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Abstract

To estimate the exact amount of the loss of material during the plasma disruption or during slow transients is
critically important to design and component lifetime analysis. Over the years, a number of simulation experiments,
using as heat sources electron beams, and laser beams on investigation of the influence of heat loads on the amount of
sublimated carbon materials were carried out. In addition, computer programs and analytical techniques have been
developed to estimate the loss of material from sublimation. For purpose of component life time assessment and
comparison between theoretical calculation and experimental results, a detailed knowledge on sublimation behaviours
of carbon materials at high temperature has therefore become indispensable. The sublimation behaviour of carbon at
high temperature is a complex, because of the formation of stable carbon clusters. At present, in most of the literature,
only the species C;, C,, C; and C, were taken into account to assess the sublimation rates. In this work, based on
theoretical investigation, an analysis of the formation of larger clusters Cs, Cq, C7, Cs, Cy and C,g, as a function of
temperature were performed and the total rate of sublimation of carbon materials was deduced. The consequence of
this results on rates of carbon sublimation at elevated temperature is discussed. © 1998 Elsevier Science B.V. All rights

reserved.

1. Introduction

In selecting materials for plasma facing components,
the lifetime of the components is one of the most critical
issues. Plasma disruption, ELMs, sputtering erosion
behaviour and neutron effects on the properties of ma-
terials will significantly affect the lifetime of components
[1,2]. Particular, Disruption and slow transients, which
can occur as off-normal events as the result of a transi-
tion from detached divertor operation to attached op-
eration damage to plasma facing materials in a magnetic
fusion reactor is a major concern for safe, successful,
and reliable reactor operation. During plasma disrup-
tion or slow transients, a high heat flux is deposited onto
the PFC materials for a short time, which cause ex-
tremely in increasing the target temperature, and leads
to high sublimation, evaporation and melting, depend-
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ing on the intensity. In the International Thermonuclear
Experimental Reactor (ITER), for example, the heat
loading during thermal quench of disruption is evalu-
ated to be in the range of 10-200 MJ/m2 for a very short
duration of 0.1-3 ms and a heat loading of 20 MW/m2
with a duration of 10 s is expected for a slow transients
event. Among the low-Z materials, Carbon materials
(graphites and CFCs) have been being seriously con-
sidered as plasma facing material for ITER, because of
widely experiences as first wall and divertor plate pro-
tection in present TOKAMAKSs, and their excellent
thermal shock resistance and high melting point.

To estimate the exact amount of eroded material
during the plasma disruption is critically important to
reactor design and component lifetime analysis. Over the
years, a number of simulation experiments, using as heat
sources electron beams, neutral/hydrogen beams, and
laser beams on investigation of the influence of heat
loads on the amount of evaporated materials were car-
ried out [3,4]. In addition, computer programs and an-
alytical techniques have been developed to estimate the
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Table 1

The atomization energies (kcal/mol) for C, used in this calculation

Atomization energy of carbon clusters (kcal/mol)

C2 C3 C4 C5 C6

C7 C8 C9 CIO

145.1 314.4 426.1 594.0 708.0

870.9 992.9 1149.6 1343.1

loss of material from evaporation. A detailed knowledge
on sublimation behaviours of carbon materials at ex-
tremely high temperature has therefore become indis-
pensable for accurate assessment.

The sublimation behaviour of carbon at high tem-
perature is a complex, because of the formation of stable
carbon clusters. The sublimation rates of the C species
C,, C,, C3 and C4 as a function of temperature were
discussed in detailed elsewhere [5]. In addition to the
previous work, an analysis of rates of sublimation of
larger clusters Cs, Cq, C;, Cg, Cy and Cy, as a function of
temperature were performed.

2. Structure and vibrational frequency of carbon clusters
Cs, Cs, C7, Cs, Gy and Cyg

It has been generally agreed on from theoretical and
experimental work that the carbon clusters with an odd
number of atoms such as Cs, Cs, C; and Cy are linear
with a 12; ground state, whilst the structures of Cs, Cs,
C)p are linear cumulene type with 32; ground state. The
frequency of the clusters has been predicted by ab initio
calculation at MP2/6-31 G* level and published else-
where [6,7].

