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1.1 SERMEZERIERR

X B B AT (04 )20 e v P A, XS R AR R SO (R 7 R BB R A I AV T 285 eV
BHEXT LT 1s B s ASERIERFIE W 25 K 0 (00 T g i ek 55 78 2, Ut A SR B B 7E 1
TRAET sp* Z4bi sp FACBEAIEARD, S —J7TH, AN 0 R AL 47 2 6 RE AT 700
BT AR IR O8200 SR AU S AR A T R F 50 A W 5% B B B R T ) N A
A B O 0OY; TSI ON TR BT YN 7 1) S R SESS (uniaxial — compressior)y, H U R IEAE R
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B H AR T 5 7S5 T0 5 B R 0 R JRdk sp® S5 RIITE a20. 211, 5 RIS BB A
SVERAEIR )R RAE T BB, JEAANE B 1R 3 B e (R A i PRIE 3 33 GPa B
SR NFE R ECEEIRES, X EWRE BRI 1T H'G S ) A8 0] B A
EERUR: EERKRIREE T (AR ACN R IEA D, BMEEJumiA 107 GPa, BEHHK
THRFEA B HPIRASR, Al X ndt A7 16 v R SR A7 F dama 0 1B 0 R I, SRR I
L BEL B 77 AR AGTE 20 GPa 2o 43 BB T — AN S Pl 2 JobE o6 15 36K, Fa B Y 35 4
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(221, b vy s S U 2 A Mt 9 1t B BT DI R J9RE 225 (2 JE BB IR AE T 77 R 1 sp?-sp #2732
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Fig.1 (a) In situ high-pressure XRD of GC. XRD patterns of GC at representative pressures during compression up
to 93 GPa and decompression to 0 GPa; (b) Position of the FDP (circles) and SDP, (squares) of GC as functions of
pressure during compression up to 93 GPa (solid symbols) and decompression(open\symbols). The dashed lines
serve as a guide to the eyel?3]l. Copyright © 2020, American Chemical Society;
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NSy FERE R, BRI 198 GPa SRTG DU THIAATE Ml (£ 90% sp® #8) fEHE)S
WIERERAEREIE, MAEEIBEIKE 9 GPa LURN B AR R P rak, W2 K5
PHS TR IR A6 ) B F B AR LU 25 A S NG 230, EAS — 4202, Bl AR 7R 11 B 3Bk
NETIRAR, FEASIIAE FEA B2 B AR INEZ 145 GPa, 2 Jo F3%E S r B X (B USCRE
EERATIE AL, RIFE S X IR OWERR] sp® S Ekm M Ui dE &k, HA Ak
e P S 3 s 70 A e B R T e 7 Bh 3 e e v IR L AE 2 IR N ISR &I S50 5 A8 AR AR 95 &2
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2. EREETHRERNEHEITRETL

WIRTFTIR, TEA AT, BRI M AR R Ty, 3 e Fe AR A 78 B A FR
T, ANRECRAF R . W R BB ORAE Sl = . T il DU AR N & NIA il 18-20 GPa,
2200-2300 KO 231, s HAR R H AR ik-SRA AR (25 °GPRay21050-1150
°C) P4, REmIEIRBEAREE. KPRk, SR EFERT AR, T
PUARAT 208 TR R AR AR R SO B A RS 18 B T 5 T R o\ DRI i) [ 408 B T st
VU T A AR S R S S A NI IR (R 1 MER T A s banaii . D . IR
W R TR A

*® 1 EGEEIER. NEAESREIESSENAMERFT KRS, MR
Table 1 Synthesis conditions and properties of compressed glassy carbon;tetrahedral amorphous carbon and

quenchable amorpheus diamond

Synthesis conditions  sp? frdetion Properties Ref.
Compressed glassy 5 GPa, 1000 °C 9-22% Opaque, high elasticity, [26:27]
carbon 25 GPa, 400-1000 °C hardness 10-26 GPa, quenchable
Tetrahedral amorphous 58 GPa, 728 K £ 50% Translucent, obvious G-band [28]
carbon dispersion, quenchable
Quenchable amorphous 40-50 GPa,~ 180K  nearly 100% Transparent, bulk modulus ~ [2%]
diamond 378 GPa, quenchable

