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Specimens of high purity nickel were irradiated with high energy heavy ions and the resultant
microstructure examined along the ion path using a cross sectioning sample preparation technique.
Void nucleation was found to be very sensitive to hydrogen introduced into the samples by electro-
polishing prior to irradiation. Samples containing hydrogen had void densities of about two
orders of magnitude greater than outgassed samples. A series of hydrogen doped samples were
irradiated with 14 MeV nickel ions to fluences from 2 x 1015 jons/cm? to 1.4 x 1017 ions/cm?

(peak damage from 2 to 150 dpa). The increase in the collision cross section as the incident ion
slows down causes an increase in displacement rate with depth. The variation in the observed void
density, void size and void swelling rates with depth indicate the importance of displacement rate

on void simulation studies.
}. INTRODUCTION

The first walls of Controlled Thermonulcear
Reactors (CTR) will be subject to displacement
damage and high generation rates of helium from
(rn,a) type reactions and hydrogen from (n,p)
reactions. Hydrogen isotopes will also be
introduced into the first wall by interactions
with both the plasma and residual hydrogen in
the system. Since helium is well-known to aid
void nucleation, [1] the present study was per-
formed to investigate the sensitivity of void
formation to hydrogen concentration. In the
first part of this study, specimens of high
purity nickel were injected with hydrogen by
electropolishing prior to irradiation. The
specimens were subsequently irradiated at 525°C
with T4 MeV nickel or copper ions. The resul-
tant microstructure was then compared to that
of a thoroughly outgassed specimen.

The post-irradiation analysis of the speci-
mens was performed using a technique which
allows the depth dependence of the micro-
structure to be examined directly. [2,3,4]
Under self-ion irradiation, both the damage
rate and the total damage level vary by
approximately a factor of ten along the ion
range. To study this displacement rate effect,
a series of nickel specimens were irradiated
at 525°C with nickel ions at fluences ranging
from 2 x 1015 to 1.4 x 1017 ions/cm2 (peak dose
from 2 to 150 dpa) and the void swelling rates
were measured as a function of depth. By
examining the structure in cross section, the
effects of variation in displacement rate,
along with the variation in other features such
as PKA spectrum could be studied or observed.

*This work is supported by the Department of
Energy, Office of Fusion Energy, under
contract number ET-79-15-02-4640.

2. EXPERIMENTAL TECHNIQUE

High purity (>99.995%) nickel samples were
irradiated with high energy heavy ions accel-
erated in a Tandem Van de Graaff accelerator.
The depth dependent displacement rates were
calculated using the code of Brice [5] with the
results for 14 MeV nickel incident on nickel
shown in Figure 1. The details of the accel-
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Figure |1 - Damage profile as calculated from

Brice Code. [5]

erator facilities and of the high temperature
ultrahigh vacuum target chamber are described
elsewhere. [6] The nickel specimens in the

form of 1 x 1.2 x 0.2 cm strips were annealed

in either an inert gas atmosphere or an ultra-
high vacuum (<10-6 Pa) furnace for 1| hr. at
850°C. To introduce hydrogen into the specimens
and to clean the surfaces prior to irradiation,
the samples were electropolished in a solution
of 60% HpSO0y and 40% water at room temperature.
In some samples, the electropolishing was
followed by an anneal at 900°C for one hour in
an ultrahigh vacuum high temperature furnace to
provide gas free samples for comparison to those
doped with hydrogen. The post-irradiation
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3. RESULTS AND DISCUSSION - ©

Outgassing studies R I T

3.1

In this study, the In;r ductton of hydrogen by.
electropolishing was foundsto-“dramatically en-
hance the void nucleation rate

‘_-‘ * L"

of nickel onto each §|de‘

b

This paper reports on irradiations - usnng cop-b

per and nickel ions. =§imilar work usingalumi~
num and carbon ions has been reported else-
where. [2,4] 1In all cases, the v?ld micro=-
structures consisted of high (~1015/cm3) void
densities with few dislocation loops observed.
In the outgassed foils, however, the structure
consisted mainly of shall unfaulted loops wiph

L3

a few very large voids present near the.-ion end;"

of-range. The loop density lncreased ‘with depth
reaching a peak density of approxumately 1015/

cm3 with loop diameters oﬁaébout hO .nm. Typical
depth dependent mlcrostructures from an electro-

polished and an outgassed’ speCImen are shown in, n

Figure 2. The foil surfacg is visible on the;
left-hand-side of the micrograph with the ingi=
dent jons having travefed from left to right and
come to rest near the right-hand-side of the
micrographs.

