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Polycrystalline molybdenum targets with electropolished and roughened

surfaces were bombarded with 100 keV He+ and 200 keV H2+ ions at room temper-—

ature. It has been demonstrated that the blister formation is largely or
completely suppressed by roughening the electropolished surface with emery
paper of #1200, #400 and #100. Up to a He" fluence of 1.0 x 1019 particles
/cmz, no blisters are ohserved in the targets with the two roughest surfaces,

while on the smooth surface blisters begin to occur at a fluence of 7.5 x
17

- 10 particles/cmz. The surface roughness effect on blister suppression is

discussed in relation to the projected range of incident particles.

Keywords: Surface Roughness Effects, Blistering, Molybdenum,
+
Blister Suppression, 100 keV Helium Ton, 200 keV H2 Ion,

Surface Erosion, Surface Topography, Ion Bombardment
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1. INTRODUCTION

Radiation blistering of materials due to high energy helium, proton
and deuteron bombardment has been extensively investigated within the last
years since it has been regarded as one of the most dangerous sources of

first wall erosion in fusion reactorsl—7). Assuming that the critical

17 particles/cm2 and that

fluence for the appearance of blistering is 5 x 10
the flux of the helium ions impinging on the first wall is 1 x 1013 parti-
cles/cmz-sec, blisters can appear on the first wall after the reactor has
been running for only a day or so. Recently, investigations on the reduc-
tion of surface erosion caused by blistering have been reported by several
authors. Das et al.s) have demonstrated that the flaking due to blister
rupture is crucially reduced in SAP with a suitable microstructure.
Ziegler et al.g) have also shown that the blister formation is drastically
suppressed by covering a tungsten surface with a lot of tungsten needles.
On the other hand, the blister once formed are all sputtered away further

10)

blister formation is suppressed. Roth et al. have explained this result
by using the model that the implanted gas can diffuse out through pores and
cracks which are made in the surface layer bombarded to high fluences.
Evansll) has also suggested that the surface roughness plays an important
role for the blister suppression. Therefore, a systematic examination of
the surface roughness effects on blister formation should be required.

The purpose of this paper is to clarify the effects of the surface
roughness on the blister formation. In this experiment polycrystalline
molybdenum which is a candidate material for the first wall was used as a

12)

target material. A part of this work has been reported elsewhere .

2. EXPERIMENTAL PROCEDURE

Molybdenum targets of 10 mm x 10 mm x 1 mm cut from a cross rolled
sheet with 99.96 % purity were purchaced from Plansee. They were annealed
at 1000 °C for 10 minutes. Prior to bombardment they were electropolished
in a solution consisting of 50 c¢ sulphuric acid and 350 cc ethyl alcohol
under the conditions of 10 °C and 0.5 A/cm2 for 5 minutes. Roughened areas
of three different grades were made by abrading an electropolished molyb-
denum surface with emery paper of #1200, #400 and #100, a quarter of which

was kept as polished ( see Fig. 1 }.
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Fig. 2

Schematic of experimental set up.
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Bombardments were carried out with 100 keV helium and 200 keV H;
ions from a 400 kV Cockcroft-Walton accelerator in JAERT, where a 200 keV
H; ion is equivalent to two 100 keV H+ ions. Figure 2 shows the experi-
mental set up schematically. The beam was defined by a slit of 8 mm in dia-
meter and hit the target at normal incidence. Target mounted on a holder
with a stainless steel cap and a slit of 5 mm in diameter. A Faraday cup
consisting of a cylindrical tube and a rotatable 1id was placed between the
two slits. Ion current could be monitored alternatively by rotating the
1id. The Faraday cup was also used for determining a suitable voltage on
the target to suppress the secondary electrons caused by ion bombardment.
The beam current was measured at the target with the suppressing voltage
of +360 V. The current densities were 30 - 50 uA/cm2 and 20 - 120 uA/cm2
for helium and H; ion beams, respectively. A beam profile monitor was used
to sense the shape of the beam in both horizontal and vertical modes.
Usually, the beam was scanned two-dimensionally by applying potential with
a frequency of 1000 Hz on two sets of deflection plates. The scanning area
was approximately 10 mm x 10 mm on the slit of 8 mm in diameter, For

19 4nd 2.5 x 1019 particles/cmz,

hydrogen bombardment to fluences of 1.0 x 10
however, the beam was not scanned in order to achieve bombardment to the
high fluences, One of four targets on a turntable could be positioned in
the beam during each bombardment. The target chamber was evacuated with
an ion pump and the pressure was around 1 x 10_7 Torr during bombardment.
Temperature of the targets was ambient room temperature. The surface
structure of the targets was observed in a scanning electron microsceope

( SEM ).

