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ABSTRACT 

i 

Some of the differences in the published data on the free vaporization 

of conventional (ATJ, ZTA, UT-6) and pyrolytic graphites have been resolved. 

Relative abundances, relative rates of vaporization, and activation energies 

of vaporization have been measured for carbon species C. through C_, for 

conventional graphites in the temperature range 2800° - 3000°K, and for 

pyrolytic graphite in the temperature range 2600° - 3260°K. Differences in 

the free evaporation behavior of the two types of graphites are discussed. 

Plausible vaporization mechanisms are presented that account for the time 

dependency of species distribution at constant surface temperature for con- 

ventional graphites, and for the differences in activation energies of vapori- 

zation for (V and C_ molecules vaporizing from pyrolytic and conventional 

graphites. The effects of the differential rates of carbon evaporation from 

the crystalline and binder phases on the free vaporization "behavior of con- 

ventional graphites at temperatures greater than about 2950-50°K are described, 
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I. INTRODUCTION 

In spite of extensive research carried out over the past two decades, 

the mechanism of graphite vaporization is still undefined. Quantitative 

data regarding rates of vaporization and molecular weight distribution of 

the vapor species have been controversial or entirely lacking at temperatures 

above 2900°K. For example, JANAF data on vapor pressure, when extrapolated 

to the triple-point temperature of graphite, yield a triple-point pressure 

two orders of magnitude lover than the currently accepted value.1 This 

disagreement is critical in reentry technology since, during a substantial 

portion of reentry time, graphitic thermal protection materials are sub- 

jected to temperatures and pressures higher than the triple-point tempera- 

ture and pressure of graphite.  Since the calculation of recession rates 

involves vaporization kinetics and thermochemistry, it is necessary to (l) 

clarify the differences in existing vaporization data and (2) take advantage 

of newly developed instrumentation and techniques in order to extend the 

data to higher temperatures. 

Vaporization studies have been conducted, either under essentially 
p 

equilibrium condition by the Khudsen effusion method^ or under free vapori- 

zation condition by the Langmuir rate method,J to obtain both thermodynamic 

and kinetic data. A summary on graphite vaporization data and a critical 

evaluation of the differences in existing vaporization data have been made 

by Palmer and Shelef; interested readers should consult this reference. 

We are concerned here only with the free vaporization behavior of 

graphites. The work described herein resolves some of the differences in 

the published data on the free vaporization of graphites, and presents new 

vaporization data for conventional (ATJ, ZTA, UT-6) and pyrolytic graphites. 

Relative abundances, relative rates of vaporization, and activation energies 

of vaporization have been measured for carbon species C^ through Cc, for 

conventional graphites in the temperature range 2800° - 3000°K, and for 

pyrolytic graphite in the temperature range 2600° - 3260°K. Differences 
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in the free evaporation behavior of the tvo types of graphites are discussed. 

Plausible vaporization processes are postulated for the conventional graphites 

to account for the time dependency of species distribution observed at con- 

stant surface temperature under nonequilibrium vaporization condition. The 

effects of the differential rates of carbon evaporation from the crystalline 

and binder phases on the free vaporization behavior of conventional graphites 

at temperatures in excess of 2950°K are described. 
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II. EXPERIMENTAL 

A. EQUIPMENT 

At the initiation of our experimentation, ve used a time-of-flight 

mass spectrometer (Bendix Corp., Model Ik)  modified to accept the Langmuir 

vaporization cell shown in Fig. 1. The existing Khudsen cell housing was 

replaced with a vacuum chamber of similar design but with a slightly larger 

internal diameter in the water-cooled tower section, This vacuum chamber 

was connected to the ion source chamber by a J,6 x O.76 mm slit, and was 

evacuated using a pumping station supplied with the spectrometer. After 

several experiments, it became apparent that this spectrometer was inadequate 

for use in unequivocal identification of carbon vapor species of mass greater 

than that of the Cp molecule because of its inherently low mass resolving 

power; e.g., this equipment could not resolve the ionic masses from inter- 

fering ionic masses resulting from impurities in the graphite specimen 

and from residual hydrocarbon vapors in the mass spectrometer. 

For most of the work reported herein, we used a high-resolution, double- 

focusing mass spectrometer (Consolidated Electrodynamics Corp., Model 21-110) 

fitted with an ion source (Model IU052?) designed for Khudsen cell studies 

so that it could also accommodate the Langmuir vaporization cell. The 

Langmuir cell was coupled to the ion source housing by a water-cooled 

vacuum chamber equipped with a beam shutter that could be operated from 

outside the chamber. A cutaway view of the Langmuir vaporization cell and 

the water-cooled vacuum chamber is shown in Fig. 1, Differential pumping 

was maintained across the slit separating the two chambers by an auxiliary 

pumping station (Veeco, Model VS 1*00), The pumping station was connected 

to the water-cooled vacuum chamber by a stainless steel pipe 10.2 cm o.d. 