3. Atomisation energies and free energy functions of
clusters: Cz, C3, C4, Cs, C6’ C7, Cs, C9 and CIO

Very recently, a series of papers have been reported
by Gingerich et al. [8,9] on the results of Knudsen ef-
fusion experiments of atomisation energies of C,—C; and
Martin and Taylor presents the results of ab initio the-
oretical calculation on atomisation energies of the C,
clusters (n =2-10). The results of calculation by Martin
and Taylor agree well with the reported experimental
results of Gingerich et al. on Cs, Cy4, Cs, Cs, and C;. The
atomisation energies for C, (n=2-10) are shown in
Table 1. The free energy function of C, C,, C;, and C,
are given in JANAF tables, and that for Cs, Cq, C;, Cs,
Cy and C;( have been calculated. For the calculation, the
structures of Cs, C;, Cy, linear cumulenic isomer with
'Z;: were assumed, whilst the structures of Cq, Cg, Cjp a
linear cumulene type 32; structure were used for cal-
culation. The free energy function of C;, C,, C3, C4 is
given in Table 2 and the calculated free energy function
of Cs, Cq, Cq, Cg, Cy and Cyy as a function of temper-
ature is given in Table 3.

4. Partial pressures of C,, C,, C;3, Cy4, Cs, C, C7, Cg, Cy
and C;y as a function of temperature

The partial pressures of C;, C;, C; and C, as a
function of temperature have been discussed previously.
A systematic compilation up to 6000 K is given in JA-
NAF tables. The partial pressures of Cs, Cq, C7, Cg, Coy
and Cjo were calculated by the following equations:

P, = (P) eXp{DSIg?S) _,_A[(G% *RH“)’)/T} }7
Pe, = ()’ exp{Dglggﬁ) A[(G% —RHS)/T} }7

Table 2
The free energy function of C;, C,, C;, Cy4

Temperature (K) Free energy function — (G} — Hg) /T (cal

mol~! deg™!)
Cl C2 C3 C4

298 37.76 47.73 56.68 54.54

500 38.32 48.74 57.69 56.03

800 39.55 51.01 59.96 59.61
1000 40.29 52.33 61.38 61.94
1200 40.95 53.50 62.68 64.11
1400 41.54 54.54 63.88 66.12
1600 42.07 55.49 64.98 67.97
1800 42.55 56.34 66.00 69.68
2000 42.99 57.13 66.96 71.28
2200 43.40 57.86 67.85 72.76
2400 43.78 58.54 68.68 74.15
2600 44.13 59.17 69.47 75.46
2800 44.46 59.77 70.21 76.70
3000 44.77 60.33 70.92 77.86
3200 45.06 60.87 71.59 78.97
3400 45.35 61.38 72.23 80.02
3600 45.61 61.86 72.84 81.02
3800 45.86 62.32 73.43 81.98
4000 46.10 62.76 73.99 82.90
4200 46.33 63.19 74.53 83.77
4400 46.55 63.60 75.05 84.62
4600 46.76 63.99 75.55 85.43
4800 46.96 64.37 76.03 86.21
5000 47.16 64.74 76.50 86.96
5200 47.35 65.10 76.95 87.69
5400 47.54 65.44 77.39 88.39
5600 47.72 65.77 77.82 89.07
5800 47.89 66.10 78.23 89.73
6000 48.06 66.42 78.63 90.36
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Table 3
The free energy function of Cs, Cq, C;7, Cs, Cy and Cy

Temperature (K)

Free energy function — (G4 — H¢)/T (cal mol~' deg™")

CS C() C7 CS C9 Cl()

