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Introduction

The four planets in our own solar system (Mercury, Venus, Earth and Mars)
are rocky and made out of silicates. However, it has been proposed by the
astronomer Marc Kuchner (University of Princeton, USA), that planets made
mostly out of carbon compounds could exist.

Some of the Neptune-sized planets could also be carbon planets. Carbon
planets are believed to be frequent near the center of the galaxy, since the
concentration of carbon is higher there.

NASA is planning on launching a mission, called TPF - Terrestrial Planet
Finder in the year 2015. This observatory which will be much larger than the
Hubble Space Telescope will be able to detect such planets.

It's quite possible that there are many carbon planets orbiting stars close to
the ancient galactic center, possibly even in globular clusters orbiting the
Milky Way galaxy. As times passes and more and more generations of stars
end their existence as stars, the carbon which was fused in the core will get
more abundant. Thus, the concentration of carbon planets will increase.
Maybe at a point, all planets formed will be carbon planets.

[Mpeanaraemasi MmeToamka Nno3BONSET NOfyyYaTb AKCNEePUMEHTarNbHbIE
OaHHblE NO CBOMCTBaAM Yyrrnepoaa Ao BeECbMa BbICOKMX TemmnepaTyp: Ansg
yrnepoga gocturHyta temnepartypa 35000 K. OT1a e metogmka cnocobHa
obecneunTb co3gaHne N U3MEPEHME BbICOKMX MMMYTbCHbBIX AaBreHusax (4o
COTHM Kbap).
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LIQUID CARBON at the PULSE HIGH PRESSURE EXPERIMENT

The current is equal constant (68 kA) during melting of anisotropic graphite (time between
two arrows) and further for liquid state (sapphire tube was used). The specimen begins
melting in one microsecond after start of heating. The average pressure inside the specimen
equals 4.5 kbar, or 9 kbar in the center (due to pinch-effect).

1 - Voltage (arrows show the melting region).

2 — Current.
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The diminishing of the liquid carbon resistivity after the melting
Arrows show the finish of melting and the start of fast heating of liquid carbon under isochoric heating.
1 —density y = 1.10 g/cm3 = const; (V/Vo = 2);

2 - density y = 1.76 g/cm3 = const; (V/Vo = 1.25);
3 - density y = 1.88 g/cm3 = const; V/Vo =1.17).
At the melting point liquid carbon resistivity is diminishing with rising pressure, just as in M.Togaya
experiment
(790 — 690 — 640 mcOhm-cm. - The diminishing with the pressure rising)
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Specific resistivity (mcOhm*cm) of liquid carbon at high temperatures
and pressures (the diminishing is changed to rising at P> 50 kbar

pressure)

Isochoric heating: 1 -density y = 1.1 g/cm3; 2 - y = 1.76 g/cm3; 3 —y = 1.88 g/cm3
Heating in sapphire tubes. Arrows — the start of liquid state.
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Carbon transition from semiconducting properties to metal-like properties.
The highest density has the highest resistivity.



Pulse heating of the dense anisotropic graphite
in sapphire capillary tube
(at rising pressure up to 50 kbar after the melting)

OueHka TemnepaTypsbl
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Resistivity (p) and Temperature (T) near
melting region for unisotropic graphite HOPG.
Graphite specimen is in the needle form with
the diameter 0.87 mm.

Sapphire thick tube (d/D = 0.97mm /12 mm),
therefore Vtube/Vgraphite is lower 1.24.
Inclined temperature plateau is marked with
the vertical lines.

Temperature (at the start of melting) is lower
than 5000 K, because pressure is high.
Pressure is equal 54 kbar at the finish of
melting.

The start of melting is at 10.5 kJ/g.

Arrow shows the direction of temperature
measurement.