and 102 cm long. With this two-chamber system, a source pressure of less 

than 2 x 10  Torr was maintained even when the pressure in the Langmuir 

cell housing reached 8 x 10"° Torr» The latter pressure was attained only 

when the graphite specimen was heated to temperatures above 2950°K. 
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MATERIAL SAMPLE 
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Figure 1. Cutaway View of Iangmuir Cell and Water-Cooled Vacuum Housing 
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The specimen, mounted in a pair of water-cooled copper electrodes 

(Fig. l), was resistively heated with alternating current supplied from 

a 7-kVA transformer. Power input data were obtained using automatic 

recording digital voltmeters that measured the voltages developed across 

the graphite specimen and across a 4-mß standard resistor connected in 

series with the specimen. The carbon species evaporating from the graphite 

surface were collimated by the beam-defining slit system of the heat shield 

and the ion source. The slits of the heat shield were spatially oriented 

to the entrance slits of the ion source such that only those atoms and 

molecules that vaporized from the center portion of the heated specimen, 

a rectangular area approximately k mm long and 1.5 mm vide, were permitted 

to Impinge upon the first slit of the ion source. The resulting beam 

passed not only through a system of beam-defining slits of the ion source 

but also through a pair of deflector plates that removed charged particles 

before the beam entered the ionizing region of the ion source where it was 

partially ionized by an electron beam of controlled energy. The ionization 

potentials of neon, xenon, and argon were used as reference voltages in 

adjusting the electron energy to 17 eV. 

Surface temperature was measured using either a disappearing-fllament 

optical pyrometer (PYRO Micro-Optical Pyrometer) or an automatic recording 

optical pyrometer (Leeds and Northrup, Model 8640) fitted with special 

optics to permit focusing on targets of 0.8l-mm diam. The pyrometers were 

calibrated using a tungsten strip lamp calibrated by the National Bureau 

of Standards at brightness temperatures up to 2300°K; above this temperature, 

the Molare radiation source was used to check the pyrometers at 2800°, 3300°, 

and 380O°K using appropriate filters provided by the National Bureau of 

Standards. In addition, the performance of the automatic recording pyro- 

meter was checked by measuring the temperature of incipient melting of 

molybdenum and tungsten strips in the Iangmuir vaporization cell at low 
k 

pressures. Using the spectral emissivity data reported by Allen, et al., 
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we observed the melting temperatures for molybdenum and tungsten to be 2906° 

and 36^T°K, respectively; literature values for molybdenum and tungsten 

melting temperatures are 2895° and 3683°K, respectively. 

Each graphite specimen was of the form shown in the insert of Fig. 1 

so that the temperature gradient from the center to either end of the speci- 

men could be held to a minimum. The observed temperature gradient from the 

center in either direction within 2.5 mm from the center was found to be 

less than 10 deg. No apparent temperature gradient was observed across the 

6.35-n» width of the specimen. Since the temperature of the back surface 

was monitored rather than that of the front surface, the difference between 

the two surface temperatures was determined using conventional and pyrolytic 

graphites and tungsten strips. The difference was found to be less than 10 

deg, with the temperature of the front surface being higher. This dis- 

crepancy was attributed to the use of a single radiation shield on the back 

surface and three radiation shields on the front surface of the graphite 

specimen. Each brightness temperature reading was corrected for transmission 

and reflection losses from the Pyrex window, and for the emissivity of graphite. 

For the conventional graphites, emissivity corrections were calculated from 

emissivity data on machined-surface graphites reported by Grenis and Levitt. 

"Conventional graphites" will be used herein to describe molded and extruded 

graphites that are usually formed from petroleum-coke and coal-tar pitch 

binder. Insufficient data exist on the spectral emissivity of the C- and 

A-face of pyrolytic graphite. Herein, "C-face" refers to the "as-deposited" 

surface of the pyrolytic graphite specimen, and means that the crystallites 

are oriented such that their basal planes, or a,b-axes, are essentially 

parallel to the deposition plane. The A-face orientation of the specimen 

corresponds to the surface perpendicular to the "as-deposited" surface. 

Emissivity corrections for the C-face of pyrolytic graphite for brightness 

temperatures up to 2500°C were calculated from spectral emissivity data 

determined by Champetier." For brightness temperatures above 2500°C, a 
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constant emissivlty value of 0.76 was assumed. This value vas selected 

because a survey of the literature shoved that most of the spectral 

emissivity data at the pyrometer wavelength (~ 0.65 M) fell between 0.70 

and 0.80 far both the C- and A-faces, u and that the temperature coeffi- 

cient of spectral emissivity was nearly zero.     The same corrections 

were applied to the brightness temperature readings taken on the A-face. 

Figure 2 is a photograph of the high-resolution, double-focusing mass 

spectrometer and the Langmuir vaporization cell, with its associated equip- 

ment. 

