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Analysis of direct transformation from graphite
to diamond crystal

The lattice parameters of cubic diamond and rhombohedral graphite
under the probable direct transformation synthesis conditions have been obtained by
means of linear expansion coefficient and elastic constant. Based on the empirical
electron theory in solid and molecules, the valence electron structures (VESs) of
graphite and diamond, the covalent electron densities (CEDs), and the relative electron
density differences (REDDs) of the diamond growth interfaces have been calculated. It
has been found that the REEDs of graphite/diamond interfaces were awfully large and
the CEDs were discontinuous at the first order approximation. Not any meaningful
atomic state of graphite structure, which satisfied the bond length difference formula,
existed on the detonation synthetic conditions. Accordingly, it was considered that the
direct transformation from graphite to diamond could not come true from the
perspective of VES. In addition, the mechanism of synthesis diamond by explosive
detonation was discussed based on the VESs of graphite and diamond.

Keywords: graphite, diamond, direct transformation, HPHT, VES.
INTRODUCTION

Since the diamond particles were synthesized by G.E. in 1954, the
transformation mechanism of graphite to diamond crystals at high pressure and
high temperature (HPHT) has been the focus of researchers. But there have been
no clear explanation so far. The solid direct transformation theory believed that the
graphite structure could be transformed into diamond structure directly without
decomposition [1-3]. There are two kinds of graphite: hexagonal and
rhombohedral. Gou et al. believed that only rhombohedral graphite could be
directly transformed into diamond. Except synthesis at HPHT, graphite can directly
transform into diamond by explosive detonation, but the detonation synthesis
mechanism remains unclear too. Therefore, the study on whether the carbon source
for diamond growth comes from graphite structure direct transformation under the
probable direct transformation synthesis conditions will make clear the direct
transformation mechanism further.
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The empirical electron theory (EET), which is established on the basis of
Pauling’s valence bond theory and the energy band theory, has been successfully
applied to many research areas. Based on the lattice parameters and its crystal
structure, the valence electron structures (VESs) of solid or molecular system can
be confirmed by means of the bond-length-difference (BLD) method, and the cova-
lent electron density (CED) of a certain crystal plane can also be calculated [4, 5].
The carbon source for diamond crystal growth definitely comes from the
transformation of carbon source phase (CSP), and the smaller the value of the
relative electron density differences (REDDs) of interfaces between diamond
naked planes and corresponding CSP planes, the more similar the VESs of the two
adjacent planes, the lower the driving force for C atoms transforming from CSP
into diamond growth planes. The calculation of VESs is established on the crystal
lattice parameters [6]. Because the direct transformation from graphite to diamond
occurred at HPHT, the calculation of VESs at HPHT can not be carried out
according to the lattice parameters, which are determined at normal temperature
and pressure. However, in this paper, the lattice parameters of graphite and
diamond at HPHT were confirmed by the use of a linear expansion coefficient and
elastic constant. Then, the VESs of graphite, diamond and the REEDs of
graphite/diamond interfaces were calculated, and the possibility of the direct
transformation from graphite to diamond in different synthetic conditions, by
means of the REEDs analysis of graphite/diamond interfaces, the diamond growth
direct transformation mechanism was discussed from the perspective of VES.
Besides, the mechanism of diamond synthesis by explosive detonation was
discussed based on the VESs of graphite and diamond.

CRYSTAL STRUCTURE OF GRAPHITE AND DIAMOND

The BLD method is the basic method to calculate the VESs in EET. The
precondition of calculation is to confirm the unit crystal structure, lattice
parameter, and atomic coordinate.

The rhombohedral graphite with an ABCABC stacking order is more likely to

be transformed into cubic diamond structure [7]. Its space group is D’3¢-R 3m and
the lattice parameters at room temperature (RT) are a9 = 0.24612 nm and ¢y =
1.0062 nm. The most common structure of diamond crystals synthesized at HPHT
is cubic. Its space group is O,'-Fd3m and lattice parameters at RT are ao= 0.35668
nm.

