TH . Kraus S5 AF BN
T 8 A0 T % B A i 45 7 #4 B} 52 5633 ( Linac Coherent Light Source-Matter in Extreme Conditions, LCLS-
MEC) F i F R X5 26 ik v 0 0O vh i 46 A 25 (20~230 GPa Fe I3 Bl ), LI 2 94 #0 RUEE P
75 4 WA S T MEVRAR OS5/ AT S 5 o /ST MERAE 5 2 BUAE Y o Bl 48 09 #4255 R
AR, U W) f ] RS2 B2 A% 5 ) oo AH AR P )

Fifi J5 , Turneaure %599 FI A FP 9% )5 437 XRD A58 T W ¢ il oo i 4 19 5 B 1) $4 i 47 55 (highly
oriented pyrolytic graphite, HOPG), 7££4 50 GPa J& 77 XL 2] =5 5 B ) LA 3544 1 A% 1) 75 7 HESRAH OG5
5, H (100) &b 05 A A BE T AEAT, R WIS I MEVE AT VR S 2 IR A7 SR PR 7E Bl 2 28 I 48T 0 B ) 4k 7K
F7¥) o Armstrong S FE— 2D I ] 43 HE 4 R B B RP R, 7224 80 GPa 119 PR [T 45 S 40 v, WA 3 =
FE LR A 7S T7 G WA G546 T 7E R 456 )5 29 20 ps INTE i X Se 45 SR o8 800 - S IR M % A2 P,
{ERRESAIE DL B TR ARG F . AT i 2507 G R

IR AR 285 44 [R) R He o = D e . Volz S5 BB T AN [R) A A S5 7 oo R 46 T A9 SERT XRD i 7,
&I HOPG TG J¥ 55 JC A H 1) #4428 7 AT bbb B, AR WS [R] 04 4 W 5N T MEBRFRIE . &
JEE S I iy 90K A B 25 B O B IR BRIk 5G 2R 9F 7 R SR AR 7S O e A, BCT] T e B 22 4 A S48 1] T
YK ST A WA o X R BB AR A B vl R AR A W B R, T BRI 4 AT ORAR SR L ek g 1) R
MITREFEZ AR LD o K, A SN G RS — R ik, B 75 25 AT IR R | whidi gy
] FI JJARAS, 3K Sl 2 0 34 5 7R Ay AR M (9 AR 5 4 B 22

Chen Z51) JE T 55— i BRI 25 119 42 Ja i 28 D 2 ST Ji 1 433 7 2 540, 15 3] 17 ot o 88 4
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B EEAS ML o AICER B whoks Sk 22 181 ¥ B2 B8 1 #50 K A R A], A7 88 2 T 52 i 7] 37,05 4 W7 ABCABC HE
ST RS R 1) 6 B o s B ph e R, PR 4E DL W RS I R L, IR R R ) U R B AR I ABAB
R OITHERELER . 707 A WA 525577 4 W47 (HD-like) 2544 4 35 v ph 98 B0 E 5 fm 26k s 1) 7R i e it
AL o X5 B A B ¢ il D AR T ) BN O A SR S i S R A — B

B, AN T5 4 WA (25 A6 I Z T 4B . Németh 2504 4 31 R Z 47K M lonsdaleite 1Y K 2K 8§ [1]
WSO it T LA S A e R A RN AR A I S O A WA, TR — g R S KRR T S 7 A R
Mo JESEAFTE R, o gk T AR 1975 05 5 45 AT R ST /7 T HE VR SE R B 4 NI - SR AN
KA A 45449 (diaphite) ™, 3 #0157 RIS FH T 2h 28 50 AT 5 245 21

I T 2 0 S 1 Yl v S 0 Sy 3K — [ R AL TR A G R R A R SR R R A B
HEZAET, o R 4 A S8 8 A B8 A T8 KRR A e EL AT [0S B4 7S 4 A e AR 6 467981 o e 5 6 (1
A TE) RUBE . $g s RN, S RS 5 e R 4 A [R), (] 350 BH 22 bR i S A Ay B ) DG 2R L ] 235 4 A )
FHE SR A S5 7S GRS AT S RRIE 2 e A 7 A

JSRENTTN=INVER:: Fo P AT T haat /) N B DA A R oY £ S i - Py T Y 2N 1 SN /S IR i Py
] NSRS FIS W 8] o 37 07 4 WA 52805 07 4 WA 250 10 38 4 AR bt S i T2 A0 S L JR 380k
CEE= R S NS DI S W
32 sNABK.BRERSEREHK

A i 5T 4 NI B0 Al B 2 B A T Th e 5 2 R Y R iR A — o SR B AR TR
R 85 00 R L R P T AL A AR N [ VRO AR X, B2 W AR XE 4 A RAE . Hugoniot B4 29
FE -5 G R, SOP sl A 5 I 2 24 5 o o T B, e 339 3 A A 3 /R 5 i M o 5 42 B 4k, B2 XRD
DU A R AR 8 A | [T R LA AR R A S ) 5 T B

TR RS B o o SC G o A WA A L BRI T BB LY . Hicks 251 F1 Knudson %52 43 51 3 i 9%
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Fig.3 Schematic diagram of qualitative kinetic-barrier landscape for post-diamond carbon (Direct diamond-BC8
solid-solid reconstruction crosses a high barrier, whereas a liquid-like intermediate may provide
a lower-barrier route to BC8; over-compression favors SC1 competition. The axes are schematic,
and BC8/SC1 remain candidate endpoints requiring direct in sifu structural confirmation.)
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Phase Diagram and Dynamic Transformation Pathways of
Carbon under Extreme Compression

SUN Liang', CHEN Zhongjing', XI Tao', YANG Xun’, YAN Ji', YANG Jiamin', ZHAO Zongqing'

(1. National Key Laboratory of Plasma Physics, Laser Fusion Research Center, Chinese Academy of Engineering Physics,
Mianyang 621999, Sichuan, China,
2. School of Physics, Zhengzhou University, Zhengzhou 450001, Henan, China)

Abstract: Carbon exhibits complex structural transformations, melting behavior, and electronic-property
evolution under extreme compression. This behavior is relevant to carbon-rich planetary interiors, the
dynamic response of high-density carbon ablators in inertial confinement fusion, and the formation of post-
diamond phases. This review focuses on the dynamic phase diagram of carbon. We summarize the
equilibrium reference states of graphite, diamond, liquid carbon, and BC8 carbon, and discuss typical
dynamic loading paths under shock, ramp, and multiple-shock compression together with their corresponding
in situ diagnostics. We focus on the graphite-to-diamond/lonsdaleite-like transformation, diamond melting
and liquid-carbon structure, and the kinetic accessibility of BC8 carbon. Existing studies show that the
phases observed under dynamic compression are governed not only by pressure and temperature, but also by
loading time, stress state, initial structure, and diagnostic window. Therefore, a dynamic phase diagram of
carbon should extend the conventional pressure-temperature (p-7) description by incorporating loading path,
leading to a p-T-path representation. This perspective may provide guidance for experimental design, in situ
structural diagnostics, and equation-of-state model constraints for carbon under extreme conditions.
Keywords: carbon; dynamic phase transition; shock compression; ramp compression; diamond melting;

BCS8 carbon; liquid carbon
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