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CARBON: THE 119 -YEAR CONTROVERSY OVER THE
SOLID-LIQUID -VAPOR TRIP LE POINT

The controversy over the solid-li quid-vapor (S-L-V) triple point of
carbon started in i849~ . Since that time, inves tigator s in this field have
developed widely diffe ring points of view . Some believe the triple -point pres-
sure is ‘~ 10~ Pa (“~i atm), whereas others believe it is Pa (~~100 atm).
Over the past approximately 40 years , the iø 7 Pa view has been dominant,
but the evidence is not entirely convincing . In th~ past few years , new cvi-
dence has been obtained that appears to end the controversy at least from the
standpoint of the proper order of magnitude of the pressure .

In any single-component phase diagram, the S-L-V triple point is located
at the intersection of the solid-liquid (S-L) and solid-vapor (S-V) boundaries.
These boundaries for carbon are shown in Fig. 1. The S-L boundary was ob-
tained by an extrapolation of Bundy ’s high -pressure data , and the JANAF
data gives the S-V boundary 2’ ~~. Even though Bundy ’s extrapolated data could
be in error by one or two hundred degrees , these boundaries (Fig. 1) clearly
indicate that the S-L-V triple -point pressure must be on the order of 10 Pa.
However, the S-L-V triple point was believed to occur at ‘.iø 7 Pa and 4200 K,
and it was conside red possible that the JANAF calculations above ‘.‘3000 K
were in error. Thus, S-V boundaries , e . g . ,  A in Fig. I , were proposed ,
even though there was little experimental basis for doing so4. The question
of whether or not the S-V boundary is correct can be answered by considering
the results of several studies on the vapor pressure of carbon in the region
of 4000 K.
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Figure 1. Solid-Liquid and Solid-Vapor Boundaries for
the Low-Pressure Region of the Carbon
Phase Diagram
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A short time ago, Covington , Liu, and Lincoln 5 and Lundell and Dickey6

obtained vapor pressure data that confi rmed the JANAF data in the region of
5 7 7 . 410 to 10 Pa. Also, Maurer and co-workers obtained data at ~~ ‘ 10 Pa that

were in agreement with the JANAF curve . Data obtained several years ago
by Whittaker and co-workers 8 . 10 indicated that graphite t ransforms to the

more stable carbyne forms of carbon above ~~2600 K. Hence, the equilibrium
S-V boundary must lie below the JANAF curve. AU of these data are shown
in Fig. 2 in the region of the S-L-V triple point. Recently, Whittaker 1t re-
por ted preliminary data on the rate of transformation of graphite into each of
two of the carbyne forms ”. These data also show that the lowest transforma-
tion temperature is — 2600 K and further supports the conclusion that the equi-
librium vapor pressure of carbon must be less than the JANAF values above
this temperature. These rate data show that the transformation graphite

carbyne is r elatively slow up to 2800 K (first-order rate constant of
sec at 2800 K). There is some evidence that the transformation rates in-
crease with temperature as expected , but 2 or 3 sec are required for 80 to
90% conversion in the region of 3800 K. Therefore , the transformation did
not have time to take place in the experiments of Covington , Liu, and Lincoln
because their measurement time was on the order of I msec or less. Hence ,
it would be expected that their data would fall on the JANAF curve because
it represents the vapor pressure that graphite would have if it were the stable
form above —.~Z600 K. In the experiments of Lundell and Dickey, it is difficult
to estimate the time required to heat and vaporize the carbon because the beam
traversed through the sample at an appreciable rate. However, it appears
that the time available for transformation of the carbon was well below I 5cc ,
especially at the hi gher power densities. Therefore, their data would be ex-
pected to fall on the JANAF curve . These five groups of data constitute a
mutually consistent set that experimentaily establishes the S-V curve in the
region of 4000 K and rules out the possibility of an S-V curve as A in Fig. 1.
With the S-V curve thus established, the only other way to get an S-L-V triple
point at Pa would be for Bundy ’s data to be in error by >  1000 K, which
is highly unlikely.
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U the S-L-V triple -point pressure of carbon occurs at tO 5 Pa, then it

is reasonable to que stion the significance of the results obtained at Pa.

