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Elucidation of phase transition kinetics of neutron-irradiated HOPG to
compressed graphite, and characterization of physical properties of compressed

graphite on nanoscale

Honda, Shin-ichi

3,300,000
16GPa, 1400 HOPG
HOPG G(002) 2
1
TEM-EELS
sp3-0 *

sp3-0 *

We found that the phase transition kinetics of neutron-irradiated HOPG under

high pressure and high temperature (16GPa, maximum 1400 ) is different between irradiated and
un-irradiated HOPG.
Regarding the pressure-induced structural phase transition of neutron-irradiated HOPG at room
temperature, Graphite G(002) peak is represented by two components in the irradiated sample, whereas
it is represented by only one component in the un-irradiated sample. In addition to neutron
irradiation and pressure, high-temperature treatment was found to be necessary for the formation of
compressed graphite.

The nanoscale structure and electronic state of irreversibly compressed graphite by TEM-EELS
suggested the presence of a slight sp3-oc * component, unlike graphite.

XRD XRD  TEM-EELS



HOPG XRD

XRD TEM
EELS X SXES
@
18 GPa 1 GPa XRD
HOPG HOPG
c
16 GPa 1400 °C 200 °C
XRD
X
XRD XRD Canberra
Ge Quantum detector
XRD HOPG  G(002) S Si(111)
X XRD
XRD
HOPG
@
HOPG 15 GPa, 1500 °C
TEM c
TEM c
12 TEM EELS
SXES
HOPG

1. HOPG



(D] X XRD
HOPG [1]
16 GPa 800 °C HOPG
3(a) 1200°C 1400°C
HOPG
HOPG 400 °C 1200 °C
3(b)
d-spacing (A) d-spacing (A)
5.92 2.?6 1.?7 1.118 l.}S 0.98 5.92 i 2.96 . 1.97 1.48 1.18 . 0.98
Neutron-irradiated HOPG Unggadiated HOPG a 1400°C
16 GPa a 16 GPa =
2 5. - 1400°C 5
@ -3 %é/g g s () g%r < g =
El J‘me oo | 3| ‘»\M"““ ¥ 4
2 & My 0| 2 |
..é oi‘-’—"’"’/ : High-pressure % .g e ‘—/u\d\.—’“’\—-—a—'*”‘g"‘ =
< phase 800°C = :’El;pressure v‘g 800°C
v W °
Rd Wi a A, 00C A v 400°C
u WA A RT XEA_JA\M___A RT
20 20 50 80 100 120 20 2060 80 100 120
Energy (keV) Energy (keV)
3.16 GPa RT 1400°C @ HOPG (b) HOPG
XRD 1400°C
c-D(111)
2 X XRD HOPG
(2]
18.1 GPa HOPG  G(002)
HOPG G(002) S L 2
HOPG 1 4(a) HOPG
HOPG d 4(b) 18.1 GPa
S d L d
d d

G( 002)



40 T T T J T L T '
(a) (b) S peak n-irradiated HOPG

-m- Compression

SRk -[0- Decompression 1
; : . ; o, n-irradiated HOPG
G(002) 2.4GPa TINENN -®- Compression
~ = -O- Decompression
i~ < \ N\ et ;
) fl - Unirradiated HOPG
g .ED O\o .\\& -¢- Compression 4
g L peak § \"Q{zt\c ) -O- Decompression
% Speak /[ f sl \Et\g% i
& N N
g AN
c ﬁ/\/ \\ ~
B N\’ N
1 1 L 1 25 1 " 1 L 1 L 1 L
25 30 35 40 45 0 5 10 15 20
d-spacing (A) Pressure (GPa)
4. () HOPG XRD
(b) HOPG HOPG  G(002) d
®
FIB TEM 5(a)
002 2
32 A [3]
5(b)
nm
5(c) Graphite K
Graphite
sp?-c* 291eV
5(c) sp3-6*

() [ — FEAREA
324 (i 0 0 AP | —— Graphite
0002 # FEMERH 3 c*
T
3.4 /Z\\ >
o =in 0001 5
[ =1
0002 * . . . ‘
280 285 290 295 300 305
Energy Loss (eV)
5.(a (b) (© K

EELS (b)

[1] S. Honda et dl., “In situ observation of transformation of neutron-irradiated highly oriented pyrolytic
graphite (HOPG) by X-ray diffraction under high-pressure and high-temperature treatment”, Jpn. J. Appl.
Phys. 60 (2021) 095002.

[2] S. Nakamura et a., “In situ X-ray diffraction study on structural changes of neutron-irradiated highly
oriented pyrolytic graphite under room-temperature compression and decompression”, Diamond and
Related Materials 123 (2022) 108828.

[3] K. Niwase et al., “Quenchable compressed graphite synthesized from neutron-irradiated

highly oriented pyrolytic graphite in high pressure treatment at 1500 °C”, J. Appl. Phys. 123 (2018) 161577.



3 3 0 0

S. Honda, Y. Higo, K. Niwase, M. Niibe, M. Terasawa, E. Taguchi, S. Nakamura 60
In situ observation of transformation of neutron-irradiated highly oriented pyrolytic graphite 2021
(HOPG) by X-ray diffraction under high-pressure and high-temperature treatment
Japanese Journal of Applied Physics 095002-1, -6
DOl
S. Nakamura, W. Nakamura, S. Fujii, S. Honda, M. Niibe, M. Terasawa, Y. Higo, K. Niwase 123
In situ X-ray diffraction study on structural changes of neutron-irradiated highly oriented 2022
pyrolytic graphite under room-temperature compression and decompression
Diamond and Related Materials 108828-1,-5
DOl
10.1016/j .diamond.2022.108828
’ 64
SPring-8 2022
33,40
DOl

10.5940/jcrsj .64.33

10 0 1

2021

2021




18

2021

170

2022

HOPG

XRD

67

2022

2020

2020




TEM-EELS/XES

76

2021

SPring-8/BL04B1

61

2020

2022

2022

172

2023




In situ X-ray diffraction study on the temperature dependence of structural change under high pressure for highly oriented
pyrolytic graphite irradiated with neutrons

32nd International Conference on Diamond and Carbon Materials

2022

(Higo Yuji)

(10423435) (84502)

(Niwase Keisuke)

(50198545) (14503)

(Yohei Sato)

(70455856) (11301)




