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Abstract.

Studies have been conducted to find materials with aicrostructures
which minimize the formation of blisters. A promising class of materials
appears to be sintered metal powder with small average grain sizes and low
atomic number 2. Studies of the surface erosion of sintered aluminum powder
(SAP 895) and of aluminum held at 400°C due to blistering by 100 keV helium
ions have been conducted and the results are compared to those obtained
earlier for room temperature irradiation. A significant reduction of the
erosion rate in SAP 895 in comparison to anéealed aluminum and SAP 930 is
observed. Tn addition results on the blistering of sintered beryllium poﬁder
(type 1) irradiated at room temperature and 600°C by 100 keV helium ions are
given. These rezults will be compared with those reported recently for vacuum
cast beryllium foil and a foil of sinteced beryliium powder (type II) which
was fabricated differently, than type I. For room temperature irrad{ation
only a few blisters could be observed in sintcred beryllium powder type I and
type II and they are smaller in size and in number than in vacuum cast beryllium.
For irradiation at 600°C large scale exfoliation of blisters was observed for
vacuum cast beryllium but much less exfoliation was seen for sintered beryllium
powder, type I, and type II. The results show i reduction in erosion rate
in both types of sintered beryllium as compared to the erosion rate in vacuum

cast beryllium, for both room temperature and 600°C.
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Introduction

During the operation of thermonuclear reactors the surface of
components exposed to bombardment by energetic helium ions from the plasma
region can be aeriouély eroded by radiation blistering [1-4]. Recently,
attempts have been made [5]) to reduce surface erosion due to helium blister-
ing. One possible way to reduce surface erosion duu to helium blistering in
fusion reactor components is to maintain the surfaces at a high enough temper-
ature (e.g. > 900°C for Nb and V) sc that some of the implanted h2lium is
released without forming iarge bubbles {3, 6 7]. However, the operating
temperatures of various components may be limited by other design criteria.

A more deegirable solution would be to choose a material with a microstructure
which minimizes the formation of blisters. A promising class of materisls
appear to be sintered metal powders with small average grain sizes and of low
atomic number Z. 1Initial studies of the surface erosion of sintered aluminum
powder (SAP 895) and of annesled aluminum held at room temperature due to
blistering by helium ions (100 keV, dose 1.0 C c-z) reveal a high reduction
in the erosion rate in SAP by more than three orders of magnitude as compared
to the erosion rate of annealed aluminum [5). These studies have been extended
to 100 keV helium ion irradiation of SAP 930 held at room temperature, and of
SAP 895 and annealed zluminum held at 400°C.

Beryllium, a material with a substanticlly lower atomic number than
aluminum, has been suggested as a material for coatings or structural com-
ponents in the conceptual design of fusion reactors {8]. Verbeek and Eckatein [9)
observed blister formation in beryllium irradiated at room temperature with

low energy (15 keV) 5+ and He+ ions, however, no detailed study cof erosion

rates or the effect of temperature were done.
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In this paper recent studies [10] of 100 keV helius fon irradiation
at room th;cutun and 600°C of vacuum cast Be and sintered beryllium powder
vhich had been hot rolled after sintering (in the following referred to as
typs 1I) have been extended to 2 differently fabricated sintered deryllium

powder (in the following referial o as type I).