2.1 MR T A R Aa T Tk

SR R A s AL Al e e S 36 R IR BB B A 25 GPa 1 400-1000 °C N A8 Bt — Fil
SHEFL wa b S AN iy PR B AR AR A, BDRZABEEE TR (compressed glassy carbon) 261, 4]
UGB E Y N s ey e s R S = e = I S S R R A N = R A U =T = e
BN o FRARTRE R R )5 T S5 A OR B T BB I — L S M RRAE, (HR S TR T S A B R T
JUF A Ebspy e &, RSB A — LBl spd B BEA BUEE M 400 °CT &
1000 °C,$p> B EM 9%ZH T B L 22%. J548 7 FEHR 155 A S ek 5 40 SR A .
TR 4 IR AE 9K e IR S0 rh 52 0 R A s R SRR, JCrR, 7E 800 °CAT 1000 °C N A Ak
(PIRE S B2 A Ik ~26 GPao UBb4h, T84 NIA X THURS A kAT (1) He 448 S 56 3% B 46 B R Bk 1) LU ik
J& 5 1 AT LAIA 4600 kKN-m-kg ™", BH S i T4 WL 1) 462 AN g B i 26l

W R, FESRE 77T I iR R AL B AR B 2 U B B A PR 2T 3
BRTE 5 GPay 1000 °C FACER S5, HRZE50E AT DAL F] 2.5 GPa. A EHEE 10 GPa. #% IR &
Ik 60 GPa, X&) 2EMkREAR R & & THIGGB N . WOTRM K U FREEFRAIEER
BZFE R spd B LKL 10%. BT AR XRD i, sp® SRS &K1 IERAR
PR SO R g B iR L, R e DURAE R e a7 T I — SRR AR B A N A

R S) (5 GPa) W] DAE TP A = R AL S8, BRIk B A R R A A = (1038 77 .
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Ab, BIR—RONABEEIR —MASIE SR TR A SRR, SEES R W] JRIHRAE 5
GPa. 1800 °C'N & #A8 )y 1 807,
2.2 WHEHEHETAIERSENA

HRGEA spd BEA IHUREE SRR — B oM R K HIE SR . = = s A AT
BORFEN S R TR T BAE sp? BEE SN IARIER DR, (HR 1% e A A
TRGEAFAE . K S NI TV Al 45 &SSO InFA B S50 K IR IR LE 40-50 GPa F1Z]
1800 K 56 T3 AR B T — ] LR sE B0 R AR RS RL: SRS &N
(quenchable amorphous diamond) 91, #EG Gt FEH, WIAHANE I () BEISRAE il £ LT 49
GPa N44) 1800 K HIBOGIMIE, HANEWLIRA, HAZAE 7 58 28 R 5 AR R FRiZE ]
RA, YA CAORAE B e o S5 200 BIWORE il idh A7 IR AL [F PR S XRD - RAE (& 2)
RIBFERAERER AL T~1.7 A — AT e vl o, FEMIEE — A e 2467 T~3.0
AV gRERE, HAEETEN 0.63 0 A, SRR AT S0 2 R TE Bl R IR B
TR L R ARG AL A SRR, 5 ot A D G e ) WU T A D) 24 5 ) AN UHEGR  t FR k
K A FREEIVRIEEER, H~285 eV ALK ax WESEATHAK, UL NIRRT )L
FeAsE spd ARAf. PA RS RER UG B R REEE AT R S 5 R S SUBGE NI — R SRR A
sp SEEEE, DR a2 oy AR RS e NIAa R,
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Fig.2 Left: Synchrotron XRD patterns of glassy carbon and quenchable amorphous diamond; Inset a: atomic model