298 52.67 53.55 58.58 60.73 65.34 62.27
500 59.91 60.39 67.87 69.82 76.96 73.08
800 67.54 69.29 78.15 80.76 90.03 86.08
1000 71.56 72.88 83.67 87.25 97.11 93.35
1200 75.01 77.26 88.48 93.19 103.30 99.81
1400 78.07 81.47 92.75 98.56 108.81 105.63
1600 80.81 85.40 96.60 103.42 113.78 110.89
1800 83.29 89.02 100.09 107.82 118.31 115.74
2000 85.57 92.32 103.30 111.83 122.46 120.19
2200 87.67 95.33 106.26 115.53 126.31 124.33
2400 89.60 98.10 109.01 118.94 129.88 128.18
2600 91.42 100.66 111.59 122.11 133.22 131.78
2800 93.09 103.03 114.00 125.06 136.35 135.17
3000 94.70 105.25 116.27 127.84 139.31 138.35
3200 96.21 107.32 118.42 130.45 142.10 141.39
3400 97.64 109.27 120.45 132.92 144.75 144.26
3600 98.99 111.11 122.38 135.26 147.26 146.98
3800 100.28 112.86 124.22 137.48 149.66 149.58
4000 101.53 114.51 126.00 139.59 151.95 152.08
4200 102.71 116.08 127.66 141.62 154.13 154.45
4400 103.86 117.59 129.27 143.55 156.24 156.73
4600 104.95 119.02 130.82 145.40 158.24 158.94
4800 106.03 120.39 132.31 147.18 160.19 161.05
5000 107.04 121.72 133.74 148.89 162.06 163.09
5200 108.05 122.99 135.12 150.54 163.87 165.05
5400 109.01 124.21 136.46 152.12 165.60 166.95
5600 109.96 125.39 137.74 153.65 167.29 168.78
5800 110.87 126.53 138.99 155.14 168.91 170.56
6000 111.77 127.63 140.20 156.58 170.48 172.27

P = (B exp{Dg(C7) +A[(G" H)/T] } clusters Cs, Cq, C7, Cs, Co and Cjy were taken from

7 ¢ RT calculated values (Table 1).
The calculated partial pressures p (atmospheres) of
D3(Cy) A[(G” H" /T the carbon clusters, Cs, C¢, C;, Cg, Cy and Cyy as a

DiCy)  Al(Gt— 1)/
RT

Dy(Cu) | A[(Gy — Hy)/T]
VT R }

= i
J

Po, = (B’ exp{

Pc,, = (Pc)10 exp{

where P. is the equilibrium partial pressure of atomic
carbon in atmospheres, and D}(Cs), D3(Cs), D§(Cr),
Dj(Cs), D§(Cy), and D(Cy) are atomisation energies of
the clusters Cs, Cs, C;, Cg, Co and Cy, respectively.
A[(G§ — Hg)/T] is the change in the free energy func-
tion for the reactions: Cs=5 C; C4=6 C; C;=7 C;
Csg=8C; Co=9 Cand C;y=10 C.

The partial pressure and free energy function of
atomic carbon are taken from JANATF tables, whilst the
atomisation energies Dj and free energy functions of

function of temperature 7 (K) are given in Table 4,
which can be expressed by following equations:

log ps = — 549;1'4 12,148,
log ps = — 67933.9 +13.323,
log p; = — 66603.1 + 13.168,
log py = — 157262 1 14 599,
log py — — 122621 14871,
log pio = — 72908.6 + 12.587.
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Table 4
The partial pressures of carbon clusters
Temperature (K) Partial pressure of carbon cluster (atm)