3.EXPERIMENTAL RESULTS

Typical surface microtopographies of rough surfaces abraded with
emery paper of #1200, #400 and #100 are sown in Fig. 3. Since abrading was
made unidirectionally, numerous grooves were made on the surface patrallel
to the direction of abrading. Fine cracks were also introduced densely on
the surface by abrading especially with emery paper of #100. The depth of
the grooves and the distance between two neighbouring grooves were obtained
from SEM micrographs, typical values of which are summarized in table 1.
Hereafter we name four different surfaces surface A, surface B, surface C

and surface D. They correspond to electropolished surface and rough surfaces
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abraded with emery paper of #1200, #400 and # 100, respectively.

Figure 4 showsthe SEM micrographs of surface A after bombardment with
200 keV H; ions to a fluence of 2.5 x 1019 particles/cmz. Two circular
boundaries are seen on the bombarded target { Fig. 4a ). The inner circular
and outer annular regions correspond to the bombarded area 1 through the
slit of 5 mm in diameter and the area 2 behind the tapered part of the slit,
respectively ( see Fig. 4c ). They are also seen on the hydrogen bombarded
surfaces to fluences between 5 x 1017 and 5 x 1018 particlesi’cm2 where no
surface structural change caused by blister formatien is observed. Thus
the bombarded area is easily identified by observing two circular boundaries
even when no blisters appear on the surface at low fluences. Appearance of
the annular region on the target may be explained as follows: Since the area
2 is exposed to the secondary electrons caused by ion bombardment, the
chemical composition of the area 2 becomes different from that of the area 3
which is completely in contact with the slit. Therefore, in area 2 the
number of emitted secondary electrons produced by the primary electron beam
of SEM should become different from that in area 3. Two circular boundaries
are seen on the helium bombarded surfaces. No blisters appear at fluences
below 5.0 x 1018 particles/cmz. A few blisters appear locally at a fluence
of 1.0 x 1019 particles/cmz. They were formed in the area exposed to the
beam with maximum intensity, since the beam hit the target less uniformly.
Hydrogen bombardment to a fluence of 2.5 x 1019 particles/cm2 produces
blisters ( Fig. 4b ). Therefore the eritical fluence for blister formation

19 particles/cmz.

is determined to be approximately 1.0 x 10
Figure 5 shows the SEM micrographs of surface A after helium bombard-
ment to different fluences. General features for blister formation are very
similar to the results obtained by Erents and McCrackenl). Although blisters
are not observed below 5.0 x lO17 particles/cmz, they appear at 7.5 X lO17
particles/cm2 ( Fig. 5a ). Therefore the critical fluence for blister
formation lies between 5.0 x lO17 and 7.5 x 1017 particles/cm2 for 100 keV
helium which is more than one order of magnitude lower than that for 100 keV
hydrogen. The numbers of blisters and of flakes of blister cover increase
as the fluence increases ( Fig., 5b ). In Fig. 5c¢ is shown the typical
blister cover whose thickness is obtained to be 0.36 um. At the fluence of
1.0 x 1019 particles/cm2 many cracks are observed ( Fig. 5 d, e and f ).
The size of an area enclosed with some cracks is distributed between 10 um
and 100 um, which is nearly equal to the grain size of molybdenum, This has

not previously been reported. It is of interest to note that blisters near
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Fig. 3 ( continued )
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cracks do not flake. This result may be explained by considering a model
that the accumulated helium gas can diffuse out through cracks.

Helium bombardment was utilized in order to examine the roughness
effects on blister formation, since it leads to the formation of blisters
on the surface at lower fluences than hydrogen bombardment. Typical experi-
mental results of roughness effects on blister formation are summarized in
Figs. 6 and 7. TFigure 6 shows the SEM micrographs of the surfaces with
different roughnesses after 100 keV helium bombardment to a fluence of 1.0
X 1019 particles/cmz. Micrographs of surface A show numerous blisters,
some of which flake and crack ( see Fig. 6a and also Fig. 5 ). On the cther
hand, for rough surfaces abraded with emery paper blister formation is
crucially reduced or suppressed. For surface B formation of large blisters
is extremely suppressed, although blisters are formed ( Fig. 6 b and ¢ ).
Because formation of small blisters is not prevented, the surface topography
changes. For surfaces C and D the blister formation is completely suppressed.
As shown in Fig. 6d, the surface topography does not change when we prepare
the target with sufficiently roughened surface. However, blisters appear
on insufficiently roughened surface and surface topography eventually
changes ( Fig, 6 e and f ). In Fig. 7 are shown the histograms of the size
distributions of blisters formed by 100 keV helium ion bombardment of the
target with surfaces A and B to a fluence of 1 x 1018 particles/cmz. It
can clearly be seen that the most probable blister diameter shifts to a
smaller value, that is, from 2 um in electropolished surface to 1 im in

roughened one abraded with emery paper of #1200, Total blister number

8 cm2 is also reduced from 177 in electro-

counted in the area of 2.6 x 10
polished surface to 133 in roughened one. Various values characteristic of
plistering caused by helium and hydrogen bombardment are obtained in the

present experiment and listed in table 2.