The void densities measured for an electro-
polished and an outgassed foil~gre shown in
Figure 3 (note the change of scale of the out-
gassed curve). While the outgassed foils had
void densities over two orders of magni tude
smaller than electropolished fouls, the void
diameter had increased from 20 nm in the
electropolished foils ta about 100 nm in the
outgassed foils. .This increase in void size led
to similar .swelling values. in both cases, indi-
cating that the hydrogen introduced by electro-
polishing was only aiding nucleation and not
drastically altering the void swelling rate.

In this study, electropolishing-was definitely
identified as a sample preparation procedure
that was introducing an agent into the samples
capable of aiding void nucleation.:

Electropolishing has been previously observed
to enhance void formation  [7] presumably by the
introduction of hydrogen. Hydrogen induced
deformation of .thin foils has been observed -
after electropolishing at room temperature. [8]
Other studies on thoroughly, outgassed copper and
nicke!l [9] have shown soluble gases to aid void
nucleation. Electropolishing-apparently charges
samples with hydrogen [7] .hen the polishing is
carried out in anything except very low temper-
ature baths (i.e., <=50°C): At higher temper-
atures, the hydrogen diffuses -into the sample
faster than material is being removed and hence

w'saturates the sample

v

T migrate to thé void nuciei,

-time) will not be important.

Hydrogen would most prob-
ably emhance” void nuc1eat|on by adsorbing onto
the 'void surface .and jowering ‘the surface

ienergy O by internal pressure of Hs.

” F ¥

To aid voud nucleation,the hydrogen introduced
intd the samples durlng the. electropollsh must
not,"di ffuse gut of.thé specfmen at irradation
temperatures. 4However,,calculat:ons of hydrogen
behavior in metals [!9] have revealed hydrogen-
vacancy binding edergies of -only about 0.2 eV.
It was,also.found. that. moleeular hydrogen would
not form in thp metalrlattrce One way hydrogen
could ibe kept #n the sampWes durlng the heating
to irradidtion’ temperatures wauld be by trapping
at other impurities. Cgrﬁon -dAd oxygen are both
present in small amounts and could form hydrogen
compounds ' that.would effectively trap the hydro-
gen. DQuring irradiation, either the hydrogen
would be freed from these' traps and migrate to
Jhe void nuclei ‘or. thet hydrogen compound would
At high tempera-
tures (>900°C), ghe hydrogen would be freed from
the traps. and: diffuse -from tHe samples. If this
mechanism-is v&k:d, then the amount of hydrogen
available to aid nucleatuon will depend only on
the' impurity cbncentiation and-on the introduc-

- tiorf of sufficient hydrogen to saturate the
f-iava|1ab1e trapping sites.
handling procedure ‘and the ‘details of how the

The exact sample

hydrogen’ was . ihtroduced (such as the polishing
In this study,
etectropolishing was' found: to g|ve reproducible

. void densities ‘and was used ln l|eu of the more

. usual hel|um |nJec&¢on

”>3 2 Resu]ts of 14 MeV nickel

L
Wi,

ion irradiation

To aid in interpreting the depth dependent
void growth rates, 'a series of seven samples
were irradiated at 525°C with T4 MeV nickel ions
to fluences ranging from 2 x 1015 to 1.4 x 1017
ions/cm2. The samples were prepared for irradi-
ation by annealing for one hour at 850°C in an
inert atmosphere and then electropolished. The
development of the void structure as a function
of fon fluence is shown in the micrographs of
Figure 4. The original foil surface is visible
near the left-hand-side of each micrograph with
the incident ions having traveled from left to
right.