B. GENERAL PROCEDURE FOR MASS SPECTROMETER ANALYSIS OF CARBON VAPOR 

The following general procedure was used in studying the free vapori- 

zation of various grades of graphites. The electron energy of the electron 

beam was adjusted to 17 eV using the ionization potentials of neon, argon, 

and xenon as reference voltages. Each specimen was outgassed at 2100°K for 

30 min, and at 2350°K for 1 hr. At each outgassing temperature, the 

gaseous products were analyzed mass spectrometrically. The major out gas sing 

species were H2, CO, CCv>, C2H2, and CgHj,. for both types of graphite. During 

this outgassing procedure, which was continued until the CO ion intensity 

levelled off to the initial background intensity, the surface temperature 

was monitored using a disappearing-filament optical pyrometer. At the con- 

clusion of this operation, the disappearing-filament pyrometer was replaced 

with the automatic recording optical pyrometer, which was focused at the 

center of the specimen and optically aligned to give the identical tempera- 

ture reading as obtained with the disappearing-filament pyrometer. 

Relative ion intensity measurements were made of the various carbon 

species vaporizing at a given surface temperature by magnetically scanning 

the entire mass range of interest at a scan rate of 1*0 sec per octave; 

appropriate corrections were made for mass discrimination effects. Relative 

ion intensity measurements were also verified by electrically scanning each 

mass separately. The temperature dependence of the ion intensity of each 
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species was determined by electrically scanning each mass separately at a 

scan rate of 80 ms per scan. In this latter mode of operation, the beam 

shutter and the shutter protecting the Pyrex window of the temperature 

measuring system were activated simultaneously; i.e., both shutters were 

opened simultaneously for approximately 5 sec, during which time tempera- 

ture, ion current, and power input measurements were made. The background 

spectrum was continuously recorded during the time interval when both 

shutters were in the closed position; i.e., intercepting the molecular beam 

and the radiant energy. 

C. MATERIALS 

The graphite specimens were prepared, as shown in the insert of Fig. 1, 

from slabs of continuously nucleated pyrolytic graphite (High-Temperature 

Material Co.), ATJ and ZTA graphites (Carbon Products Division of Union 

Carbide Corp.), and from rods of UT-6 graphite (Ultra Carbon Corp.). 

Physical properties of these graphites are given in Table 1. All of the 

conventional graphite samples had machined surfaces. The pyrolytic graphite 

specimens were fabricated such that the original "as-deposited" C-face was 

retained; the edges were undercut 37 deg so that carbon vapor species 

vaporizing from these edges would not contribute significantly to the 

molecular beam. This undercutting is quite essential, especially for the 

pyrolytic graphite specimens, since the rate of vaporization from the A-face 

is greater than from the C-face. 
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III. RESULTS AMD DISCUSSION 

A. PYROLYTIC GRAPHITE 

Carbon species C., C2, and C~ were detected in the vapor above both 

the C- and A-face of pyrolytic graphite in the temperature range 2600° - 

3250°K. For the first time, C. and C_ molecules were observed In the 

temperature range 2800° - 3250°K; previously C. and C_ molecules have been 

observed only in the vapor produced by impingement of a laser beam on 

pyrolytic graphite surfaces.     The surface temperature produced by 

laser irradiation has been estimated to be approximately UlOO K;  however, 

there is reason to believe that the conditions during evaporation by laser 

irradiation are significantly different from those during thermal evapora- 

tion.   Polyatomic carbon molecules larger than C_ were not detected even 

with the high-sensitivity photoplate detector. The absence of spectral 

lines on the photoplate corresponding to the high-molecular-weight carbon 

vapor species should not be construed as conclusive evidence for the absence 

of these species in the vapor because (l) the relatively short exposure times 

dictated by the lifetime of the sample may have precluded the detection of 

the parent-molecule ions of these species with the photoplate, and (2) the 

parent-molecule ions may have undergone metastable transitions prior to 

their arrival at the detector. Metastable transitions of ions of high- 

molecular-weight carbon species resulting in the loss of carbon atoms in 

groups of 3> 5t 9>  and 11 atoms have been reported by Dörnenburg and 
19 Hintenberger. 

