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ABSTRACT

The mechanism of blister formation was investigated on cold-rolled
gold targef by 3.52 MeV helium ion bombardment. The critical dose was found
to be 6x1017He* /cw? under present experimental condition,

To study the inner morphology of the blisters, they were opened mech-
anically. Based on these observations several new features are reported,

A speculation of high-energy blister formation is discussed, based
on the fact that the diameter increases with sudden size changes. It is
pointed out that in MeV energy region this formation could be exfoliation
rather than blister confirming the previous investigations.

AHHOTAUNA

Npx HCCNeNOBAHHM NpollecCa OGPA’3OBAHNA OMHCTEPOB /B3NYyTHR/ HA NOBEPXHOCTH
NPOKATAHHOTO 30JIOTA MNPH OGNYYEHHH HX HOHAMM TeJIHR C 3HeprHef 3520 k3B, Guio
YyCTAHOMeHO, NTO N03a, Heo6XonMMas IR OGIHCTEPHHIa B JNaHHHX 3KCnepMMeHTanb-
HUX yCAoBMAX, cocTapnser 6x1017 won/cm2,

Inn M3IYEEeHHA PHYTPEHHEeR CTPYKTYPH OIHCTEPOB, OHH GWUIM BCKDPHTH MeXaHH-
Jeck¥M nyteM., Ha OCHOBAHHM STHX HCCZIOROBAHMA Ol HANHCAH OTHeT 00 OGHApYXEeH-
HEX HOBHX CBPOACTBAX.

Ha OCHODAHMR HauUMX HAONOAEHMA O TOM, YTO yBenAHueHue aAHaMeTpa MNPOHUCXOOHNT
CKAYKOOOpPAa3IHO, HAMM DA3IBMTA MONesb Oofpa3’odaHua GIIHCTEpPOB NPH OGONBWOA DHEPIrHH,
B COOTPETCTIHH C pe3yNbTATAMH NpemayMHX HCCAeNOBAHHR, OOGHAPYXEHO, MTO 3TH
nedopMauny NOBEPXHOCTER Cxopee TOXOXM HA llesiyumeHHe, ueM Ha ONHCTepHHT.

KIVONAT

3.52 MeV energifju hélium ionokkal hidegen hengerelt arany céltargyak
felUletét bomb&zva tanulményoztuk a hélyagosodés (blistering) folyamatat,
2’12‘12‘§ kisérleti k8rilmények esetén a kritikus dézist 6x1017 He*/cm2-nek

a ux,

A hélyagok belsd szerkezetének tanulinyoz&sa ér.lekében azokat mechanikai
uton kinyitottuk, T vizsgilatok alapjidn t8bb uj tulajdonsigrél szémolunk be.

Azon megfigyeléseinkre alapozva, hogy az &tmérd ugrisszeriien nd, meg-
fontol&sokat tettiink a nagyenergi&ju h6lyagok kialakulés&val kapcsolatban,

A korSbbi kutat&sok eredményeivel 8sszhangban azt tapasztaltuk, hogy a felli-
letek é€szlelt deformicibja ink&bb h&mlés %exfoliatlon) mint hélyagosodas,



Introduction

In the future CTR machines the basic fusion process will be

the 3H(d,r;)l‘ﬂe nuclear reaction. As a consequence of this, a

great number of helium particles reach the first wall with the

energy maximum of 3,52 MeV [1,%]. Although the first wall
erosion is subjected to extensive studies, relatively few ex-
periments were done to investigate blistering of materials by
helium ion bomlLardment in MeV energy region.

The conclusion of previous works [3,& can be summarized
as the following:

i/ only one huge blister was formed by helium irradiation
and it covered almost the total bombarded area;

ii/ the relationship between the blister skin thickness and
blister diameter based on low energy experiments seems to
be not valid at high bombarding energies;

iii/ the higher the irradiation dose was used the larger blister
size was found but no data are available on the dependence
of the diameter on dose;

iiii/ no attempt was done to study the internal structure of
the unraptured blisters neither in the MeV region nor at
lowver energies,

This paper tries to answer these open questions, Some examples

are shown for the morphology of the interior of hage blisters,



Experimental

hﬂe’ particles were used from a 5 MeV Van de Graaff

3.52 MeV
accelerator., As a good model material, cold-rolled gold of
chemical purity was chosen as target. Gold plates were chemically
cleaned in stoh and clean alcohol and distilleu water, The
bombardeent was done perpendicular to the surface on a spot size
of 1 Il2. The current was kept as low as 100 nA, so the estimated
temperature rise was below 9°C, that is the target was on room
temperature during experiments. The bombarding dose was measured
by standard secondary electron suppresion and current integra-
tion. The vacuum was kept(ﬂ,SXIO-sPa. A special cold trap system
minimized thc hydrocarbon deposition onto surface. No color
change was experienced even for the highest dose,

To determine the critical dose a binocular system with a magni-
fication of'ten was applied to in-situ observation during
bombardeent. This system was able to detect blisters with a
pinisum diameter of 50,Lm as an intensively glistening spot.
Anyway, the smallest observed diameter was about 90,~m in present
experimental conditions., Blisters were produced with five
different doses /Table 1,/.