4. DISCUSSION

_ The experimental results have clearly shown that suitable surface
topographies bring a noticeable effect on the reduction or suppression of
blister formation. A schematic showing the effect of a surface topography
on blister formation is in Fig. 8. It represents successive stages for
blister formation both on a smooth surface and on a rough one consisting of

many grooves. Here, we take account of two parameters; the depth of grooves,



7182

RI-M

§ A

» @ /saTor3aed
Z /53T°T chH

( 3) 0014 PU
s20BJaINS 4

wrt ¢

X (°T 3O °ouenij B 03 SUOT WNTTAY A2H QOT UITA Juswpiequoq 1933%

e (@ pue p ) 00%4
gnox pue ( ® ) ®0BJINS peystodoaloet? JO sydeiZoidTul WAS

un o1 (q

(°

( o pue q ) 00TT# 3°© xaded Axswe yITm PepEIQE

Teofd4l

9

*8T1a

(

1

i0



Sy

e

e
e

JAERT-M 7182

( penurjuod ) g *3T4d

wd 07 wri Qg url 07
(7 —_— (® omononaronanems (p

11 -




( NORMALIZED)

NUMBER

BLISTER

JAERI-M 7182

100 T 1 T T T 13
100 keV He —= Mo
.7 { x 10 /cm? i
4 Electropolished
- 77777777 Roughened 7 -
.
= /1 -
A
50| —
- ¢ i
#
- - -
#
- A )
771 /
Y
/// i
y
Vy
O 3 | ﬁ | i ————y I
0 pod 4 & 8-
BLISTER DIAMETER ( pm)
Fig. 7 Size distributions of blisters formed by
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Table 1 Typical topographic values obtained from SEM micrographs
of three grades of roughened surfaces. Here three
surfaces roughened with emery paper of #1200, #400 and

#100 are named surfaces B, C and D, respectivély.

. Surface B Surface C Surface D
F distance between the
two neighbouring grooves <3 < 3 <3
(um )
depth of grooves
0.1 -1 1 -4 5 -~ 15
~(um )
Table 2 Typical experimental values characteristic of blister
formation in polycrystalline molybdenum.
100 keV helium 200 keV Hy
critical fluence 17 19
(particles/cmz) 7.5 x 10 1.0 x 10
blister diameter 2.5 + 0.2 4.0t 0.2
(um ) :
thickness of blister cover 0.36 * 0.02
( um ) —
projected range 0 3524* 0 5170*
(um ) ) '

% calculated values ( K. Sone and K. Shiraishi; JAERT-M 6094 {1975))

- 13 -



JAERT-M 7182

1 Surface

Depth

"

Density

T T I

Fig. 8

Schematic representation of blister formation
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d, and the distance between the two neighbouring grooves, A, to characterize
the rough surface ( see table 1 ). When energetic helium ions bombard the
target, they are trapped in it. Near the depth corresponding to the projected
range where damage is intense and helium concentration is sufficiently high,
helium gas-filled-bubbles are formed if the solubility of helium in the
target is very low. When target has a smooth surface the bubbles can grow
to form blisters and eventually to deform the surface layer. Let us consider
a rough surface consisting of many grooves whose depth d and distance X
mentioned above are larger than the thickness of the blister cover and
smaller than the blister diameter, respectively., The region cf bubble
coalescence is divided into many parts and the growth of large gas bubbles
“is inhibited, which result in reducing or suppressing the blister formation.
From the specific values of blisters produced in molybdenum bombarded with
100 keV helium ions, the values of the depth d and the distance A can be
determined to be larger than the thickness of the blister cover of 0.36 um
and smaller than the blister diameter of 2.5 pm, respectively ( see table 2
). It should be noted that the topographic values of rough surfaces used
in this experiment involve the values in the above condition, Both the
thickness of the blister cover and the blister diameter ( D ) are correlated

13)

to the projected range Rp. The former is nearly equal to Rp , whereas the
latter is related by D/RP o 81). These relations are confirmed by the
present experiment ( see table 2 ). Therefore, suitable values of both the
depth d and the distance A for blister suppression can be determined from

the incident energy of the projectiles. In order to suppress the blister
formation caused by 100 keV hydrogen bombardment the depth d and the distance
A should be larger than 0.52 im and smaller than 4.0 um, respectively.

In future fusion reactors the incident particles from plasma to the
wall will be of wide distributions both in energy and in angle of incidence.
At rather low energies below a few 10 keV sputtering is a dominant process
for surface erosion and eventually causes a change in surface topography.
Therefore, further studies of the roughness effects on surface erosion

should be required by the use of ion beams with polyenergetic and/or mixed

ion species consisting of helium and hydrogen ions.
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