BN R TEEN; I
AN 2 HEE S LB R
of amorphous diamond; Inset*b: microscope image of quenchable amorphous diamond; Right: HRTEM images,
SAED images and EELS of glassy carbon and quenchable amorphous diamond. Modified from Ref. [?], used under
CCBY 4.0.
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C-CHKRAETRESL. WMEmITR K U TREERKIEE T DTS sp® S8 L
2] 50%. IXEeGE TR TEA B m R DR SR E T, oS BB AN S Rm
Bl spd BEMDUEPRIE SR dhAh, TEEE S WA TG A S NIA G T E#H T 3R
TEREL (ring crack) » Ut BHENIA G (ESCIG I FE R & 1 1 Al B JRR FE 3 [B] 22 1 B
A R DY T AR SR B AR AT BE AR i 5RE,  A SFEURRE AR SZ AR = I IR

X i e RS A XRD B Ik — B AR, BRI iR = IR R4 R R 2 A G R
A GERIEEAR, M 728 K IR Kk — gk T 45 AR . bk, TEiRIR kA T Y T AR
ek AR M. WG SCATIR, EE SR T AT LAZE 81 GPa LA E3R1G sp3 LAk m ¥ DU [ 4l
Emi, ERZE TR EH K. M5l 728 KIiBKJG, EEKKES (58 GPa) T
PR T MR R E RS AR A LB sp® B8 DY ARk ik

BAVEL 5 T30 S A — D0 7 SR A B AR A R A E . IR K5 R T4
RA T, RN sp> BEEIGM, R KRR 7 AR, AT 1 1 4 A
KA IEFH RN sp> SRR SR TR T omb R, HA S ARFHE S s mtk) H
L EE I AREEE TR R T EHE, MR PR T SR RO R AR . B
K, SRR g(r) WIS —IERRE IR, BWRE C-CNERBE TN, M
IR RCE R T BRI R e R . BRUTERY, 2 1500 KBS RARTINERREREICT
£90.1 eV/atom. IXFEE R BRACAE A R 1082 2 M 0 8 3G 0 ARG SEHLH TR T (ARSI,

IEAk, XFHGAE 1500 K AT 1000 K R KRR, KL MURE T A RIS spd B
BIHEH L (00N 92.4%H1 91.8%) , SRIMEI IR sp3 AR e MAFAE R 2 5
EIEJG 1500 KB KHIRES S sp3 #85 L 79.7%, 111000 K B KHIFESH spd LS EL
68.5%. IXLLsk Ry R AR spy M O R R e e R R . AU,
AR GRS, A EESRE SRR S sp® B A