Cl C5 C(, C7 C8 C9 CIU
2000 334 x 107" 1.799 x 1071¢ 2,072 x 1072 4426 x 10722 9.347 x 107¥  3.518 x 107¥7  2.109 x 102
2600 6.71 x 1077 6.644 x 1071 4,043 x 1071* 7432 x 107  4.052 x 10717 2.456 x 10717 3.336 x 1077
3000 543 x107° 5277 x 1077 1.92 x 10°1° 3234 x 1071 7525x 1071 5618 x 107 3.863 x 1013
3600 6.25x 1073 6.835x 10~ 1.706 x 107 2.586 x 107 2.895x 107  2.663 x 10°*  8.692 x 10~°
4000 6.67x 1072 2.451 x 1072 1.598 x 1074 2314 x 107*  5.611 x 10°®  5.769 x 10~° 1.291 x 10¢
4400 4.60 x 107! 4.459 x 107! 6.331 x 107°  8.605x 107 4.024 x 10~ 4474 x 10~*  7.215x 1073
4600 1.066 1.585 3159 x 1072 4230 x 1072 2.614x 107° 2998 x 1073  4.280 x 10~*
4800 2.296 5.101 1.362 x 107! 1.796 x 107! 1.434 x 1072 1.708 x 1072 2.131 x 1073
5000 4.656 14.56 1.593 x 107! 6.666 x 107! 6.739 x 1072 8.268 x 1072 9.151 x 1073
5200 8.933 39.13 1.784 2.246 2.828 x 107! 3.575x 107! 3.518 x 1072
5400 16.29 94.31 5.398 6.673 1.105 1.307 1.160 x 107!
5600 28.51 219.9 15.46 18.68 3.43 4.545 3.634 x 107!
5800 47.86 479.5 40.95 48.66 10.68 14.28 1.047
6000 77.63 990.5 100.2 116.9 30.06 40.74 2.727
5. Rate of sublimation of carbon clusters Cs, Cs, C;, Cs, 50,(T) 2.674 x 105 <~ 1 . Dy ; — jo(T) + o, TP
=0 — X - )
C9 and C10 ke, 23T < \/]_ RT
where

From the partial pressures of the clusters Cs, Cg, C7,

Cg, Cy and C,, the rates of sublimation were calculated,

a(T) = 84262.3R — 18.3959RT + 20.7628T"2°17.

the rates of sublimation Z; (atoms, cm™ s7!) as a
function of temperature 7" (K) are given in Table 5. It is ;
seen, that the rate of sublimation of the cluster Cs ex- / % ﬁ-/
ceeds the value of C, at temperature higher than 4800 K. 1 20.7628 1.09617
The dominant species at high temperature are Cs, C;, 2 21.2397 1.13067
C,, Cy, C; and Cg. The rates of sublimation of all carbon 3 24.2047 1.13476
clusters up to carbon C;, can be expressed by following 4 14.8329 1.20738
equations: 5 12.8950 1.24864
6 8.93438 1.30689
_2.674x10% |\ D§, — jo(T) + TV 7 11.5356 128791
! 23T RT 8 9.57839 1.32246
. . 9 11.2419 1.31353
and the total subhma.tlon rate of carbon clusters up to 10 9.00562 1.34030
Cj (Cl +C2+C/) 18
Table 5
The rates of sublimation of carbon clusters
Temperature (K) Rate of sublimation of carbon cluster (atoms, cm™2 s7')
C Cs Cs G Cs G Cio
2000 5.765 x 102 1.389 x 107 1.460 x 10! 2.888 x 10! 5.703 x 104 2.024 x 10°* 1.151 x 1073
2600 1.016 x 10" 4.498 x 10"*  2.499 x 10° 4.252 x 10° 2.168 x 10° 1.239 x 10° 1.597 x 10°
3000 7.653 x 10' 3326 x 10" 1.105x 10"  1.723 x 103 3.750 x 10'° 2.639 x 100 1.721 x 100
3600 8.041 x 10 3932 x 10"  8.963 x 10'° 1.257 x 107 1.317 x 10" 1.142 x 10% 3.536 x 1014
4000 8.141 x 10! 1.338 x 10! 7.963 x 10"®  1.067 x 10"  2.421 x 107 2.347 x 10V 4.982 x 10'°
4400 5353 x 102 2321 x 102 3.008 x 10  3.785 x 10 1.656 x 10" 1.735 x 10" 2.655 x 108
4600 1.213 x 102 8.068 x 102 1.468 x 10*! 1.820 x 10%! 1.052 x 10%° 1.137 x 10%° 1.541 x 10"
4800 2.558 x 102 2542 x 102 6.197 x 10 7.563 x 10?! 5.651 x 10%° 6.345 x 10%° 7.509 x 10"
5000 5.083 x 102 7.108 x 102 2314 x 10*  2.751 x 102 2.601 x 10* 3.009 x 10?! 3.159 x 10%
5200 9.562 x 10% 1.873 x 10**  7.796 x 102 9.088 x 10% 1.070 x 10% 1.276 x 10% 1.191 x 10*
5400 1.711 x 10** 4431 x 10*  2.315x 102 2.650 x 102 3.768 x 10* 4.577 x 10% 3.855 x 10%!
5600 2.941 x 10* 1.014 x 10 6.508 x 102 7.282 x 103 1.251 x 10% 1.563 x 10% 1.185 x 10%
5800 4851 x 10* 2,173 x 10®  1.695 x 10*  1.864 x 10>  3.815 x 103 4.825 x 10% 3.357 x 102
6000 7.736 x 10%*  4.414 x 10  4.076 x 10**  4.404 x 10%* 1.059 x 10%* 1.353 x 10%* 8.593 x 10%
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6. Results and discussion