Experimental Technigues

The SAP 895 used in this study was prepared at the Holifield
Mational Laboratozy and contained a nowinal 10.5 wtX Alz—OJ {11]). Thin discs
of SAP of ~ 60 um thickness were cut from the billet by spark cutting. The
surfaces of SAP were optically polished and then clzaned in ultrasonic baths
of trichloroelthylene, acetone, t_lhrnlod water and methanol, in that order.
For Rutherford backscattering measurements the discs vere thinned by argon-
ion sputtering to a thickness of ~ 5 ym. The polycrystslline sluainum foils
used in this study were of high purity {»~ 99.991). The samples were machani-
cally polished, degreased in the ssme four ultrssonic baths usad for SAP,
annealed for 2 hours &t 300°C in & vacuum of 1 - 3 x lo"B Torr, and finslly
electropolished fn a solution containing 617-ml IIJPO,.. 134-ml nzso,.. 240-ml
H0 and 156-g Cr0, at 70°C. For Rutherford backscattering msasurements, thin
foils of aluminum were prepared first by electropolishing to a thickness of
~ 20 ym and then, thinning by argon-ion sputtering to a final thickness of
~“ 3 -4 ym. The SAP 930 used in the present studies contained a nominal
7.0 wtX A1103 and was obtained from Dr. W. Bauer, Sandia Latwratories,
Livermore, California. The surfaces of the sample received had been polished
at Sandia Laboratories and received no further treatment except a cleaning

in ultrasonic baths of trichlorethylene, acetone, distilled water and wethanol.
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Examinazion of polished SAP surfaces at high -{unlﬂ.cntiom with a scanning
electron microscope (resolution ~ 100 A) did not raveal any porosity of the
surfsce. The SAP simples had necarly the chaoretical density of sl:minum.
Three types of beryllium were used in these experiments. One wvas a
beryllium folil,obtained from Kawvecki Berylco Industries, Inc., Hazeltca,
Pennasylvanis, hot-rolled from an ingot that was vacuum-cast. The other
sanple wvas & disc cut from sn ingot that was prepared by siatering beryllium
powder (Type 1). A third beryllium sample was a disc cut from an ingot that
vas prepared by sintering beryllium powder and subsequernt hct rolling (Type II).
Both type I and type II sintered beryllium powders were obtained from Brush
Vellman, Clsveland, Ohio. The targets were first mechanically polished and
then eleactropoligshed in an electrolyte containing 100 ml phosphoric acid,
30 m1 glycerol, 30 ml athancl, and 30 ml sulphuric acid at an applied
voltage of 35 volts. The targets were irradiated with 100 keV “He' fons from
& 2-MeV Van de Graaff acceleratcor. During the irradiation the vacuum in the

target chamber was maintained at ~ 5 x 10-‘ Torr by ion pumping. The ion

flux vas 1 x 10™ fons cn? sec™l. The targecs irradiated at 400°C and 600°C

vere heated directly by ohmic heating, and the temperatul'e was measured with

an infrared pyrometer. Other details of irradiation can be found ¢lsevhere {2).
After frradiation the targets were examined in a Cambridie Stereoscan S4-10
scanning electron wmicroscope. The three types of berylliun foils and tiwe

SAP 895 used in the present axperiments were characteriz¢d by tranemission
slactron microscopy for grain size and dislocation density. The average grain
size was ~ 3 pm in sintared beryllium type I and 11, ~ 5 um in vacuum-cast
beryllive, ~ 300 ym in annealed Al, and ~ 0.5 um in SAP 095 (See Figure 1).

The average grain size for SAP 930 has been determined [12]) to be ~ 1 - 2 .



Results
The -significant reduction of helium bliscering in SAP 895 as compared

to annealed aluminum for $dentical irradiation conditions (100-keV ll¢+ ions
to a dose of 1.0 C c-'2 at room temperature and 4(0°C) is illustrated in
Figure 2, Figure 2 (a) shows an enlarged view of a portion of an aluminum
surface irradiated at room temperaturc. One can see that four exfoliated
layers have been removed. Figure 2 (b) shows a portion of an aluminum surfzce
which had been irrodiated at 400°C under othervise identical conditioms.
One notices the exfoliation of one layer in several areas. Figures 2 (c) and
(d) show typical exanples <f blisters formed on SAP 895 irradiated at room
temperature and at loOO'C. respectively. In contrast to the aluminua, vhere
large exfoliation is obscrved, only a few blisters were ruptured in the case
of SAP 895. The oroxion rates estimated for the room temperature case from
the reptuced snd lost skins for aluminum and SAP are 1.75 + 0.25 and 0.001
atows per helium ion, respectively, as reported earlier {5]. The results for
snnealed aluminum held at 400°C give a value of 0.12 + 0.05 atoms per helium
ion, whereas for the SAP 895 sample no exfoliation of the blisters could be
observed. ' '