Specific resistivity (mcOhm*cm) of liquid carbon at high temperatures
and pressures (the diminishing is changed to rising at P> 50 kbar

pressure)

Isochoric heating: 1 -density y = 1.1 g/cm3; 2 - y = 1.76 g/cm3; 3 —y = 1.88 g/cm3
Heating in sapphire tubes. Arrows — the start of liquid state.
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Resistivity rises for liquid Lithium (60-100GPa) with rising density
Resistivity rises for liquid Carbon (5-10 GPa) with rising pressure
(Maksimov,Magnitskaya,Fortov - Physics-Uspekhi, 2005,v.175,Ne8)
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B ananasoHne 300-1500 kb6ap
9JIEKTPOCONPOTUBIIEHNE p NUTUSA
Bo3pacTaeT npumepHo B 20 pas oT
TUNWUYHBIX ONS MeTanna 3Ha4YeHun.
ONEKTPOHHBIN CMEKTP NUTUS
CTaHOBUTCA ONU3KNM K CMEKTPY
NoNyMeTansnoB, YEM K CNEKTPY
NPOCTbIX METanoB.

Bo3pacTtaHue conpoTtmBrieHnd
CBSA3aHO CO CIOXHOW NMOBEPXHOCTLIO
depmun, KoTopas He cdepa, a
HECKOJIbKO MarsibiX MOBEPXHOCTEN,
codepXallnx O4EHb Manoe 4Yncro
HOCUTENEN.

Maksimov,Magnitskaya,Fortov
2005



Bo3moxxHble 06bsACHeEHNS adbdpekTa cmeHbl 3Haka dp/dE

CHWXEHUE COIP. NOCIE NNABJIEHUA

dp/dT <0 3T0 MOXeT ObITb CBA3AaHO HE C
AONONHUTENBHON MOHN3aUMEN MPU
HarpeBe, a C PoSibl0 CTPYKTYPHOro
dakTopa L,/g? rae

L, — anvHa cesoboagHoro npobera anekTpoHa
B Teopun 3anmMaHa;

g — daktop MoTtta; g = n(Eg)/n(Eg)cz0s.
Eg - aHeprua depmu, n — NNOTHOCTb
COCTOSTHUM.

OnekTpoconpoTtusneHune p = 12r3h/g?Se’L,

rae S — miomaas nosepxHoctu depmu B
IPUOJIMKEHUM CBOOOIHBIX JICKTPOHOB,

L — nuHa cBOOOHOTO TIpobOera 3JIEKTPOHa.

The transition of carbon with covalent
bonds under melting to the state with
negative temperature coefficient
(diminishing of the resistivity) may be
accompanied by the compression
of structure due to the rising of
coordination number,

giving the additional free electrons.

*  Knaccudukauma A.P.PEFENIA no BennumHe
yOerbHOro 3f1IeKTPOCONPOTUBIEHMS

METANbl p <200 pQ-cm
NONMYMETANSbI p = 200-1000 pQ-cm

XXUOKVE NONYNPOBOAHWKA p > 1000 uQ-cm
MOHHBIE MPOBOAHWKM p = 108 uQ-cm

Mo aTOM Knaccudmkaumm XXMaknn yrnepoa;

[Mpy HEBBICOKNX AaBneHusaXx, cpasy nocrne
NNaBfeHnss — 3TO XUOKUIN NONYNPOBOAHMK, ( p
~ 2000 puQ-cm).

[Mpn BbicOKNX AasneHunax (P=40-50 k6ap) »xnakun
yrnepog — noniymetann p ~ 700-800 uQ2-cm.

[Mpn BbICOKNX BBEAEHHbIX aHeprusx (E > 50 kx/r)
1 BbICOKNX (6onee 50 kbap) gaBneHmsXx,
XNOKUIN yrnepoa — 3TO CHoBa NOSynpoBOAHUK
(p > 1000 uQ-cm) c metannonofobHbIMK
CBOMCTBaMM: 3MIEKTPOCONPOTUBIIEHME p pacTeT
c poctom T.