The direct transformation from graphite to diamond could not come true at any
temperature and any pressure. The conditions of static pressure synthesis without
catalyst are p = 12—13 GPa and 7= 3000—-4000 K [8]. The conditions of explosive
detonation synthesis are p > 30 GPa and 7'=2500-4000 K [9-11]. In this paper,
the calculations are carried out on the three conditions (Conl, Con2, Con3) as
shown in Table 1.

Table 1. Lattice parameters of graphite and diamond under different
synthesis conditions

Lattice parameters, nm

No. , GPa T.K raphite .
’ a axis ! Fl) C axis diamond
1 12.5 4000 0.24525 0.80017 0.36169
13 3000 0.24504 0.74343 0.35856
35 3000 0.24244 0.14569 0.35264
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Linear expansion coefficient (LEC) is a material’s inherent attribute, which
shows the impact of temperature on material’s length (or volume). According to
the LEC, the relationship between lattice parameter and temperature can be defined
[12, 13]. Based on the experimental results achieved by Morgan and Reeber [14—
17], the relationships between linear expansion coefficient and temperature of
graphite and diamond were given separately in this paper. For the space limitation,
the detailed calculation process is not listed.

Hooke’s law considers that the stress is proportional to strain in a solid when
the stress is less than proportional limit. The generalized Hooke’s law can be
achieved under the condition of three-dimensional stress and strain state. The
lattice parameter and pressure can be contacted with each other by the coefficients
in generalized Hooke’s law (elastic constant) [18].

By fitting the effects of temperature and pressure on lattice parameter, the
lattice parameter of a crystal at HPHT can be obtained. Table 1 shows the lattice
parameters of graphite and diamond under three synthesis conditions.

VESS AND CEDS OF GRAPHITE, DIAMOND AND REDDS
OF INTERFACES

VESs of graphite and diamond

The VESs of rthombohedral graphite and diamond under the three conditions
shown in Table 1 are calculated by the BLD method based on EET [7]. The results
are listed in Tables 2—6, respectively.

Table 2. VES of graphite on the condition of Con1

Bond | I | Dp,, NM 13,,(,, nm Ny | Dn, nm
D¢ 3 0.14160 0.14612 1.23382 0.00452
Dpcc 6 0.24525 0.24977 0.04280 0.00452
DS 3 0.28319 0.28771 0.01250 0.00452
Dp° 1 0.37463 0.37915 0.00064 0.00452
D."¢ 9 0.40009 0.40461 0.00028 0.00452
D€ 6 0.42440 0.42892 0.00013 0.00452
D€ 6 0.46927 0.47379 0.00003 0.00452
D& 9 0.49017 0.49469 0.00002 0.00452

C: 6 =6, R¢(1) =0.0763 nm, n,°= 4.0000, n.=4.0000, B = 0.0710 nm, Gy = 1

Table 3. VES of graphite on the condition of Con2

Bond | / | Dp,, nm l_)m, nm | Ne, | Dy, nm
D, € 3 0.14147 0.14617 1.23196 0.00470
Dt 6 0.24504 0.24974 0.04284 0.00470
D¢ 3 0.28295 0.28765 0.01253 0.00470
Dt 1 0.37430 0.37900 0.00065 0.00470
D€ 9 0.37172 0.37642 0.00070 0.00470
D€ 6 0.39773 0.40243 0.00030 0.00470
D€ 6 0.44522 0.44992 0.00007 0.00470
Dy ¢ 9 0.46715 0.47185 0.00003 0.00470

C: 6 =6, R¢(1) =0.0763 nm, n,°= 4.0000, n.= 4.0000, B = 0.0710 nm, Gy = 1
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Table 4. VES of graphite on the condition of Con3

Bond / Dpy, nM Bm ,nm Ny, Dn, nm
D¢ 3 0.13997 0.24727 0.04641 0.10730
D" 6 0.24244 0.34974 0.00167 0.10730
D¢ 3 0.27995 0.38725 0.00050 0.10730
Dt 1 0.15779 0.26509 0.02604 0.10730
D¢ 9 0.37033 0.47763 0.00003 0.10730
D¢ 6 0.07285 0.18015 0.40918 0.10730
Dg" ¢ 6 0.25315 0.36045 0.00118 0.10730
D& 9 0.28927 0.39657 0.00037 0.10730

C: 6 =6, R¢(1) =0.0763 nm, n,°= 4.0000, n.= 4.0000, B = 0.0710 nm, Gy =10

According to the calculation results (AD = 0.1073 nm >> 0.005 nm) as shown
in Table 4, it can be found that there isn’t any meaningful atomic state of graphite
structure on the condition of explosive detonation (Con 3), so the VES of diamond
under the condition can’t be defined.

