Thermodynamic state of the laser-induced liquid phase and position of the triple
point of carbon
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Quasi-equilibrium and metastable (overheated) liquid phases of carbon are formed in the initial stage of the laser irradiation of a
graphite target in air and in a vacuum, respectively, with an approximate position of the solid-liquid—vapour triple point of carbon
at 1 bar, 4000 K.

The problem of the thermodynamic state of carbon, in particulaliterature is the most significant problem for describing the
its liquid phase, under high-power pulsed laser irradiation hasoute of formation of the liquid phase of carbon (in the
hardly been studied to date. Meanwhile, for nonequilibriumphase diagram of the substance) under conditions of pulse
laser-induced melting and evaporation of a substance, tHaser irradiation. The points (100 atm, 5006-K)and (1 atm,
thermodynamic theory of stability predicts the appearance of 4000 KB.° in the phase diagram of carbon are presently
metastable (overheated) liquid phlasend, hence, the results assigned to the most probable points of the triple point.
of studying physical (optical, thermophysical) properties of a We suppose that the graphite target in a vacuum exists under
laser-induced graphite mek should be, albeit cautiously, an external pressutf, of residual gasif. 10-7torr) and the
related to the parameters of the equilibrium liquid phase. recoil pressuré®. of laser-evaporated carbon species (in the
Under laser irradiation of a graphite target a liquid phase oédbsence of a ‘graphite—carbon vapour’ equilibrium). The
carbon is formed through a sequence of heating, melting amésidual gas pressure remains constant with laser heating of the
evaporation processes as well as oxidation. Our estimates tafrget surface under high vacuum conditions but the recail
oxidation (burning) front velocity at the surface of the laser-pressure, which is equal to approximately one half of the
heated graphite target in air were performed using gas dynamisaturated carbon vapour pressig, at the given surface
formulae (1) for a collision frequency of gas molecules with theemperatureT,10 rapidly increases according to the Clausius—

target surface Clapeyron equation with growth of evaporation temperature on
p the target surface. Hence, the graphite target is hardly evaporated
Voxid=a2ﬂaLN0.25\/=aﬁaLJﬁr (1) on heating with laser radiation, up to the intersection point of

the sublimation curve with th&(T) curve; theP(T) curve
where a is the sticking coefficient of oxygen molecules on describes the total pressure of the residual gas in the Knudsen
a graphite surfacea(=1), § is the oxygen content in air layer and the recoil pressui.. of carbon vapour at the
(21%), o is the cross section of a carbon atom on a graphiteemperature of the target surfacérigure 1, curvel).
surface (1.5x18°m2), L is the surface atomic layer thickness

(3.35%1619m), N is the air density at 4000 K (2.52¢0n-3), P(T) = Py + Pyoe = Py + 0.5Pg(T) (2)
V is the average velocity of air species at 4000 K3 (A3Y),
andM is the average mass of air species (5%Iy). These On further heating of the graphite target with laser radiation,

estimates exhibited a negligible effect due to the oxidatiorstarting from the sublimation curve, one cannot neglect the
process (the oxidation velocity value is less than the atomievaporation of the target, which produces a considerable recoil
layer per laser pulse of duration 25 ns). On opposite, heatingressure of carbon vapour on the target surface. The temperature
melting and evaporation processes are dominant at the lasetependenc®(T) of the overall pressure of the residual pressure
induced formation of a liquid phase of carbon occuriiey  and recoil pressure of carbon vapour is presented in the phase
different routes in the phase diagram of carbon depending agiagram below the sublimation curve. It therefore corresponds
the value of external pressuPg on the target surface (residual to the absence of mechanical equilibrium on the target surface
gas in vacuum or in air) (Figure 1). Therefore, at the preserdnd the co-existence of a metastable (overheated) solid in the
time, the ambiguity in the determination of the parameters ofas phase with a nonequilibrium composition (Figure 1, clirve
the solid—liquid—vapour triple point of carbon presented in the When the representative point for the thermodynamic state of
the graphite target surface layer moves alongP{i¢ curve, it
asymptotically reaches the curve BYT). The last curve at
certain pressure and temperature values crosses the curve of
co-existence of the metastable (overheated) phases of solid and
liquid for carbon, which continues the corresponding curve of
co-existence of the equilibrium phases of the solid and liquid
to a region lower than the triple point. Thus the metastable
(overheated) phase of liquid carbon is formed on the target
surface and its evaporation under laser irradiation follows along
the 0.%.,(T) curve to the spinodal curve of the carbon liquid
phase (Figure 1).

Different routes of formation of the carbon liquid phase in
the case of evaporation in alf(= 1 bar) may occur depending
on the position of the solid—liquid—vapour triple point for
carbon (1 or 100 bar) since the residual gas (air) pressure in the
Knudsen layer can exceed the corresponding presjumef
carbon vapour in the triple point. We assume the pressure of the

TIK heated air in the near-surface layer oft1fi thickness remains

Figure 1 The trajectories of the surface layer state in the schematic pha: onstant (1 bar) with the surface temperature growth due to fast

P,T-diagram for the laser heating, melting and evaporation of graphite in &0~ S) acoustic off-loading of the layer and the increase of the
vacuum {) and in air 2). P(T) is mainly concerned with the recoil pressure growth [the

P/Pa

spinodal curve
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The thermal emission mechanism of the primary ion yield and
the effusive movement of the charged species under a carbon
plume pressure lower than 1bar were assumed for the
temperature calculations. The rangel {0.01-0.1 GW cn®)

in which the evaporation temperature values were calculated
undoubtedly covers the threshold value of the laser power
density for the transition of the overheated solid to the
overheated liquid in a vacuum, because the last one is close to
the |, value for graphite melting in air (0.02 GW ¢fn Since

the curve of co-existence of the overheated solid with the
overheated liquid moves (in the phase diagram of carbon) from
the triple point almost vertically down, the established value of
the evaporation temperature of the overheated substance at
4000+1200 K can be considered as a reasonable estimate for
the temperature of the triple point of carbon.

Thus, the analysis of the experimental data on the thermo-
dynamic parameters of the laser melting of graphite suggests
that the parameters of the triple point of carbon (4000 K, 1 atm)
giverP as the result of statistical processing of the whole mass
of available published data agree satisfactorily with the data
presented in this work. Regarding the method of formation of
0.5P,(T) term in the expression (2)]. In this case, laser heatinghe liquid carbon phase under the the pulsed laser irradiation of
and evaporation of the graphite target results in the formation gfraphite, this position of the triple point of carbon implies that
a quasi-equilibrium phase of the carbon melt on the targetin laser heating of graphite in air the liquid phase is formed
surface under an external presse¢€) > 1 bar. The intersection under quasi-equilibrium conditions, and when graphite is
of the P(T) curve with the curve of liquid—vapour equilibrium evaporated in a vacuum, it is formed from the metastable
takes place near the triple point of carbon P&T) =2 bar  (overheated) solid phase of carbon.
according to equation (2)]. Further laser evaporation processes
follow the P(T) curve in the region of the metastable References
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Figure 2 Evaporation temperature of the polycrystalline graptigesus
laser power density.

(overheated) liquid phase of carb®{T) = 0.5P.(T) < Pg,(T)]
up to the spinodal curve for the liquid phase (Figure 1, crve
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