Gingerich et al. [8,9] have employed high temperature
mass spectrometer to measure the partial pressures of
Cs, Cg, and C; clusters up to a temperature of 2800 K.
The calculated partial pressures of Cs, Cs and C; agree
well with the measured values. It is interesting to note,
that the cluster Cs has highest partial pressure at tem-
perature higher than 4800 K. The species Cs, C;, C,, Cy,
C; and Cg contribute the major fraction of the total
sublimation of carbon at high temperature regime.

By comparison of the rate of sublimation of the
summation of C;, C,, C;, C4 and the summation of C,,
Cz, C3, C4, C5, CG, C7, Cg, Cg and CIO- There is almost
no deviation up to 3400 K. However, the total rate of
sublimation of C], Cz, C3, C4, C5, C6, C7, Cg, Cg and CIO
exceeds the total rate of sublimation of C;, C,, C;, C, at
3600 K, the total sublimation rate of C;—Cj, is about
50% higher than that of the sublimation rate of C,—C, at
6000 K. It implies, that rate of sublimation of carbon
will be underestimated, if only C,, C,, C3, and C4 were
taken into account at temperature >3600 K. The devi-
ation of the ratio of total sublimation rate of C,, C,, Cs,
Cy, Cs, Cs, Cy, Cg, Cy and Cyp. Y21° Z/(T), to the total
sublimation rate of C;, C,, C;, C,, ZT Z(T), as a
function of temperature is:

T (K) L Z(T)/ 31 Z(T)
3000 1.001
3200 1.003
3400 1.005
3600 1.010
3800 1.016
4000 1.027
4200 1.043
4400 1.062
4600 1.089
4800 1.123
5000 1.164
5200 1.216
5400 1.270
5600 1.338
5800 1.414

6000 1.498

7. Conclusions

In the present study, a theoretical investigation of the
formation of larger carbon clusters is performed. The
partial pressures and the rates of sublimation of the
species Cs, Cg, C;, Cg, Cy and Cjo have been calculated
as a function of target temperature up to 6000 K, and
the following conclusions can be made:

1. The calculated partial pressures of Cs, C¢, C7 as a
function of target temperature agree well with the ex-

perimental values (<2800 K) of Gingerich [9].

2. The carbon clusters Cs, Cg, C7, Cg, C9 and Cyo have

negligible contribution to the total rate of sublima-
tion at temperature <3400 K. However, at tempera-
ture >3600 K, they become more dominant.

3. At temperature below 3600 K, the major carbon spe-
cies are C3, C,, C; whilst in the temperature range of
5000-6000 K, the dominant species are the larger
clusters Cy4, Cs, Cg, C7, Cg and Co.

4. At temperature > 6000 K, the rate of sublimation of

carbon by taking account of the species Cy, C,, Cs,
Cy, Cs, Cg, C7, Cg, Cy, Cyg is about 50% higher than
the sublimation rate calculated based on only C;, C,,
Cs, and Cy4.

5. More detailed experimental investigations are re-
quired to verify these predictions.
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