Table 5. VES of diamond on the condition of Con1

Bond / Dp,, nm Bm , nm N, Dy, nm
DI 4 0.15662 0.15698 0.86750 0.00036
D~ € 12 0.25575 0.25611 0.03484 0.00036
D€ 12 0.29990 0.30026 0.00832 0.00036
Dp© 6 0.36169 0.36205 0.00112 0.00036
D¢ 12 0.39414 0.39450 0.00039 0.00036
D€ 8 0.44298 0.44334 0.00008 0.00036

C: 6 =6, R¢(1) =0.0763 nm, n,°= 4.0000, n.= 4.0000, B = 0.0710 nm, Gy =2

Table 6. VES of diamond on the condition of Con2

Bond / Dpng, nmM Bna , nm | I Dn, nm
D¢ 4 0.15526 0.15711 0.86392 0.00185
D¢ 12 0.25354 0.25539 0.03567 0.00185
D€ 12 0.29730 0.29915 0.00863 0.00185
Dpt ¢ 6 0.35856 0.36041 0.00118 0.00185
D€ 12 0.39073 0.39258 0.00042 0.00185
D€ 8 0.43914 0.44099 0.00009 0.00185

C: 6 =6, R¢(1) =0.0763 nm, n,°= 4.0000, .= 4.0000, B = 0.0710 nm, Gy =2
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CEDs of graphite, diamond, and REDDs of interfaces:

If all covalent electrons in a structure unit are distributed on its all covalent
bonds [5], the number of covalent electrons on one crystal plane should be equal to
that of all covalent bonds on this plane [7]. According to the theory, the CED of a
certain crystal plane can be calculated.

The REDD of an interface can be defined as:

|p1_p2|
Py +py)/2

Then the CEDs of common carbon crystal planes in rhombohedral graphite and
diamond structure and REDDs of rhombohedral graphite/diamond interfaces on the
condition of Conl and Con2 are calculated and the results are shown in Tables 7—
10, respectively.

Ap(%) = %100 %.

Table 7. CED of common planes in graphite on the condition of Con1
and Con2

Crystal >ne S, nm? p, nm2

plane Con1 | Con2 Con1 Con2 Con1 Con2
G(001) 7.9992 7.98882 0.05209 0.05200 153.56498 153.63115
G(100) 0.17188  0.17304 0.19624 0.18217 0.87587 0.94988
G(110) 7.4823 7.47708 0.33990 0.31553 22.01324 23.69689
G(113) 1.2467 1.24537 0.06235 0.05866 19.99519 21.23031

Table 8. CED of common planes in diamond on the condition of Con1
and Con2

Crystal plane 2N S. nm* p. nm*
Con1 | Con2 Con1 Con2 Con1 Con2
D(100) 0.288 0.294 0.130 0.129 2.1991 2.2929
D(111) 0.418 0.428 0.113 0.111 3.6903 3.8444
D(110) 7.297 7.278 0.185 0.182 39.4430 40.0316

Table 9. REDDs of graphite/diamond interface on the condition
of Con1 (%)

| coot) | ooy | G10) | G113)
D(100) 194.4 86.1 163.7 160.4
D(111) 190.6 123.3 142.6 137.7
D(110) 1183 191.3 56.7 65.4

Table 10. REDDs of graphite/diamond interface on the condition
of Con2 (%)

G(001) G(100) G(110) G(113)
D(100) 194.1 82.8 164.7 161
D(111) 190.2 120.7 144.2 138.7
D(110) 117.3 190.7 51.3 61.4

D means diamond, G means graphite.
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DISCUSSION

Liu et al. suggested that the CED between the heterogeneous interfaces should
be continuous. If the REDD value of an interface is less than 10 %, it is approved
that the CED between the heterogeneous interfaces is continuous at the first order
approximation. The smaller the REDDs value of interfaces, the more similar the
VESs of the two adjacent planes, the lower the driving force for one structure
transforming into another [7]. The carbon source for diamond crystal growth defi-
nitely comes from the transformation of CSP, the continuity of CED between dia-
mond naked planes and corresponding graphite planes is just the essential condi-
tion for diamond growth.