POCT COINP. NPU BbICOKUX QHEPI'NAX
CTtaHgapTHOe noBeaeHne MeTannonogobHoro
BelLlecTBa C pOCTOM TemMrnepaTypbl



U, ARBITRARY UNITS

The rising of the liquid tungsten resistivity at higher density

Ivanov V.V., Lebedev S.V., Savvatimskiy A.l. Teplofizika Vysokikh Temperatur, 1982, V.20, #6,1093-1097 (in Russian)
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Fast pulse heating of isotropic graphite MF-307 (p,= 1250 pnQcm)
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Kluver Academic Publishers
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3AKITKOYEHWE

1. NokasaHo, 4To HBonee BbiCOKasa NAOTHOCTb XNOKOro yrnepoaa (Kak u
XXWOKOro Bosribppama u nutns) nmeet boree BbICOKoe yaenbLHoe
arnekTpoconpoTuereHne. Takmum obpasom, - 3TO HE UCKIKOYEHNE, a
oOLlee CBOMCTBO BELLECTB NPU BbICOKMUX AaBMNEHNNAX, KOTOPOE
NPOABNAETCA NP PasnNUYHOM YPOBHE MPUNOXKEHHbIX AaBfieHnn. Ons
BoNib(ppama — HU3Kkun, ansa yrnepoga — 50 kbap, anga nutusa ~ 600 kbap.

2. MeToguka BLICTPOro UMMynbLCHOro Harpesa afIEKTPUYECKMM TOKOM
NO3BOMAET NoslydaTb IKCNepuMeHTarbHble JaHHble MO CBOUCTBAM
NPOBOASALLMX BELLECTB (MeTansbl 1 yrinepoa) 40 BECbMa BbICOKUX
TemnepaTtyp: ansa yrnepoga gocturHyta temnepatypa 35000 K - oueHka
NO TENMNOEMKOCTM U BBEAEHHOWN 3HEPrnKM (4ns NoTHOCTU yriepoaa 1.4
r/cm3).

3. OTa Xe meToamka crocodbHa obecneunTb co3gaHmne BbICOKUX
NMMYNbCHbIX AaBrneHusax (4o coTHM kbap). [laBneHne MoxeT ObITb
N3MEPEHO NO CABUTY NIMHUX NIOMUHECLEHLMK PYOUHA B CMEKTPE Kak
nokasaHo B pabotax: (KopobeHko, Paxenb, dopToB).



CONCLUSION

Liquid carbon (volume) density at the melting line under low pressures
is rather small ~ 1.0-1.2 g/cm3). It is much higher (1.8 g/cm?) at higher
pressures (P > 50 kbar ).

In experiments far above melting point during the isochoric process of
heating (up to E =110 kJ/g, T ~ 35,000 K), the derivative dp/dE varies
from negative to positive in a wide range of high energy mput (E =25 -
45 kJ/g) for different densities.

It should be mentioned that the transition to metal-like properties at the
input energy E (75 kJ/g) leads to higher values of resistivity p (3000
MQ-cm), which are higher than those for liquid semi-metal carbon near
melting (~ 700-800 uQ-cm, but for lower pressures and at lower
temperatures).

The main achievement of our experiment at a high input energy is the
dependency of the specific resistivity on the density: the higher the
density, the higher the resistivity of the liquid carbon.

Apparently, the increase of the resistivity under a high pressure (or/and
for a higher density) is a common behavior for metals, semi-metals,
and semi conductors in liquid state.



THANK YOU
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Moscow
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The data of M.Togaya (Japan): the liquid carbon resistivity at the
melting point versus pressure
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Initial pyrolytical graphite with
the density 2.2 g/cm3.

The specimens were heated
in the wall material MgO.

Solid lines — experiments with
the graphite melting under
pressure;

Dashed line - experiments
under pressure but without
heating.

M. Togaya show the
parameters of the points (in
the Figure) of the
dependence resistivity p
against imparted energy E
for melting point.



Melting of the annealled pyrolytic graphite (thin strip)
placed between thick glass plates

Left side. 1 — current (modeling by A.D.Rakhel); 2 - current (experiment); 3 - voltage U
(experiment), melting region marked with arrows.

Five lines lower — calculated pressure (A.D.Rakhel); upper line — in the center of the
graphite plate (10-15 kbar at melting), the lower line — for the surface graphite layer.
Right side. Melting of the graphite (thickness of the strip 0.4 mm) during 2 ps heating.
U — voltage; T —temperature. Squares —exp. data of M.Sheindlin and V.Senchenko.
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TEMPERATURE CALIBRATION
Graphite enthalpy versus temperature for grade UPV-1T

Sheindlin MA, Senchenko VN. Experimental investigation of

graphite thermodynamical properties in the vicinity of melting
point. Sov Phys Dokl 1988;33(6):142-5.