3. BESYRNEERT

e R AIE TS s (8 — M D P O 26K 22 e i IR R 8 3 A I A R A R S
ChnE I8 Sk RE R L L5 8% 2 T A AT PR i k0235, b, Tk
TI P A FNAERE U G WA I i, AR FRUE LSS R B, RS E T X e e B
MIREARIEA, TR BOXPEREETEE F I o w ONTER IR i, R T e . X
SR RE VS SV 22 9K R B A R A T B DA B L v R SR R o AR /N4 L A R e
A BRI AE i SR AABIRE S AR BE 05 7K A DRAE SR < WA 9K = I e B AR
(st AL S sy 1 3 (A P2 B VE AN BRI AE i T vt L5 1 19 sp?- sp 638 R SI B vt [ A5 0 I
TRAEH = AR
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PRt (1 O S5 R R AL e A AE KR B PRSI . ol T AR S A A AE
W S (P22 IX e AR ALIAAE X S 2kl b7/ M U S8 2 7 AR R U 5 5
Bol, IXLE LR A H A EE N, R ARSI B X, AR B BRI
TEREAWEBPUETE (4 100 em?¥s) o BATRIAIELLE R X L/ MA U BORBT T 7%
T T SRS ENE AT 38, FER T, BRI/ NA X B RHUN G 0.1-0.2 A1 b3k
DU — AR EU i, RUIHALIF Y BEARZ N 15405 nme HFEAGTA UL LS
B, MEZEZ 0.3 GPa (/) B 1.3 GPa (ROW, /MBI IVRFIEIE 2 B2 g5, &
W et R OB AR 7 T BN T B R A R FLIRIGT 381 WIS R B, AR R T
JEEAET, ANMAEESE 0.6 GPa MMKAAGRRFRE, HERR T FLIRERURE 77T 53408 1 m] g
Al“i[37] .
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PR WL AT R S i S SR KR A AL, DA EAT KB 2R A2 SR 5
), MRYE XRD MIE5R, XA B A M I TR Z08 0.37 nm, BIR K T2A0 T
M EL42(0.26 nm), [AtL, JZ [ IR W] BE RO A HUH L 25EIE. N 7 IRIERX — Rk,
AR DTN, S BIEAEAT TR R AL XRD BEFC. SiAREN], BRI e
T (FDP, X RLJZEERED KISy 8In e ) m A B s, HRgiih 25 Tk 2%
PP e 8. X5 T AMUREBIENAT AEIAAE . £ A T, R TR T
AR > B H S 4, P B AT AL EAE IS ) R LP IR AR 401, [,
XRD Hfii I HER: 1 20 T REHEARIE TR EF R, )= (8] A2 B <Ak
PHUN EELEIE . B2 AR, AR R 0 I B e A A P R TR S ONERA
To P W R BRI B SR (RIA 2 kAT o SR Tk, 1 — DI AL e N i XS 2R U
SRYSUESE T 28 O AR S AR ERAE R I R RIRE R AT R el Ba@ v, M 1 e 0% 39
AURILRAE sp? AR RRAA R P IR IS S
3.2 FIRmEREEARER ARSI EMR

H1 T IS 7] DA 2 e s AR AE BRI A (037 1 A B 28 B N BRI e PA) ) P )
AORALTF A, FAE IR B T SR 9K s A . H A SR 8 Je M e ks
HARYITUE AN BRI AR AL, Bl 5 0 il 5 sp-3p3 B0y R B A2 2N
KGRI, i e SR B ERA . BTSRRI AR, SR
e 2 BB ) s 5 T I < WA P A8 AR AT T R v AR A B 7