Pigure 3 allows a comparison of the surface erosion of SAP 895 and
SAP 930 held at rooms temperature during irradiation with 100 keV helium ions
to adoseof 1 C c-.z. The figure raveals a rather striking difference in
the surface erosion of the two types of SAP., The erosion rate of SAP 930 is

as compared to the erosion rate of 0.001 atoms

per helium ion for SAP 895,

Figure 4 (a) shows a scanning slectron micrograph of vacuum-cast
beryllium irradiated at room temperature with 100 keV llc+ -ions to a dose of

l.0¢ c--z Blisters with Cdlameters ranging from about 5 um to 35 pm can be
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observed. In a few aress the blisters have exfoliated and a second skin has
begun. to rupture. Figure & (b) shpw' an unirradiated area. Figure 4 {c)
sliows & micrograph of a sintered beryllium fofl, type I, irradiated under the
sume conditions mentioned above. vOnly a few blisters can be observed, and
the average blister size is n-lllif than those seen in Figure 4 (a). No
exfoliation of blisters could be observed. The pits seen in Figure & (c)
are not due to blister exfoliation but were present in the unirradiated
samples as can be seen in Figure & (d). Figure & (e) shiws a sintered
beryllium foil ty'pe 11 irradisted under identical conditions as the other
Be foils. Again, only = few blisters without exfoliation can be seen. The
blister diameters for both type I and II Be foil range from about 3 to 15 um.
For comparison an unirradiated area of the type II Be foil is shown in
Figure & (f). One notfces that pits observed in the irradiated area [Figurc
4 (o)) are algo present ia the unirradiated arna.
Figure 5 (a) shows a micrograph of a vacuum-cast beryllium foil
irradiated ar 600°C with 100 keV H¢+ -ions to a dose of 0.5 C cn-z, which
is half the dose used for the room temperature irradiation [see Figure 4 (a)]}.
Very serious blister exfoliation can be observed. In some dreas as many as
seven skin layers have exfoliated and have been lost. In contrast the sintered
beryllium foils of type I and II show greatly reduced blister exfoliation
{see Figure 5 (b) and {(c)]. Only in a few areas blister skins have been lost.
The average blister size is smaller in the sintered beryllium foil: as compared
to the vacuum-cast beryllium. In comparing Figures 5 (b) and {c) one should
noite that the dose used for the Be type II is iwice the dose used for Be *“ype I.
From measurements of the blister skin thickness, and the area from
wvhich the skins were lost an estimate of the erosion yields has been made.

Table 1 susmarizes the results of such yields for the three types cf berylliux
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foils, for the twc types of SAP samples, and for annealed aluminum for
different télperntures. For both types of sintered beryllium foils one
not)ces that the erosion yields are lower than f?r the vacuum cast beryllium
at room temperature (yields not measurable for Bew type I and I1) and st 600°C.
For the beryllium foils one notices an increase 1&: the erosion rates as the
temperature is increased from room temperature co‘i:GOO'C. This is the same
trend observed earlier [3, 6, 13] for such metals \\s V, ¥b, and stainless
steel. In contrast aluminum shows a decrease in the \ﬁrotion rate at 400°C
as compared to room temperature. We have observed url\.er that the blister
exfolistion and the erosion rates arc at a maximum at a temperature which

is high enough so that the surface can be deformed easily (reduced yield
strength, and increased gas kinetic pressure in the bubble) but low enough
so that helium release from the surfacz is etill very small. For aluminum,
which has a much iower meltiung point than metals such as beryllium, vanadium
and niobiux, this maximum lies at temperatures below those for vanadiua for
example (~ 500°C) [3].

