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Abstract

Surface morphology and its relation to the erosion mechanism of graphite materials (pyrolytic graphite (PG) and

isotropic graphite) irradiated by high ¯ux beams were studied. The irradiation was made by a 5 keV Ar beam with a

maximum ¯ux of 1.3 ´ 1021 Ar/m2 s with irradiation angles and ¯uences, and sample temperatures as experimental

parameters. In the case of PG, the surface morphology was di�erent between irradiation at RT (physical sputtering) and

at elevated temperatures (1980 K, radiation enhanced sublimation (RES)). In addition, irradiation at oblique incidence

(60°) tended to ¯atten the surface at RT, while at 1980 K the surface roughness developed to some extent. No clear ¯ux

dependence of the surface morphology was observed at 1980 K as long as the mean eroded depth was similar, though

the RES yield was ¯ux-dependent (decrease with ¯ux). In the case of isotropic graphite, the distinctive surface mor-

phology observed for PG was not found. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Ion induced particle emission is characterized by

yields of sputtering and electron emission, which are

generally related to types of materials, species of incident

particle and its energy and an angle of incidence. In

actual plasma facing materials (PFMs), however, the

e�ective yields are much more complicated functions

due to the e�ects of not only multiple ion species in

plasma, and energy and angular distribution of incident

particles but also the surface conditions of materials.

One of the important surface characteristics a�ecting

the yields of particles is surface morphology. In actual

edge plasmas, the angle of incidence of impinging ions

onto PFMs is oblique and it is important to know the

angular dependence of the yield. However, the surface

roughness tends to smear out the angular dependence of

the e�ective sputtering yield [1,2]. In addition, surface

roughness also a�ects the e�ective yield of secondary

electron emission [3±5]. Therefore, it is important to

study the evolution of surface morphology under actual

edge plasma conditions.

The evolution of surface morphology of ion irradi-

ated surfaces was studied in the ®eld of surface analysis,

for instance, depth pro®ling of thin ®lms by ion beam

etching [6]. In this case, surface roughness caused by ion

irradiation degraded a depth resolution. The surface

morphology modi®cation caused by ion irradiation ap-

pears as ripples, cones, whiskers, and so on. It is known

that the e�ects of physical sputtering alone is not su�-

cient to form the morphology [7]. The importance of

surface di�usion has been also stressed for the modi®-

cation.

For the last several years, we have paid special at-

tention to high ¯ux e�ects on erosion of graphite and

graphite based materials in order to simulate high ¯ux

conditions at edge plasmas by using high ¯ux ion beam

generator [8±12]. One of our important results is the

reduction of the yield of radiation enhanced sublimation

(RES) [13] at elevated temperatures irradiated at high

¯uxes close to edge plasma conditions [9]. RES is known

to be initiated by interstitial production followed by its

di�usion to the surface and sublimation [14,15]. This

model predicts signi®cant reduction of the RES yield at

high ¯uxes, which is caused by the increase in recom-
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bination rate of interstitials and vacancies with ¯ux due

to the increase in the density of vacancies. Since the

di�usion of atoms can play an important role in the

modi®cation of surface morphology as was mentioned

in the previous paragraph, the surface morphology of

graphite irradiated by high ¯ux beams could show some

¯ux dependence and give some new information on the

surface modi®cation mechanism. So far, however, no

report was found from this viewpoint.

In this paper, we will show the observation results of

surface morphology of graphite materials (PG and iso-

tropic graphite) irradiated by high ¯ux beams for

physical sputtering and RES with the discussion on the

relation between the morphology and erosion charac-

teristics.

2. Experiment

The high ¯ux beam irradiation device consists of a

conventional bucket type ion source equipped with a

spherical multiaperture extractor and an irradiation

chamber with a movable target stage. The schematic

drawing of this device was shown elsewhere [16]. On this

movable stage, a rotatable sample holder and a two-

dimensional calorimeter array for beam power density

measurements are installed. The e�ective diameter and

the radius of curvature of the ion beam extractor are 14

and 50 cm, respectively, and the convergence angle is

about 8°. This system operates in a pulsed mode with a

maximum pulse length of 2.0 s (a duty cycle of about 2

min) due to accumulation of discharge gas in the irradi-

ation chamber. The irradiation was made by a 5 keV Ar

beam with the maximum ¯ux of about 1 ´ 1021 mÿ2 sÿ1.