In crystallography, the naked crystal planes just are the planes whose growth
rate is faster in the course of crystal growth. In diamond, (100), (110) and (111)
planes are the main crystal growth planes. As shown in Table 9 and Table 10, the
REDDs of all graphite/diamond interfaces calculated in this paper are far more
than 10 %, that is to say, the VESs difference of the adjacent planes between
graphite and diamond are so large that the driving force for graphite direct
transforming into diamond will be great. Through the detail researches on metallic
film surrounding as-grown diamond by Transmission Electron Microscope (TEM),
Raman, and other experimental methods, Xu discovered that there was not
diamond structure in the entire metallic film, and also not graphite structure in the
inner of the metallic film, which was quite similar to diamond. The rich-carbon-
content phase in the metal film/diamond interface was Me;C [19-23]. Li considers
that the carbon sources forming diamond may come from the decomposition of
Me;C type carbides, because three among those of Fe;C/diamond interfaces are
less than 10 % in their calculation from the view point of VES [24] (lattice
parameters used in the calculation are determined at normal temperature and pres-
sure). Then from the perspective of VES, the direct transformation from graphite to
diamond could not come true. During the course of graphite transforming into
diamond, the synthesis success needs some transition mesophases or the
participation of catalyst. The transition mesophase (carbides) may be generated at
first before carbon atoms, which come from graphite structures’ decomposition,
nucleate to the nucleus of diamond crystal, and the nucleating carbon sources of
diamond crystal may come from the decomposition of carbides.

As to the diamond synthesis mechanism by explosive detonation, some
researchers suggested that this transformation process as follows may be
undergone: the explosive molecules were decomposed into various atoms (C, H, O,
N) in detonation zone firstly; and then, the diamond atomic groups were made up
by the excessively aggregated carbon atoms combining with each other; finally, the
atomic groups transformed into stable diamond structure [25]. Other researchers
insisted that because of the supersaturation of the free carbon atoms in detonation
zone, carbon droplets generated and then the carbon droplets crystallized in
diamond crystal [26]. In the two synthesis mechanism explanations above, the
disappearance of graphite structure is acknowledged and diamond structures are
originated from the reconstruction of carbon atoms. According to the calculation as
shown in Table 4, any meaningful atomic state of graphite structure which satisfied
BLD formula does not exist on the detonation synthetic conditions. So from the
perspective of VES graphite structure can’t exist on the detonation synthetic
conditions, which is in accordance with the synthesis mechanism above.

CONCLUSIONS

According to the calculation and analysis from the perspective of VES, it is
shown that the REDDs of the graphite/diamond interfaces are far more than 10 %,
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the diamond structure could not come from graphite structure’s direct
transformation. During the course of graphite transforming into diamond, the
synthesis success needs some transition mesophases or the participation of catalyst.
Any meaningful atomic state of graphite structure, which satisfies BLD formula,
does not exist on the detonation synthetic conditions. From the perspective of VES,
it is proved that diamond crystals are originated from the reconstruction of carbon
atoms on the detonation synthetic conditions.

This work was supported by the National Natural Science Foundation of China
under grants Nos. 50972084 and 51101093, and the Natural Science Foundation of
Shandong Province of China under grant No. Y2007F11.