Another striking result is ‘“aat both types of sintered bcryn;lu show
significantly le’u erosion than the vacuum~cast beryllium for both temperatures.
At 600°C the erosion yields for sintered beryllium foils type I and 1I are
reduced by more than one order of magnitude in comparison with the vacuum-cast
beryllivm. It is of interest to note that the erosion yields at room tesper-
ature for a2ll three types of beryllium are lower by more than three orders of
magnitude thar for annesled aluminum. At room temperaturc the erosion yield

for sintered beryllium type I and II is even lower (nondetectabls) than for

siantered aluminum powder.



Discussion

Thc.drastic reduction in erosion yield {n sintered aluminua powder
as compared to annealed aluminum was attributed [5, 14] to the dispersion of
trapped helium at the large Al—AIZOJ interfaces at the large grsin boundaries
in SAP as determined by Ruthirford backscat®rring. (The average grain size
in SAP 895 was ~ 0.5 um as compared to ~ 300 ym for annealed aluminum.)
Furthermore, the fact that the yield strength of SAP 895, for example, is
much higher (v 35,6000 psi) than for annealed aluminum (~ 1,700 psi) will
help to reduce the blister rupture and exfoliation in SAP from that observed
in aluminum. The higher erosion yield in SAP 930 as compared to SAP 895 may
in part be attributed to the larger average grain size (* 1 - 2 ym) and a
lower yield strength {» 16,000 - 25,000 psi). The observed reduction in
erosion yields in sintered beryllium in comparison to the vacuum-cast
beryllium is not clearly understood at the present, since the difference in
tle average grain size between these two types of baryllium is not very

large as mentioned earlier.
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TasLE 1. ERosION RaTEs FOR BE amp AL IRRADIATED wiTH 100 KkeV “HE* [ons.

Type 1

SINTERED Be
IYPE Il

NO EXFOLIATION

BL1STERS
ND. EXFOLIATION

Tree Or Room TEMP, 400°C
MATERIAL (Do | ) (
ANNEALED AL 1.75 + 0.25 0.12 + 0.05
SINTERED ALUMINUM : BLisTERS
Powper (SAP 895) 0.001 NO EXFOLIATION
" SINTERED ALUMENUM
Powper (SAP 930) ~ 0.01 -
- | 600°
(Dose 0.5 C/cm2)
Vacuum CasT Be ~ 1.001 0.3 +0.1
~ SINTERED B BLISTERS 0.02 + 0,01

(Dose 1.0 C/cmd)

0.02 + 0.0l




PYT e Year ey v

GIOGE [T

s
¢
N
]

- oy A= e

tl[l'tft[’nszﬂc.—.m(U z::u&




POLYCRYSTALLINE Al and SAP IRRADIATED WITH I00keV
*He* TO A DOSE OF 1.0C/em?

ALUMINUM SAP 895
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SINTERED ALUMINUM POWDER (SAP) IRRADIATED WITH iOOkeV
He' TO A DOSE OF 1.0C/cm® AT ROOM TEMPERATURE

SAP 895 SAP 930
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%ERYLUUM IRRADIATED AT ROOM TEMPERATURE WITH 100keV ‘e IONS
O A DOSE OF 1.0C/cm?

VACUUM CAST SINTERED TYPEI SINTERED TYPE I
(NOT HOT ROLLED) (HOT ROLLED)

1IRRADIATED
§{ AREA

.. |UNIRRADIATED
{ AREA




~ BERYLLIUM IRRADIATED AT 600°C WITH 100 keV *He* TO DOSES INDICATED

/ACUUM CAST Be SINTERED Be TYPE I SINTERED Be TYPE I
(NOT HOT ROLLED) (HOT ROLLED)

0.5C/cm?) (0.5 C/cnf) | (1.0 C/cm?)
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