Voids were observed throughout the damage
region at all fluence levels (down to 0.4 dpa).
There was a denuded region at the front surface
of 100 to 150 nm, with the voids adjacent to
this denuded region being unusually large at the
lower fluences but of normal dimensions at.the
higher fluences. Voids were observed up to
depths of about 3.2 um. At the highest fluence
level (150 dpa at the peak); the voids show
signs of partial ordering. - This ordering is the
early stage of a void lattice formation which
has been previously observed in nickel. [11]

The void shapes were truncated octahedra except
at the highest ion fluence, where the shapes
were nearly cubic.
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Figure 2 - Microstructure of Ni bombarded with 5 x 1015 ions c:,n‘!-2 at 525°C with (é) and without (b)

hydrogen in the matrix
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Figure 3 - Number density of woids from samples
in Figure 2.

Void data was collected from these samples
using 0.25 um depth intervals and a set of
curves such as the one shown in Figure § was
obtained for sach of the seven fluence levels,
To assist in interpreting this data they are
plotted in Figures 6-7 by taking data from three
depth intervals in each sample and plotting the

data against the dpa value of each point as
determined from Figure | using the appropriate
ion fluence. Hence, the set of data points
from 3 given depth will represent data where
the main irradiation variable is the total ion
fluence (that is, data that are comparable with
that taken by conventional sample preparation
procedures). . A comparison of data sets from
different depths of the same sample will
involve changes in dose rate, PKA spectrum, etc.
From the void density curves of Figure 6, the
void density is seen to saturate very early
(<0.5 dpa). At a given dpa value, the void
density increases with increasing depth, a
result expected from the higher dose rate in
these regions. The void size curve of Figure 7
also shows. the expected behavior of increasing
void size with increasing dose, and decreasing
void size with increasing dose rate (i.e.,
depth):. .Void sizes are either constant or drop
slightly above 20 to 50.dpa.

The swelling values from these specimens at
the three depths are shown in Figure 8. In
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Figure b - Microstructure of electro-
polished Ni bombarded at 525°C with 14
MeV Ni ions. The values below the
micrographs are particles per em 2,
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Figure 5 - Swelling data at different depths in

Ni

bombarded at 525°C with

14 MeV ifons. (See

Figure 4 for microstructure.)

general,

the swelling curvés for each depth ;
increase approximately linearly with dose up :
to about 20 to 50 dpa, at which time ‘the swell-

ing levels off at a value of 3%.

At a given

dpa value, swelling decreases with increasing

depth (i.e

growth regime at each depth,
The swelling value saturates

are roughly equal.
at a larger dpa value
the final swelling val
about equal.

., increasing dose rate).
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Figure 8 - lllustratron “of damage rate efFect in
Ni bombarded at 525°C with i4 MeV Ni ions.
The data points come from the same sample but
slightly different depths (damage rates).

. Even-small variationsg .in dose rate with depth,
'less ‘than & factor ofsitdo for example,  are vety
,xmportant ¥ modxfylng depth dependent behavior.
The'data of Figure 5- ”"rep]otted in thure 8 to
illustrate this point.y The three data’ polnts
are the 3welling values'at three depthSﬁNIthln
a singd &sampie, namelly ' the sample irradiated:td
a3 totaf ion fluence of5 x 1015 ions/cn2. ., The.
variagion-in swelling bg;wéen these b0|nts with
increasfng dose ig, not Fndicative of ‘the swell-
ing rate. expected by téklng data from only’oné..
depth (i.é&., one dnsplacement rate) and int -
creasing the total i ot fluence These results
indicate "that data taken'from different depths
in a sample do not give a valid representation
of the swelling versus dose behavior.




L. CONCLUSIONS

. In thoroughly outgassed nickel, the void
nucleation rate was dramatically reduced up
to 10 dpa with observed void densities of
~1013/cm3.

2. When sufficient hydrogen was introduced by
electropolishing, void nucleation was
enhanced with densities of ~1015/cm3
observed at 0.2 dpa.

3. At 525°C, the void density saturated at low
dose (< 2 dpa). The saturation of the void
size between 20 and 50 dpa caused the swell-
ing to saturate at ~3%. At the highest
doses, a void superlattice was beginning to
form.

4. The damage level necessary for swelling to
saturate increased with depth (most probably
displacement rate).

5. The swelling value at saturation did not
depend on depth (displacement rate).

6. One must be extremely careful when comparing
data from many specimens, to always use that
information obtained under identical damage
conditions (i.e., displacement rate, PKA
spectra, etc.). These conditions can change
drastically over short distances in ion
bombarded solids.
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