The blisters were investigated by a JEOL-JSN-35 type
scanning electron microscope with a lateral resolution of 10 nm,
To investigate the structure inside, the blisters were opened
mechanically by a wolfram pin and a detailed study of both the
bottom of the blister and the inner side of 1id was done,

Scanning electron microgra,hs were made with different magnifi-




cation and tilt angles. For calibration a standard with

1.10210.002/un scale served.
Results

Our first observation concerned the critical dose which was

found to be 6 x 1017 *

He'/cm® with a blister diameter of about
90/Nl. After prolongated irradiation, the higher the dose was
applied, the larger diameter was formed suggesting, that the
only limiting parameter is the area of the

bombarded spot.

The shape of the blisters, just after appearance were
regular like in the previous studies. At higher doses, however,
serious alteration was observed. Strange, dome like structure of
more than one level was exhibited., Two, three and four level
blisters were found for increased helium dose. The second and
higher levels were grown with smaller diameters on the top of the
biggest one. Fig, 1 shows a three-level structure of
sample B,

On samples C,D,E several slips were experienced along
crystal planes and some pieces of the cover moved
parallel to each other., One may speculate that helium gas that
produced the blister could escape through th.se slips, so
spontaneous rapture might not be expected during further hombard-

ment /Fig. 2 taken on sample D/,



After opening the blisters mechanically, both on the
bottom of blister and the inner side of 1lid well-separated,
quasi-circular regions were observed on SEM micrographs bor-
dered by iright zones caused by enhanced secondary electron
emission of rough;ned surface. This can be seen on Fig. 3 taken
on sample B,

The number of regions increased with helium

dose. These regions were characterized by an average diamseter,

! The error of the diameter was defined as the maximum alteration
! from the circular shape. The diaseters of different regions for

blisters are sumsarized in Table 1.

Table 1.

Diame ters of quasi-circular regions in /I- uni ts

Sample Dose Regions
x lO18 ions c-2 No 1 No 2 No 3 No 4
A 0.81 8348 200+16 - -
B 0.92 88+5 233+17 391425 -
C 1.37 9148 225425 270442 504425
D 1.68 8845 13848 300415 580465
E 2.06 ? ? 2 ?

At sample E /for highest dose implantation/ the regions
were smeared out, It is apparent, that the size of the same
region in different blisters is approximately the same, especial-

ly for the first one. It must be emphasized that regions on the




bottom of blisters and the inner side of lids are mirror image
of each other and they are in one-to-one correspondence with
the levels on the cover (see Fig. 3;). So one can conclude that
this structure is correlated in sme way with the different stages
of blister evolution. Note; that the diameter of the first re-
gion is equal with that of blister observed opiically at
critical dese.

Applying higher magnification to investigate the border
zones, SEM micrographs show crater-lixe structures consisting
of splitted lamellas bending outward on the bottom of blister
and inward on the wall of the skin (Fig. 4,, Fig. 5. and Fig. 9.).

Besides, in different regions, different degree of surface
roughness was observed both on the bottom of blisters and the
inner side of 1ids. The roughest is the region No 1., and the
roughness decreases going outward from the centre. For example
Fig. 5. shows the border zone between regions No 1. and
No 2, on the 1id and Fig. 9. on the bottom of sample B,
respectively.

On the bottoem of blisters several dips of quasi-cir-
cular shape in the diameter range of 10-_90,0\11 were observed. The
material missing from them was found on the inner side of 1lid.
The O.S,An depth of these formations are surprisingly uniform
(Fig. 6.).

Both on the skin and bottom a netwurk of cracks was found
due to the radiation hardening (Fig. 7.).

The effect of radiation hardening can also be studied on

the side view micrographs of the 1id of sample D after




the opening (Fig. 8.). Cracks together with thin, = 0.8 pm
hardened layer with sharp border on the originally inner side
and the thick, plastic external cover can be observed.

Unsuccesful attempts were done to measure the original
thickness of blistér skin because of its plastic elongation
during opening up and blister formation. The measured
values were about h’;n and the tabulated range of hﬂe* in gold
at the emergy used for bombardment is R =5.5mm with AR =0.61 ,q-[s].

Perhaps the most interesting observation is the appearance
of secondary blisters with diameters of 0.6-3.5mm (Fig. 9. ana
Fig. 10.) . Their dens.iy increased with the dose. For example,
inside the sample A only four small blister was found.

For the other samples, the density of secondary blisters
was the highest near to the region No 1. and decreased abruptly
from region to region going outward from center. On the inner
side of the cover of sample E a number of small blisters were
also found (see Fig. ll.).

The Fig. 12, summarizes the present observations,

Discussion

The first conclusion is that these results confirm, that the
relationship between hlister skin thickness and diameter
experienced at lower bombarding energy [6, 71 is not valid
anymore at high energies. The maximum diameter was about 0.8 mm
at present experiments, This tendency was observed earlier for
2 MeV “He® fons on Zr and $5-316 materials [3, 4].