Irradiation ¯uxes shown in this paper are always with

respect to sample surfaces.

Irradiation samples were isotropic graphite (IG-430,

Toyo Tanso) and pyrolytic graphite (PG, Union Car-

bide). The sample sizes were 40 ´ 10 ´ 0.2 (Isotropic),

or 40 ´ 10 ´ 0.1 (Pyrolytic) mm3 and heated directly by

passing a current. During irradiation the current was

reduced to compensate for the increase in heating power

from the beam, which made the surface temperature

almost constant (within �25 K). The surface tempera-

ture was measured by a two-color infrared pyrometer.

Surface morphology was observed by a scanning elec-

tron microscope (SEM), in which the observation angle

can be varied from 0° to 90°.

3. Surface morphology of pyrolytic graphite

Fig. 1 shows the surface morphology of PG irradi-

ated at RT (room temperature) for di�erent irradiation

angles. During irradiation (0.5 s duration in this case)

the sample temperature increased from RT to about

1000 K due to the high beam power (0.6 MW/m2). Even

at this maximum temperature (1000 K), physical sput-

tering still dominates the erosion of graphite. The mean

eroded depths for normal incidence (Fig. 1(a)) and ob-

lique incidence (60°, Fig. 1(b)) are 1.5 and 1.7 lm, re-

spectively.

For normal incidence (Fig. 1(a)), surface micro-

structures consisting of a dense array of uniformly sized

cone-like structure were observed. This structure was

quite similar to that obtained by other ion beam ex-

periments (0.75 keV Ar beam with similar ¯uence) [3], in

which this structure grew to larger sized cones after-

wards. Therefore, our experimental results at the tem-

perature in which physical sputtering dominates the

erosion are basically the same as that of the previous

work even though irradiation ¯ux is much higher in our

experiments (8 ´ 1021 mÿ2 sÿ1, roughly an order of

magnitude higher). For oblique (60°) angle of incidence

(Fig. 1(b)), the surface morphology became much ¯atter

than that of the normal incidence because of shadowing

e�ect of physical sputtering [7]. Some experiments done

by other groups showed whiskers, which were thin and

long columns pointing in the beam direction observed

on graphite [17±19]. In our experiments, such whiskers

were not found in any of the cases probably due to very

high heat load and/or the distribution of angle of inci-

dence (�8°) due to geometrical focussing.

Fig. 1. SEM micrographs of PG irradiated at RT at irradiation

angles of (a) 0° and (b) 60°. Irradiation ¯ux is about 8 ´ 1021

mÿ2 sÿ1. The viewing angle of SEM is 45°.
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Fig. 2 shows the surface morphology at 1980 K, in

which RES process dominates the erosion. The irradi-

ation ¯ux was 2.0 ´ 1020 Ar/m2 s. The ¯uences were

4.4 ´ 1018 Ar/m2 (Fig. 2(a)) and 8.4 ´ 1018 Ar/m2

(Fig. 2(b)), leading to a mean eroded depths of about

1.7 lm and 3.1 lm, respectively, estimated from weight

losses. By comparing the surface morphology between

the RES case (Fig. 2(a)) and the physical sputtering

case (Fig. 1(a)), some di�erent features were observed

even though the mean eroded depth was similar. In the

physical sputtering case the small cone-like protuber-

ances are scattered almost uniformly, while in the RES

case some of the protuberances coalesce to form

wrinkle-like structures. It is noteworthy that this

structure grew self-similarly both in width and height

roughly in proportion to the ¯uence as the ¯uence was

increased from 4.4 ´ 1022 (Fig. 2(a)) to 8.4 ´ 1022 Ar/

m2 (Fig. 2(b)). Since crystallization of graphite by an-

nealing process was clearly observed around 1300 K

[20,21], the di�usion of carbon atoms could be signi®-

cant in the RES condition at 1980 K compared with

the physical sputtering condition at temperatures less

than 1000 K. Therefore, the di�erence of surface

morphology could be attributed to the surface di�usion

e�ect of carbon atoms.