The most significant evidence for large carbon molecules was obtained from 

a study of the ionization efficiency curve for the Co  ion shown in Fig. 3- The 

change in slope above 17-5 eV suggests that part of the Cö ions are fragment ions 
20 

resulting from electron-impact fragmentation of larger molecules.   The small 
+    + + 

quantities of Cjj. and Cej suggest that the progenitors of Co fragments are carbon 

species larger than the Ce molecule. High-molecular-weight carbon species of 
18 

masses up to about C_ have been observed by Vastola  when the basal-plane 

surface of pyrolytic graphite is irradiated with a laser beam. 
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14    16    18    20 
ELECTRON ENERGY, eV 

Figure 3. Ionization Efficiency Curve for C3 Molecule from A-Face 
of Pyrolytic Graphite 
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Relative abundances of the carbon species were obtained from relative 

ion intensity measurements by assuming equal ionization cross sections, and 

are given in Table 2. The usual procedure of converting relative ion 

intensities into relative abundances by considering the relative ionization 

cross sections estimated from the additivity principle of atomic cross 

sections2-1- was not used because recent studies have indicated this principle 

does not always yield the correct electron-impact ionization cross sec- 
22-23 n 

tions.   J Below 3000°K, the relative abundances of Cp Cp,and Cg species 

for the "as-deposited" C-face vaporization agree with those reported by 

Burns, et al.,  and show that the Co molecule is the most abundant species, 

contrary to the findings of Zavitsanos. * This difference in Co molecule 

abundance may have resulted from ion-molecule reactions in the ion source 

of our mass spectrometer and that used by Burns, et al. since the ions are 

accelerated in the same direction as the incident molecular beam. In the 

mass spectrometer used by Zavitsanos, ion-molecule reactions are not favored 

since the ions are accelerated in a direction orthogonal to that of the 

incident molecular beam. The relative abundance ratios for the A-face 

vaporization are significantly higher than for the C-face vaporization, and 

also differ from the values given by Bums, et al.   The relative abundance 

ratio of C^CgtC, for the A-face was found to be 1:2.4:5.9 at 2788°K, and 

not too different from that measured for equilibrium vaporization. The 
ft 2ll 

reported abundance ratio is 1:0.6:6 for equilibrium vaporization at 2755 K. 

This disagreement in the distribution of species for the A-face may be 

indicative of an intrinsic difference in the distribution of species between 

continuously nucleated and surface-nucleated pyrolytic graphite. 

It is not apparent from the published work of Burns, et al. which of 

the two types of pyrolytic graphite was examined. Evaporation studies on 

the A-face of surface-nucleated pyrolytic graphite are continuing in order 

to resolve this disagreement. The abundances of C^ and Cc molecules 

vaporizing from the C-face are identical, and the ratios Cy.C^ and C^:C_ are 
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150:1 in the temperature range 285O0 to3260°K. Although accurate relative 

abundance measurements were not made for C^ and CV species vaporizing from 

the A-face, preliminary data indicate that the abundances of these species 

are at least two orders of magnitude le.is than the Cg molecule in the same 

temperature range. 

The apparent activation energies of vaporizationAEa of C^, Cg, Cg, C^, 

and Cc species vere determined from the temperature dependence of the ion 

intensities in the temperature interval t^om 2600° to 3260°K. Since the 

rate of vaporization of a given species CQ fron a surface is proportional 

to 1(3+ T1/2, where Iq+ is the ion intensity of the carbon species of interest 

and T is the surface temperature,25 Arrhenius plots vere made for each of 

the species by plotting log [IQ* T^-/2] versus reciprocal temperature. 

Typical examples are presented in Fig. k;  these plots show no evidence 

indicating a change in vaporization mechanism over the temperature range 

studied. It should be emphasized that accurate relative ion intensities 

can not be deduced from these plots because measurements vere not made under 

identical experimental conditions. 

The apparent activation energies of vaporization for the carbon species 

vere calculated from the slopes by least-squares analysis, and are given 

in Table 3.  The apparent activation energies of vaporization of C^, Cg, 

and Co from the C-face are 175» 193» and 201 kcal/mole, respectively, and 
ok 

are in agreement with the values reported by Zavitsanos.   Apparent 

activation energies of vaporization for C^ and C5 for C-face vaporization 

vere measured for the first time and found to be 208 and 199 kcal/mole, 

respectively. The apparent activation energies of vaporization for Co and 

C5 molecules from the A-face vere found to be 197 and 201 kcal/mole, 

respectively, and equal to that from the C-face vithin the experimental 

error. These results suggest that the vaporization mechanism for these 

tvo species are similar for the tvo surfaces. For the C-face, the Co and 

Cc molecules appear to evaporate predominantly from the edges of the a,b-plane 

(basal plane) of the crystallites at the grain boundaries and other 

-15- 
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lable 3* Apparent Activation Energies of Vaporization of Carbon Species 

for Ityrolytic Graphite 

U I 

Carbon       E^, 
Species   kcal mole"^ 

180 

175i> 

200 

193+5 

20T 

201+9 

197Ü0 

208+7 

199±7 

201*10 

Temperature 
Ran^e. 

2618 - 2760 

2618 - 2760 

2618 - 2760 

Ref. 