Busnaueno napamempu pewiimox anmasy Kyb6iuno2o 2abimycy i pomboedpuu-
HOI' epaghimy 6 ymMo8ax UMOBIDHO20 NPAMO20 NePemeOPeHHs. 3 GUKOPUCMAHHAM Koepiyichma
JHINIHO20 po3wupenHs i npyxcHoio nocmiinorn. Ha ocnosi emnipuunoi meopii enexmponie &
meepoomy mini i MONeKyiax Oyno po3paxo8ano CMPYKmMypy 6aleHMHUX eNeKmpoHie spagimy i
anmasy, WinbHiCmy KOBANEHMHUX eeKMPOHI6 I 6IOHOCHT 8IOMIHHOCTI 8 WITbHOCMI eeKMPOHIE 8
MidchasHux medcax 3pocmanta armasy. Buaeneno, uwjo 6ioHocHa pisnuys 6 winbHocmi enekmpo-
Hi6 6 midchasniti medci epagim/anmasz Oyoce 8eauxa, a WinbHICMb KOBANCHMHUX eNeKMPOHIE
nepepuguacma npu anpoxcumayii nepwiozo nopsaoky. B ymoeax demonayiiinoco cummesy we
ICHYE JHCOOHO20 3HAUUMO20 AMOMHO20 CIAHY CIMPYKMYpu epagimy, sxe 6 8i0nogioano pisHuyi y
Gopmyni dosdxcunu 368 ’a3Ky. Bionosiono, eésadicanu, wo npsme nepemeopenis epagimy 6 aimas
He Modice CIamucsl yepe3 CmpyKmypy éaieHmuux eiekmpouie. Kpim mozo, na ocnogi cmpykmy-
DU 8ANEHMHUX eNeKMPOHI8 epaghimy i armazy 062080peHO MEXAHI3M CUHMESY ATMA3Y 8UOYX06010
demonayicio.

Kniouosi cnoea: zpagim, amnmas, npsame nepemeopeHHs, GUCOKUN MUCK—
8UCOKA meMnepamypa, CmpyKkmypa 6aieHmHUx eiekmponis.

Onpedenenvl napamempuvl pewemox ammasa Kyouueckoeo eabumyca u pom-
6020puneckoco epaguma 8 Ycrnosusx 8eposmHO2O NPAMO20 NPespaujenls ¢ UCHONb30BAHUEM
K03(hpuyuenma nunelHo20 pacuuperus u ynpyeou nocmosunou. Ha ocnoee amnupuueckoil
meopuu 21eKmpoHO8 8 MEePOOM meie U MOLEKYIAx Obliu pAcCHUMansl CMpYKmypa 6aieHmHbIX
2MEKMPOHO8 2pauma u aimaszd, niOmMHOCMb KOGANEHMHLIX INEKMPOHO8 U OMHOCUMELbHbLE
Paziuuus @ NIOMHOCMU 2NEeKMPOHO8 8 MedchasHblx epanuyax pocma aimaza. O6Hapyoiceno,
Umo OMHOCUMENbHAsL PA3HUYA 6 WIOMHOCMU JNEeKMPOHO8 6 MedC(A3HOU 2panuye 2pa-
Gum/armaz ouenv OoMBLUWIASL, A NIOMHOCHb KOBAIEHMHBIX 3JIeKMPOHO8 NPEPbleUCds Npu an-
npokcumMayuu nepeo2o Nopsokd. B ycnosusx O0emoHayuonno2o cummesa He cyujecmeyem Hu
00HO20 3HAYUMOSO AMOMHO20 COCMOSIHUS CMPYKMYpPblL epaguma, Komopoe Obl COOMEemcmeo-
6ano pasnuye 6 popmyne onunvl cesizu. Coomeemcmeeno, noiaanu, 4mo npamoe npeepaujeHue
epagpuma 6 aamaz He Modcenm NPoOU3OUmMU U3-3a CMpPYKMypsl 6ANIEHMHbIX d7ekmpoHos. Kpome
mMo2o, Ha OCHOBE CIMPYKMYPbl 8AJICHMHBIX JNEKMPOHOE 2paPuUma u aimasa 06¢cylcoeH MexaHusm
CcuHmMe3a armasa 83pbl6HOL OemoHayuell.

Knioueswie cnosa: cpagum, aimas, npamoe npegpawjenue, 8blcokoe 0asie-
HUe—8blCOKAs MeMNepamypa, CmpyKmypa 6a1eHmMHbIX 91eKMpPOHO8.
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