H, kJ/mol Solid line: measurements of
M.Sheindlin and V.Senchenko.

« Solid circles: data of steady-state

100 + measurements of 1984.

* Hollow circles: steady-state
measurements of 1972.

* According to Fig. the enthalpy at
4500 K is equal to 9.1 kJ/g.

* Note, that according to another
calculations the enthalpy at

« 4500 K is equal to 9.2 kJ/g.

a0

7 |-
7 * The error in enthalpy measurements

- 2.5% at the T up to 4500 K. The

% | 1 1 gg/ror in temperature measurements -
0.
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Evaluation of graphite expansion under melting (at low pressure !)

To cite the equation of Clapeyron-Klausius in the next form for graphite melting point,
provided that the equation is valid for unisotropic substance (graphite):

Vliquid / Vsolid =1+ Hmelting / Vsolid (Tmelting x dP/ dT)9

where Vi, .4 - volume of the liquid phase at melting point;
Vg - volume of the solid phase at melting point (~ 1.2-1.3V, - literature datum);
H eiing - heat of melting (10 kJ-g™' - our measurement).
Heat of graphite melting: E(liquid) - E(solid) = 10 kJ-g-1.
meling - Melting temperature ( 4800 K - our measurement);
dP/dT = 54 bar-K-! according to measurements of Vereshcagin (Russia).

Then we have: V.4 /Viia~ 1.7

liquid

As it turned out the graphite expands significantly (the expansion consists of ~ 70 %) during
melting. For the expansion of the substance during melting and value of resistivity in liquid
state the melted carbon retains covalent bonds, which usually characterise solid graphite.

Our data, published in 1993, revealed a relative increase in the volume V/V0O = 1.67 with the
specific energy input of 18.5 kJ/g, which is close to the end of melting at 20.5 kl/g.

G.Pottlacher et al. in 1993 year have mentioned: “by the time graphite melts it is roughly two-
fold expanded”. This remark is confirmed by the opinion of M.Sheindlin and V. Senchenko
(JIHT, private communication) based on their unpublished experiment.

J.W.Shaner gives two-fold expansion of carbon after the melting. Remind his result in the next
slide.



Graphite expansion of low initial density

Gathers G R, Shaner J W, and Young D W Report UCRL-51644
(Lawrence Livermore Laboratory 1974) Microseconds pulse heating
(Contracting solid graphite at the imparted energy 5-7 kd/g ! It is
confirmed by our experiment, see next slide)
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Pulse heating of graphite specimens of different initial density
Resistivity p versus imparted energy w for specimens heated in a water (1) and in the
capillary tubes (2-3). Vcapillary/ Vgraphite = 1.84 for (3) and 1.2 for (2).
Graphite of high density (4)

Arrow shows the contracting graphite of low density in solid state at E ~ 5 kJ/g.
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Resistivity p0 (referred to initial dimensions) for graphite UPV-1T at fast

(microseconds) isochoric heating for different carbon density.
1 — Density y = 1.1 g/cm3 (V/Vo = 2); 2 - Density y =1.76 g/cm3 (V/Vo = 1.25);
3 - Density y = 1.88 g/cm3 (V/Vo = 1.17);
One can see that the finish of melting begins at higher input energy for lower density
(lower pressure), - curve 1.
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[eTtann nocnegHero BbICTpPEa

[‘padomut MF-307 gnametp 0.787 mm (nocne pacyeTta no Becy p=0.0165 r on onuHbl
16.536 MM, nonydeH guameTp 0.797 mm; otnndmne 1.3%). B ceveHnn — kpyr. B
pacyeT B34aT gnameTp 0.797 mm. Tak Kak OH — adp(peKkTUBHbIN (CpeaHuin No macce).
Torpa VIV, = (0.96/0/797)? = 1.45. OnuHa candupa 15.124 mwm.

HaHHble B.H.KopobeHko. [lnuHa rpadputa n candumnposomn Tpydkmn 15.2 mm; macca
rpacduta 15.42 mr; cevenune (dero ?) 0.00507 cm?,
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