2k 

2k 

2k 

Face 

C-face 

2664 - 3236   This research    C-face 

C-face 

2597 - 3226   This research    C-face 

C-face 

2597 - 3226   This research    C-face 

2638 - 2965   This research    A-face 

2861* - 3268   This research    C-face 

2837 - 3264   This research    C-face 

2890 - 3250   This research    A-face 
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discontinuities. Recently, etch pits have been observed with the scanning 

electron microscope on the C-face of pyrolytic graphite that had been 
26 

heated to 3000°K.   Diese etch pits are believed to result from prefer- 

ential evaporation of carbon at the sites of surface defects. Activation 

energies of vaporization for C^, C2, and C^ from the A-face of continuously 

nucleated pyrolytic graphite have not yet been determined. 

B. CONVENTIONAL GRAPHITES 

The carbon vapor species observed in the vapor above pyrolytic graphite 

were also identified above conventional graphites. In addition, C£ and rj 

aolecules were observed at temperatures above 3000°K, but in very small 

quantities. The abundances of C5 and C» molecules appear to be at least 

three orders ox magnitude less than for the Co molecule. As in the case of 

pyrolytic graphite, no evidence has been obtained with the photoplate 

detector for higher-molecular-veight carbon species observed during evapora- 

tion under extreme conditions in high-frequency discharges, "»'"^  in 

vacuum spark,^^ or in laser irradiation,l5-l*> apparently for the same 

reasons given earlier. 

Significant differences in the relative abundances of the various 

carbon vapor species were found between the two types of grapnites (Table k). 

The abundance ratios were found to change erratically with temperature, and 

to exceed the ratio obtained under equilibrium vaporization condition. The 

reported relative abundance ratio for C^tC^:C^ is 1:0.56:6.1 at 2500°K for 

equilibrium vaporization.3» However, the most interesting difference was 

found in the time dependency of the species distribution at constant sur- 

face temperature. The relative ion intensities for C-^, Cg", and ct varied 

with time at a given surface temperature, as shown in Table 5,  whereas no 

variation in the relative ion intensities were observed with pyrolytic 

graphite for either the C-face or A-face vaporization. The initial ratio 

of 1:0.61:1.6 measured at 2627°K is in fair agreement with the value of 

1:0.5:1.6 determined by Chupka and Inghram^"^ at 2U50°K. This relative 
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ion intensity ratio changed continuously with elapsed heating time until a 

limiting value of approximately 1:2:40 was attained. Concomitant increases 

of roughly 2, 3? and 20 times the original were observed in the magnitude 

of the ion intensities for C*, C*, and C*,respectively. This behavior was 

observed in all the conventional graphites investigated, regardless of the 

grain sizes or initial orientation of the crystallites. This time dependency 

of species distribution may account for the wide difference in relative 

abundance ratios published in the literature. At temperatures below about 

2900°K, small differences in the rate of attainment of the limiting value 

were observed between the various grades of conventional graphites; however, 

even these differences disappeared when the specimens were heated to tempera- 

tures above 2900°K. The question of whether the total mass-loss for the 

different grades of graphite is identical remains unanswered, since mass-loss 

measurements have not yet been made. 

The increase in ion intensities and change in the distribution of carbon 

species observed during extended heating at 2627 K can be explained by the 

following plausible vaporization mechanisms. Conventional graphites, con- 

sisting of a crystalline phase and an amorphous carbon binder phase, are 

essentially porous solids; hence, the total effective vaporizing surface area 

is comprised of the machined-surface area and the surface areas of the inter- 

nal volumes (closed and open pores, crevices, channels), which are highly 

tortuous in the bulk of the solid. When these graphites are resistively 

heated, temperature gradients may develop at crystal defects, at discontinui- 

ties at the grain and phase boundaries, and at the sites of the internal 

voids. Enhanced vaporization may occur at localized hot spots because of 

these temperature gradients, resulting in continuous exposure of new crystal 

faces with different vaporization and condensation coefficients for the 

various carbon species. These continuous changes in surface area and surface 

morphology may partly account for the increase in ion intensities and the 

gradual change in species distribution. The vaporization of atoms and mole- 

cules from the surfaces of the closed and open pores may also produce profound 
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effects on the magnitude of the ion intensities and on the distribution of 

species in the following manner: The pores with very small orifices could 

act as small effusion cells; hence, the partial pressures of carbon species 

within these pores would gradually reach steady-state values. Concomitantly, 

the composition of the effusing vapor would change continuously until steady- 

state conditions were attained. The steady-state pressures could or could 

not be equal to the equilibrium vapor pressures, since establishment of 

equilibrium condition would depend on the relative sizes of the orifices and 
38 

the pores.   On the other hand, the partial pressures of the carbon species 

within the closed pores could reach equilibrium values before these pores 

opened. As vaporization proceeds, these closed pores would gradually open, 

with the subsequent release of carbon vapors into the low-pressure regions 

of the vacuum chamber and into the tortuous channels that connect these 

pores to the plane of the machined surface. Under these conditions, the 

resultant composition of the effusing vapor could be either frozen to the 

vapor within the closed pores due to sonic flow, or continuously changing 

through the formation of high-molecular-weight carbon species by condensation 
39 and polymerization processesv<7 due to supersonic flow. 