The pressures reported range from 1.01 X t O 7 to 1.22 X 1O~ Pa, but most

values approximate 1.01 to 1.03 X 1O~ Pa. Tempe ratures range from — 397 0

to 439 0 K with no tendency to cluster about a particular value . AU of these

high-pressure results suffer from at least two major sho rtcomings: ( 1) In all

cases , it was assumed that the ca rbon vapor pressure equilibrated with the
pressurizing gas . This condi tion Is not necessarily achieved, and some means

must be provided to show that this equilibration has been achieved. There-
fore, the pressures are suspect inasmuch as they are not really experimentally
determined values but essentially assumed values. (2 )  No spectroscopy was
carried out on the radiation that arrived at the pyrometer. It is necessary
to assure that line or band emission is not causing spurious pyrometer read-
ings and to show that the radiating gas surrounding the specimen is not optically
dense. In the laser heating expe riments of Whittaker and co -workers , much

spectr oscopy was carried out on the solid and gas ~hases. It was found that
the carbon gas emits only Swan radiation. If impurities are present, additional
lines or bands appear in the spectrum; hence , it is important to assure that
the pyrometer uses a wave length range that is free of this radiation . Also,

it was found that the optical density of the gas increases with pressure, and,
at io6 Pa, the effect of the optical density is no longer negligible. At IO~ Pa,

the optical density would be quite high. Hence, it is possible that a pyrometer
may not be able to “see ” the surface of the condensed phase at this pressure.
In this case, the reported temperatures would have little meaning. Indeed , the
effect of high optical density could account for the wide range of reported
temperatures.

One possible reason why the high -pres sur e data clusters in a general
region is that a solid-solid-liquid triple point could exist near i0~ Pa at point

10P In the proposed phase diagram (Fig. 3) . In this case , the solid phases
• would have to be carbyne fo rms of carbon. Since the equipment used in the

high-pressure work was not designed to study condensed phase equilibria, the
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observed pressure and temperature would be some kind of average determined
by the competition between the condensed-phase equilibrium and the liquid-
vapor equilibrium attempting to coexist. This situation would result in a large
scatter in reported temperatures and p ressures because this competition
would depend on the idiosynchrasies of each particular apparatus .

In view of the uncertainties discussed here , it is difficult to interpret
the high -pressure results. However , the recent vapor-pressure data cited
here, together with Bun dy ’s high-pressure results , contribute to the inescap-
able conclusion that the S-L-V triple poin t of carbon occurs at a pressure on
the order of 10~ Pa, and that the reported results in the region of IO~ Pa
must refer to some other phenomenon.
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THE IVAN A. GETTING LABORATORIE S

The Laboratory Operation. of The Aerospace coipor att on Is conducting
experimental and theore tical investIgat I ons necessary for the evaluati on and
appli cation of scientifi c advances to new military concepts and systems. Ver-
satility ,nd flexibility hav, been developed to a high degre e by the laborato ry
p.r.onnsl In dealing with the many problems encountered in the nstion ’s rapidly
developing space and mis.ile sy.t.ms. Expert ise In the latest scienti fi c devel-
opment. Is vital to the accomplIshme nt of tasks related to thes. problem.. The
laborato ries that contribute to th i. research are:

Aerophyslcs Laboratory: Launch and reentry aerod ynamic., heat tr ans-
fer , reent ry ~ihy.ics , chemi cal kinetic s, structural mechanics , fli ght dynam ics.
atmosp he ric pollution, and high-power gas lase rs.

Chemistr y sad Ph ysics Laboratory : Atmospheri c reactions and atmos-
pheric optics , chemical reaction. In polluted atmospheres , chemical reactions
of excited species In rocket plumes , chemical thermod ynamics , plasma and
laser-induced reactio ns , laser chemistry, propulsion chemistry, space vacuu m
and radiation effects on materials , lubricat ion and surface phenomena , photo-
sensit ive material , and sensors , high prec ision laser rang ing, and Ii. appli-
cation of physic . and chemistry to problems of law enforcement and biomedicine .

Electronics Resea rch Laboratory : Electromagnetic theory, device. , and
prop agati on phenomena . including plasma electromagnetic.; quantum electro nics ,
lasers , end electro -optics; communication sciences , applie d electron ics, semi -
conducting, superconducting, and crystal device physic. , optical and acoustIcal
imagin g; atmo spheric polluti on ; millimeter wave and far-infrared technology.

M aterials Sciences Laboratory : Development of new mate rials; metal
matrix composites and new forms of carbon ; test and evaluation of graphite
and ceramics In reentry ; spacecraft materials and electroni c component s In
nuclea r weapons environment ; appli cation of fracture mechanic, to stress cor-
rosion and fatigue -induced fractures in structural metals.

Space Sciences Laboratory: Atmospheric and I onosphe ric physics, rad ia-
tion from the atmosphere, density and composition of the atmosphere aurorae
and airglow ; m.gnetosph.rlc physics, cosmic rays , generati on and propagation
of plasma waves in the magnstospher e; solar physics, studie. of solar magn.tl c
fields; space astronomy, x-ray sstro aomy; the effects of nuclear explosions ,
magneti c etorm s. and solar activity on ths earth’ s atmosphsr. , ionospb.r , and
magnetosp here; the effects of optica l, sleciromagnetic . and particulate radia.
tions In space on space systems.
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