ARG REd, E ORI B, 740 49,0 GRa f1 2100 K "M BRI AN
BN, FECT B RRE R SRR S A AEPE RS XRD 0 [ISORE AT 3%
ik, ZERPREAE 0 45 R el 5707 B WA AR AR COR T JE A AR AL, - B H) S s H E0h
420 Ao MRAEE ARG TTREIE S AZRE b N B8 SRARIBTEI S /02008 22.0 GPa. HITREMCZ
MR IS hl rRECH BT DUR & S B S At — DT IR AT L. B 3 oF, RETE I
AR B N P R 2 8] A R ORI B R B R EARA) 5 nm
P10 ] 245 S e AR R AE K e P B A bl PR s Ay B I A 4 7 7 R X R AT SN T
ST O ST 5 R R L AME R R RES o BEAN, T REEBURIEAE Ar Ly JDWINE 1 iR
RIILILAS IS, 5 ST RRE T B IR L o AEAN RIS 70N HEAT RO WA 40K IR A
(5 s a0 R Y, L A A R B TR D B R T KT i Tk v, AR PSR & o IR
A DAL AR Rl s 7 okt < I K v T i A 0 ) PR s AT AT R A . b, IR I
AR R A A T PR ot RS R B AR A RS E AR SR IR AT — S S L R B 1
RN A DI o B S Bl
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Fig.3 Characterization of high-pressure crystalline argon grains in NBRCs using"TEM-based techniques. a,b,
Distribution of carbon (green) and argon (red) elements in NDCs obtained by*EDS elemental mapping. c, An EDS
spectrum collected on the entire TEM sample. d, HRTEM image showing a high-pressure argon grain (green square)
embedded in a nanocrystalline diamond matrix. e, FFT image of the/mdrked region (green square) in d. f, SAED
image. g, Ar L, 3-edge EELS collected on high-pressure argon grains, obtained by averaging ten spectra. Reproduced
with permission from Springer Nature: Nature 37, copyright'(2022).
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TS SR s IS ORAE o HH T B PN bR AR dir i . A SR S5 B AT AR R AT TR
B il H AR AT SR A o LAY 2] 70 ORI R A, BATTRA 1 R TR BOR AT BT SR 1A
(] 21 DA NRBUR 5, 38 I R B S 1) 6 ok - < N R AL Bk 22 J= VAT DA i R A
X HHEAT R FE AR T, AT D 0 38 5 A K RORL ) W AT oK A . X ke
At BT BT TR W], RZ1°56.0 XGPa T & KRR bt DR 1 R IS e gk RhL,  HAR
B8 < P it 1 ) 0 R DA ASRE L e R RORE PN S R B 1) SR /0208 26.2 GPae it — DT LR W]
W 92K e s e A DR B AL ) 5 1 ) SR A AR O, RT DA S 30 v s 2 1] 4 v 3 42
I fRAFE,

4. BESRE

WHGWRAE AR = IS N 2 R LSS ARAE I FEBE spP-sp $EAZ,  XTNLIR v IR A 2 &5 A e LE

Bl sp> BEWIPREARIESRR, BADGAEN] mEH . e e RS, (R
I T AT R DG T AR S B TR H IR N PR FFARE T e R N IR B (X S5 A R 42 B A3
TAFIA ek EREENSS, BATAMBE S RS RAR SN, S REH &tk
VERA SRR D2 sp> BERARRS SN R AERSHAR . ER 1K, BR
A AR A e NI A T B B A R AR T BRI AR & AR Fh S NI R ME— R
GfAs. JE s ARSI, SRS AR TSR AT DL A SRl F AR R AR
AR S A e WA B W, HT AR B B 70 B35 PR & 25-30 GPa, & RRUFE A R RS
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Structure and Properties of Glassy Carbon under High Pressure

ZENG Zhidan
Center for High Pressure Science and Technology Advancéd Research, Shanghai 201203, China;

Abstract: Glassy carbon is a nearly fully sp?>-bonded amotphous carbon allotrope. Its highly
disordered atomic structure and isotropic natur¢/mdke\it-an ideal model system for studying
pressure-induced transitions in amorphous materialsiand.a versatile precursor for the synthesis of
novel amorphous carbon materials. This review,/Summarizes recent advances in understanding the
structural transformations, property evolution, andvtransition mechanisms of glassy carbon under
high-pressure and high-pressure—high-temperature conditions, as well as its emerging applications
in high-pressure science. Experimental and theoretical studies have shown that glassy carbon
undergoes a pressure-induced sp*-to=sp*® bonding transition, forming a tetrahedral amorphous carbon
phase with high transparencyjelectrical resistivity, strength, and bulk modulus. Although this high-
pressure phase is not recoyerable\at ambient conditions, high-pressure—high-temperature treatment
can produce new amofphous/catbon materials, including compressed glassy carbon and nearly fully
sp*-bonded amorphous’diamend. In addition, the unique nano-pore structure of glassy carbon and
its pressure-induced, permeability have enabled the development of nanostructured diamond
capsules capable’ ofpreserving high-pressure phases at ambient conditions. This capability opens
new opportunities for high-pressure research and for the practical utilization of high-pressure
materials beyound the confines of high-pressure apparatus.

Keywords: glassy carbon; high pressure and high temperature; structural phase transition; diamond
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