Since most of the pores are situated within the bulk of the specimen, 

the vapors escape into the highly tortuous channels whose cross-sectional 

dimensions are relatively small, compared to the mean free paths of the carbon 

vapor species. Consequently, the atoms and molecules may collide with the 

channel walls many times before escaping the solid. Since vapor-solid inter- 

actions are considered to involve adsorption, surface diffusion, and re-evapo- 
1*0-41 

ration,    mass transport to the plane of the machined surface can occur 

not only by gas-phase effusion but also by diffusion of atoms and molecules 
42 

in the adsorbed layer on the channel walls.   Self-diffusion of carbon has 

been reported to be quite appreciable at these high temperatures.     Under 

these conditions, the relative abundances of the carbon species that arrive 

at a surface where free-vaporization condition exists depend on (l) the 

number of times the atoms and molecules collide with the channel walls, 
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(2) surface morphology, and (3) the condensation and vaporization coefficients 

of the individual carbon species on the various crystal face« of the internal 

voids. Preferential condensation of C. and CL on the cooler surfaces near 

the exit end of the channels could occur because of temperature gradients 

along these tortuous channels, due to radiation cooling near the machined- 

surface, and because of the low condensation and vaporization coefficient 

of CL, as compared to C. and CL. The condensation coefficients for C. and 

CL on graphite at 2300 K are reported to be 0.4 and 0.1, respectively; ? 

the vaporization coefficients for C., C0, and CL at 2500°K are roughly 0.2, 
Ik 2k iifi        ^ 

0.4, and 0.04, respectively.  ' *^J   In addition, diminution of Ci and CL 

could occur due to gas-phase and surface-recombination reactions. In essence, 

the continuous transformation of closed pores to open pores, and vice versa, 

the gradual attainment of sceady-state vapor pressures in the open pores, 

the continuous changes in surface areas and surface morphology, and the 

continuous diminution of CL and CL by preferential condensation and by recom- 

bination reactions could account for the relatively large abundance of CL 

and for the time dependency of species distribution at constant surface 

temperature. 

Corroborating evidence for the preceding postulatione /ere obtained 

from photomicrographs of the cross section of the heated specimen and from 

x-ray diffraction analysis of the heated graphite surfaces. In the photo- 

micrographs shown in Fig. 5 the redeposited carbon has an appearance similar 

to that of the C-face of pyrolytic graphite. These photomicrographs show 

the presence of carbon deposits near the outer surfaces, but give no evidence 

of redeposited carbon in the center section of the specimen. X-ray diffrac- 

tion data on the powdered sample of the surface yielded two interlayer dis- 

tances, C. = 6.712A and CQ = 6.842A. The latter CQ spacing is indicative 
13 

of a highly turbostratic graphite J and evidently corresponds to the redeposited 
-   o 

carbon. The CQ spacing of the center portion was found to be 6.T12A — a 

value 0.010A lower ; an that for the unheated specimen, indicating that 
47 some graphitization had occurred during vaporization.   Identical results 
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Figure 5. Fhotomi^?5raphs of Cross Section of ZTA Graphite Heated to 2627 K 
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were obtained from a specimen heated under conditions where the carburized 

tantalum heat shields were removed and the carbon vapors were allowed to 

strike the walls of the water-cooled vacuum housing located 2.5^ cm from the 

sample surface. These results suggest that the redeposited carbon does not 

result from condensation of carbon species reflected from the surrounding 

heat shields. 

To minimize the effects of the time rate of change of carbon species 

on the determination of activation energies of vaporization, measurements 

were made as rapidly as possible of the temperature dependence of the ion 

intensities. The time required to obtain the necessary data at each tempera- 

ture was less than 10 sec. Arrhenius plots of the apparent rates of vapori- 

zation of carbon species for UT-6 graphite are shown in Fig. 6. The rates 

of vaporize •'•ion of the carbon species increased rather suddenly at tempera- 

tures above about 2900 K, indicating a possible change in evaporation 

mechanism. Similar vaporization behavior was observed with ATJ and ZTA 

graphites at temperatures above about 3000 K (Fig. 7). This large increase 

in the vaporization rates did not appear to be the result of errors in 

temperature measurements. Plots of surface temperature versus power input 

for the C, vaporization data for ATJ and ZTA graphites are shown in Fig. 8. 
o These plots indicate that the errors in temperature measurements above 3000 K 

were too small to account for the large increase in the vaporization rate of 

the C~ molecule. The abrupt increase in the rates of vaporization appears to 

reflect a genuine change in the overall vaporization process, since no similar 

changes in the vaporization rates were observed for either the C-face or the 

A-face of continuously nucleated pyrolytic graphite in the temperature range 

2600 - 3260 K. This difference in vaporization behavior between conventional 

and pyrolytic graphite at temperatures above about 2900 K may be attributed 

to the vaporization of carbon from the binder phase; i.e., although evapora- 

tion of carbon from the crystalline phase and binder phase are occuring 

simultaneously, the vaporization of polyatomic carbon species from the binder 

phase is the predominant process above this temperature. As yet, no definitive 
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Figure 6. Arrhenius Plots for Carbon Species Vaporizing from Machined 
Surfaces of UT-6 Graphite 
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Figure 7. Arrhenius Plots for C2 and C3 Molecules Vaporizing from 
Machined Surfaces of ATJ and ZTA Graphites 
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experiments have been carried out to confirm this hypothesis; nevertheless, 

other experimental observations lend credence to this proposed vaporization 

process. 