From the experimental observations, however, one can speculate

the mechanism of the high energy blister (or exfoliation)



formation. Several indirect evidences support that the blister
grows by sudden size changes. In other words, the diameter
increase consists of quasi-equilibrium and expansion stages,
Expansion takes place unhindered.

In the quasi-equilibriu- stage the edge of blisters is not
able to be splitted up, although it is subjected to large
mechanical stresses arising from the extremly high gas pressure
inside. These forces try to move the edge of the lid away from
the center. Such a stress is supposed to cause the splitted
lamellas at the bordering zones of different regions.

The first expansion coincides with the appearance of the
blister at the critical dose and corresponds to the region No 1,

The splitting up in the expansion stage keeps going on till
gas pressure decreases to the point where the quasi-equilibrium
is reached.

The new expansion is initiated by helium-rich regions
around the first one., If a second blister appears next to the
first such a way that its diameter would overlap the first one,
additional forces help to split and 1ift up the edge at the
lamellas and the expansion goes on around the first formation
till the new equilibrium stage is reached.

As a result of plastic deformations, the 1id preserves the
shape of the smaller blister of the earlier stage of evolution
(more than one level structure). This idea seems to be coniirmed
by the good agreement of diameters of same regions in different
blisters (Table 1.).

The different surface roughness in different regions and



the presence of secondary blisters, also support these consi-
derations, together witk the assmmption that during forsmation,
the cover becomes thinner than the range of helium particles.
Near to the central region most of the bombardimng particles go
through it with low energy end large erergy spread due to
energy loss and straggling inside the skin. This synergestic
beam could initiate forvard sputtering on the cover and a
norsal one on the bottom. Besides, the highest energy part
could be implanted into the bottom. The remaining portion of
the beam with the lowest energy stops inside the skin. These
implantations should be responsible for the formation of small
blisters. This is the reason why te secondary blisters appear on
the bottos first.

We would like to emphasize that these latter phenosena are

the consequence of such a multiple energy implantation that is

similar to the radiation which would strike the surfaces of structural

components of fusion reactors i.e., broad energy spectrum with the

variety of the angle of incidence. In our knowledge, no experi-
ments vere performed under such a realistic conditions.

Finally, we have to point out the significance of the investi-
gation of the inner morphology of unruptured blisters, because

the increase of the bombarding dose, in our experiences, smears

out fine, structural informations characterizing the early stages

pf blister evolution.



Conclusion

Recent SEM studies which perfomed on mecharically opened
blisters gives a nuaber of new informsation about the inner
structure of this kind of formations. Based on these observa-
tions we suggest a new model of high erergy blistering
- or rather exfoliation - phenomenon. Although mnre experisents
are recessary to clarify what is going on, we think, this work
toge ther with our speculations give some stimulus for further
investigaticns to clarify this essential process in future CTH
machines. Furthermore, at this time it is not clear yet how
sany of our observations could be generally accepted and what
part of them is specific to the gold. This is why we suggest to
repeat similar experiments on wide variety of other materials

too.
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Fig. 1. The three level structure on sample B before opening

Fig. 2. A slip on the cover of sample D before opening

Fig. 3. Sample B after opening mechanically. Quasi-circular
regions can be seen both on the bottom of blister and
the inner side of skin.

Fig. 4. Lamellas on the border zone between region No 1. and
No 2, of sample D.

Fig. 5. The No 1. and No 2, region on the inner side of skin on
sample B, In the different regions, different degree of
surface roughness can be observed,

Fig. 6. Micrograph taken on sample E, showing missing material
from the bottom of the blister and the curresponding
material on the inner side of the 1lid,

Fig, 7a and 7b.Cracks due to the radiation hardening on the
bottom of sample D, Thick paralell lines are the prints
of surface scratches, Besides, border zones between
regions, quasi-circular éips with the depth of O.S,un
can also be observed,

Fig. 8, The effect of radiation hardening on blister skin, The
micrograph was taken on side view of the 1lid of sample
D. The cracks and the thin hardened layer were on the
inner side.

Fig. 9. Secondary blisters on the bottom of sample B next to
the border of regions,

Fig.10, Secondary blisters inside the sample D,

Fig.11, Secondary blisters on the inner side of skin of sample E,.
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Fig.12. A schematic drawing summing up the observations.

1.

3.
b,
5.
6.
7.
8.

10,
11.

12,

The edge of blister, border zone of region under
formation
Quasi-circular dip and missing material on the skin

Secondary blister on the bottom of blister
Border zone of a region

Secondary blister on the skin

Surface scratch and its print on the bottom
Radiation hardening crack

S1ip on the cover

Soft, thick layer of the cover

Thin, hardened layer of the cover

Inner volume of blister

The bottom of the blister
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Fig.1. 200 um




Fig. 4.




Fig. 5.

20 um

Fig. 6.
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Fig.7/a. 0pm

Fig. 7/b.

10 pm




Fig. 8.

1

Fig.9.




Fig. 10.
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