In the case of oblique incidence (60°) at 1980 K

(Fig. 3), the surface of graphite irradiated with the

¯uence of 8.0 ´ 1022 Ar/m2 also shows the similar sur-

face protuberances to that of the normal incidence case

but they are aligned along beam direction, the height is

lower, and density is higher. In Fig. 1, shadowing e�ect

of physical sputtering seems to work to ¯atten the sur-

face, while in the RES case the e�ect is not su�cient for

¯attening and still small protuberances of the order of

lm remain.

Fig. 4 shows the SEM micrograph in the case of RES

at higher ¯uxes (1.3 ´ 1021 Ar/m2 s1) than that shown in

Fig. 2. Although the irradiation ¯uences were close be-

tween the cases of Figs. 2(a) and 4(a), and that of

Figs. 2(b) and 4(b), the evolution of the structure was

di�erent. In the high ¯ux cases (Fig. 4), the height of the

protuberances was much lower than that in the low ¯ux

cases (Fig. 2). This result can be related to the decrease

of RES yield with ¯ux. Fig. 5 shows the RES yield and

¯ux of interstitial to the surface of graphite calculated by

the simple model including interstitial production and

di�usion [14]. The RES yield curve is a good approxi-

mation of experimental data [10]. According to this

model, the RES yield over 1020 mÿ2 sÿ1 changes as /ÿ0:25

Fig. 2. SEM micrographs of PG irradiated at 1980 K at an

angle of 0° with a ¯ux of 2.0 ´ 1020 Ar/m2 s1. The irradiation

¯uences are (a) 4.4 ´ 1022 Ar/m2 and (b) 8.4 ´ 1022 Ar/m2. The

viewing angle of SEM is 45°.

Fig. 3. SEM micrographs of PG irradiated at 1980 K at an

angle of 60° with a ¯ux of 2.0 ´ 1020 Ar/m2 s1. The viewing

angles of SEM are (a) 0° and (b) 45°.
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(/: ¯ux), and the interstitial ¯ux to the surface scales

/0:75. The mean eroded depth in the high ¯ux cases were

1.1 and 2.2 lm for the cases of Fig. 4(a) and (b), re-

spectively. By comparing Fig. 2 (low ¯ux cases) and

Fig. 4 (high ¯ux cases), it is considered that the dimen-

sions of the protuberances roughly scale with the mean

eroded depth regardless of the ¯ux.

According to the work made by Rossnagel [17], ¯ux

(ion current density) as well as temperature could relate

to the surface di�usion. The surface di�usion is en-

hanced with the increase of ¯ux, though the mechanism

for this enhancement is still unclear (probably related to

dynamics of irradiation-induced defects). In our exper-

iments, however, there is no clear di�erence of surface

morphology by changing the ¯ux (relating to interstitial

¯ux to the surface shown in Fig. 5) by an order of

magnitude.

4. Surface morphology of isotropic graphite

In real PFMs, isotropic graphite or C/C composite is

used in general and it is important to study the evolution

of surface morphology of these types of graphite. Fig. 6

shows the SEM micrographs of isotropic graphite (IG-

430) irradiated at RT (Fig. 6(a), ¯ux: 8.5 ´ 1020 mÿ2 sÿ1)

and at 1980 K (Fig. 6(b), ¯ux: 1.3 ´ 1022 mÿ2 sÿ1). Iso-

tropic graphite IG-430 has relatively large grains and the

magni®cation of SEM was reduced compared with the

previous micrographs in order to observe global struc-

tures. In irradiation at RT, the mean eroded depths for

normal incidence (Fig. 6(a)-1) and oblique incidence

(60°) (Fig. 6(a)-2) were 1.1 and 2.6 lm, respectively. For

normal incidence, the surface topology does not change

by ion irradiation in contrast to the PG (Fig. 1(a)). This

result suggests that the production of the ion bom-

bardment-induced topography has close relation to the

graphite structure. For oblique angle of incidence (60°),

it was found that the surface smoothing took place ex-

cept for pores.