The sudden increase in the rates of vaporization was accompanied by 

the gradual appearance of fine particles in the vapor. These incandescent 
< 

particles were evidently crystallites leaving the surface after the surround- 
I 

ing amorphous carbon binder phase had essentially completely vaporized. As 

yet, the presence of particles in the vapor above either the C- or A-face of 

pyrolytic graphite has not been observed, even at 3250°K under free vapori- 

zation condition; hence, it is not believed that these particles result 
i 

from condensation of high-molecular-weight carbon vapor species. These 

particles were clearly visible when the disappearing-filament optical pyro- 

meter was used to measure the surface temperatures above 2950 K. Corrobora- 

ting evidence for the presence of these particles was obtained using the 

automatic recording optical pyrometer. Above temperatures of about 2950°K 

the output of the pyrometer was observed to reach a maximum in about 1.5 sec 

after an increase in power input, remain constant for approximately 1.5 sec, 
i 

and then gradually decrease. During the latter 3*5 sec of the 5-sec 
i: 
I 

measurement cycle, the ion current of the carbon species of interest and 

the power input remained constant, and no carbon deposits were found on the 

Pyrex window. It is believed that the apparent decrease in the brightness 

temperature resulted from scattering of radiation by the particles. The 

relationship between the temperature at which these particles appear and 

graphitization temperature and/or grain size was not investigated. Other 
i 

evidence supporting the hypothesis that the vaporization of carbon species 
o 

from the amorphous carbon binder phase is the predominant process above 2900 K 

is seen in the levelling off of the rate of vaporization of the C, moJ.ecule 

(Fig. 6), and the decrease in the rate of vaporization of the C_ molecule 

(Fig* 9)- This levelling off and decrease in rates of vaporization could 

result from depletion of the amorphous carbon binder, and the onset of these 

changes should depend on the previous heating history of the specimen. It 
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Figure 9. Arrhenius Plots for Carbon Species Vaporizing from 
Machined Surfaces of Conventional Graphites After 
Specimens Were Heated to 2950°K 
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was observed that if conventional graphites are subjected to prolonged 

heating to temperatures above 2900 K, the heated zones of the specimens not 

only flake off in chunks, but disintegrate into fine powdery material, 

determined by x-ray analysis to be graphite. 

The preferential evaporation of carbon from the binder phase at these 

high temperatures is believed to be an intrinsic property of conventional 

graphites, and does not appear to be related to the method of heating. Recently, 

Whittaker  observed the ejection of particles at about 290C±50°K when 

conventional graphites were heated by the radiative heating technique. 

Apparent activation energies of vaporization for species C« and CL of 

ATJ graphite and C_ of ZTA graphite were calculated from the linear portions 

of the Arrhenius plots shown in Fig. 7> and were found to be 19^, 200, and 199 

kcal/mole, respectively. These vaLues are in excellent agreement with the 

activation energies of vaporization for C0 (AE = 193 kcal/mole) and for CL 

(AE = 201 kcal/mole) obtained for pyrolytic graphite. These data suggest 

that, for conventional graphites, the vaporization of carbon from the 

crystalline phase is the predominant process up to the temperature at which 

a sudden increase in the rates of.  evaporation is observed. The excellent 

agreement in the activation energies of vaporization between the two types 

of graphite indicates that no serious errors were introduced into the measure» 

ments of the temperature dependence; of the C* and cl ion intensities by the 

time rate of change of carbon species. The apparent activation energies of 

vaporization given in Table 6 were calculated from the linear portions of 

the Arrhenius plots, with exception of those for species C. and C_; apparent 

activation energies of vaporization for these two species were obtained by 

first heating the specimens to 2950 K for about 5 sec , rapidly cooling to 

2000 K, and subsequently measuring the temperature dependence of the ionic 

species of interest. Typical Arrhenius plots are shown in Fig. 9 for species 

(V and CL, as well as for other species. Preheating of the specimens enhanced 

the ion intensities of all the species and permitted us to measure the tempera- 

ture dependency of ion intensities at lower temperatures. The increase in ion 
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Table 6. Apparent Activation Energies of Vaporization of Carbon Species 
from Machined Surfaces of Conventional Graphites 