Fig. 4. SEM micrographs of PG irradiated at 1980 K at an

angle of 0° with a ¯ux of 1.3 ´ 1021 Ar/m2 s1. The irradiation

¯uences are (a) 3.4 ´ 1022 Ar/m2 and (b) 7.8 ´ 1022 Ar/m2. The

viewing angle of SEM is 45°.

Fig. 5. Flux dependence of RES yield and interstitial ¯ux to the surface of graphite irradiated by 5 keV Ar.
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In irradiation at 1980 K, the mean eroded depths

were about 4.2 lm both for normal incidence (Fig. 6(b)-

1) and oblique incidence (60°) (Fig. 6(b)-2). For normal

incidence, round edge structure was observed in contrast

to that irradiated at RT. The wrinkle-like structure ob-

served in PG was not observed in this case. For oblique

incidence, the surface ¯attening did not clearly occur

compared with that irradiated at RT (Fig. 6(a)-2). This

result is qualitatively similar to the case of PG irradia-

tion. In addition, the edge of graphite crystal structure

of grains appeared.

5. Discussions and conclusions

The angular dependence of the yields of physical

sputtering and RES of graphite irradiated by our high

¯ux beam was shown in Ref. [12]. The physical sput-

tering yields increase with an angle of incidence (less

than 75°) in the same manner for PG and isotropic

graphite (IG-430), though their surface morphology of

unirradiated surface was quite di�erent. These results

would have a connection with the surface morphology

after irradiation. For normal incidence, irradiation-in-

duced roughness developed for PG, while IG-430 had

intrinsic rough surface structures due to its porosity,

which remained after irradiation. For oblique incidence

(60°), the surfaces of both materials showed ¯attening

due to shadowing e�ects. As a result, the surface struc-

ture was modi®ed from the original one for both mate-

rials and the angular dependence might become similar.

In the case of RES, the experimental results on an-

gular dependence were weaker than that of physical

sputtering. In contrast to physical sputtering, the an-

gular dependence of the RES yield from an ideal ¯at

surface is not known very well. According to the inter-

stitial di�usion model, however, the angular dependence

of the RES yield could be weaker than that of physical

sputtering [12]. In addition, signi®cant enhancement of

surface roughness was observed in any cases even at

oblique incidence, which could also a�ect the weak yield

dependence on the angle of incidence.

When studying the mechanism of RES at elevated

temperature, it is usually assumed that the total yield is

the sum of physical sputtering and RES. Therefore, RES

yield is usually calculated as the total yield subtracted by

physical sputtering yield at RT under the assumption

that the physical sputtering yield is constant regardless

of temperature. It is noteworthy that the surface mor-

phology for samples irradiated at RT (e.g. in Fig. 1) is

not the same as for those irradiated at elevated tem-

perature (e.g. Fig. 3). For oblique incidence, surface

roughness tends to be enhanced at elevated temperature

and not at RT (¯attening). Since surface roughness

would reduce the yield at oblique incidence, the use of

physical sputtering yield at RT for the estimation of

RES yield could be inaccurate and a more comprehen-

sive analysis would be needed.

In conclusion, for pyrolytic graphite physical sput-

tering at RT caused cone-like structure at normal inci-

dence (not observed for IG-430) and ¯attening at

oblique incidence (observed for IG-430 except for

Fig. 6. SEM micrographs of IG-430 irradiated at RT for (a) and at 1980 K for (b). The irradiation angles are 0° for (a)-1 and (b)-1, and

60° for (a)-2 and (b)-2. The viewing angle of SEM is 0°.
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pores), while RES at 1980 K enhanced wrinkle-like

rough structure at normal incidence (not observed for

IG-430) and similar structure also appeared at oblique

incidence (smaller than that at normal incidence). No

¯attening was observed for IG-430 irradiated at oblique

incidence (60°) at 1980 K in contrast to the result at RT.

These surface morphology could relate to the angular

dependence of the e�ective yield in our experiments.

The change of irradiation ¯ux (1.3 ´ 1021 and

2.0 ´ 1020 Ar/m2 s) for RES at 1980 K did not clearly

a�ect the characteristics of surface morphology. The

dimension of surface structure roughly scales with the

mean eroded depth (not with the irradiation ¯uence

because of the decrease of the RES yield with the ¯ux).
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