Carbon 
Species kcal mole ■L 

Temperature 
Range, 
°K 

Ref. 

ci 179±10 T 
ave 

= 2000 k? 

ci 177±6 T   = 2000 
ave 3^ 

ci 178!l0 T 
ave 

= 2*400 33 

ci 179±5 26OO • - 3OOO This research 

C2 
199120 T 

ave 
= 2U00 33 

C2 
200-10 T ave 

= 2500 3^ 

C2 195t5 2600 • - 2950 This research 

C3 
178+10 T 

ave 
= 2lf00 33 

C3 
200+10 T 

ave 
= 2500 3^ 

C3 
197-10 2600 • - 3000 This research 

Ck 2^1+10 2800 • - 2950 This research 

C5 
21+2+6 2700 • ■ 2950 This research 
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intensities may have resulted from the increase in surface area and from 

the conversion of closed pores to open pores. Apparent activation energies 

of vaporization obtained by this technique for sjecies C-, C0, and CQ were 

found to be in excellent agreement with those calculated from the linear 
i 

portions of the Arrhenius plots for specimens that had not been previously 

heated to 2950 K. The apparent activation energies of evaporation for 

species C. and CL were found to be 24l and 2^2 kcal/mole, respectively — 

roughly kO  kcal/mole higher than the corresponding activation energies of 

vaporization obtained for the C. and C,. species of pyrolytic graphite. This 

difference in activation energies of vaporization could have resulted from 

the porosity of the conventional graphites. In heat-treated specimens, it is 

possible that most of the closed pores have been opened, and that a large 

portion of the carbon vapor emanates from these small effusion cells. If 

this is the case, the apparent activation energies of evaporation should be 

comparable to the heats of vaporization. The reported heats of vaporization 

for C. and C,. are 2^9 and 2^5 kcal/mole, respectively.   The difference in 

activation energies of vaporization could also have resulted from vaporiza- 

tion of carbon from the binder phase. If the vaporization of polyatomic 

carbon species from the amorphous carbon binder phase is the predominant 

process at these higher temperatures, then it is not unreasonable to expect 

the activation energies of vaporization for conventional*graphites to be 

higher, since it is conceivable that it is more difficult to remove Cr and 

CL molecules from a three-dimensional carbon lattice binder phase than from 

an essentially two-dimensional carbon lattice of pyrolytic graphite. 
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IV. CONCLUSIONS 

Carbon species C. through C,. are present in the vapor above both A- and 

C-face of continuously nucleated pyrolytic graphite in the temperature range 

2600° - 3250°K, with C~ being the predominant species. Abundances of C. and 

C_ appear to be at least two orders of magnitude less than that of C-. 

Identical activation energies of vaporization for carbon species vaporizing 

from the A- and C-face suggest that the vaporization mechanism is identical 

for the two surfaces. The vaporization of carbon species from the a,b-plane 

(basal plane) edges of the crystallites at the grain boundaries, other dis- 

continuities, and surface defects appear to be the predominant process for 

C-face vaporization. There is no evidence of either a change in vaporization 

mechanism or anomalous changes in the distribution of species with time at 

constant surface temperature in the temperature range 2600 - 3250°K for 

continuously nucleated pyrolytic graphite. 

The data presented herein for the free vaporization of conventional 

graphites suggest that at temperatures below about 2950±50 K, the vaporiza- 

tion of carbon species from the crystalline phase is the predominant process, 

and that at temperatures in excess of 2950^50 K, the vaporization of carbon 

species from the amorphous carbon binder phase is the predominant process. 

This abrupt transition in the relative importance of the two vaporization 

processes appears to produce profound effects on the vaporization behavior 

of conventional graphites at temperatures above 2950*50 K. Tttte rates 

of evaporation of polyatomic carbon species increase abruptly, and the total 

mass-loss appears to occur by vaporization of carbon and ejection of 

crystallites. The preferential evaporation of carbon from the binder phase 

at these high temperatures appears to be an intrinsic property of conventional 

graphites, and does not appear to result from the method of heating. These 

anomalous vaporization phenomena demonstrate that extrapolation of low-tempera- 

ture vaporization data to higher temperatures can not be made indiscriminately. 
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i 

The observed time dependency of the relative abundances of carbon 

species at any given surface temperature below 2900 K appears to result 

from changes in surface area and surface morphology and the gradual trans- 

formation of closed pores to open pores. Plausible vaporization mechanisms 

are presented that account for the time dependency of species distribution 

at constant surface temperature for conventional graphites, and for the 

differences in activation energies of vaporization for (V and C_ species for 

pyrolytic and conventional graphites. The effect of differential rates of 

vaporization on mass-loss under nonequilibrium conditions may now be the 

key to the understanding of some of the difficulties encountered when con- 

ventional graphites are used as thermal-protection materials in reentry 

vehicles. 
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