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Abstract

The microstructure and tensile behavior of pure single crystalline Ni irradiated to low doses at room temperature
with 590 MeV protons are investigated. Tensile tests performed at room temperature show radiation induced hard-
ening, which increases with increasing dose. The microstructure of irradiation induced defects observed under trans-
mission electron microscopy consists of about 50% stacking fault tetrahedra, 30-40% dislocation loops and 10% of
unidentified features. In addition, the irradiated and deformed specimen microstructure exhibits, at the beginning of
deformation, shear bands as straight channels that are free of defects. The macroscopic results of the localized de-
formation have been observed during tensile test. The surface topography evolution is discussed in terms of localized
shear and crystal rotation, which relates to the formation of deformation cells.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The defect microstructure induced by irradiation in
fcc pure metals has been extensively studied, in Cu, Ni,
Pd and Au [1-5]. It is well accepted that a high density of
defect clusters forms, that in the fcc lattice typically
consist of stacking fault tetrahedra (SFT) and disloca-
tion loops, resulting from the quenching and evolution
of the displacement cascades.

In the case of the proton irradiated Cu at low tem-
peratures, that is to say at about 0.2 T,,, where Ty, is the
melting temperature, it appears that SFTs dominate the
irradiation induced defects in the displacement cascade
regime [3,4]. The case of Ni, as one of the model fcc
metals, is still not well understood. The experiments at
low irradiation temperature, less than 0.3 7., from
Zinkle and Snead [5] show a transition from a SFT-
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dominated microstructure at low doses to one domi-
nated by interstitial dislocation loops at higher doses,
with a threshold dose between 0.01 and 0.1 dpa. Earlier,
Roberson et al. [6] reported 40% of SFTs in Ni irradi-
ated with Ni" ions at RT to a dose estimated to be 0.001
dpa to 0.1dpa (10'°-10'7 ions m~2). It should be noted
that this last irradiation was performed in situ in a thin
foil TEM specimen, where surfaces may act as a sink for
mobile dislocation loops.

Following this view, pure single crystal Ni irradiated
at room temperature (about 0.2 7,,) with 590 MeV
protons to a doses ranging from 0.001 dpa level to 0.1
dpa level is investigated.

Previously, Dai and Victoria [4] had systematically
shown the irradiation effects in the proton irradiated Cu
at low temperature. Irradiation hardening is present
even at the lowest doses, down to 1x10~* dpa. The
activation volume analysis indicated that the initial
plastic deformation was controlled by dislocation—irra-
diation induced defect interaction that then evolved into
dislocation—dislocation interactions as the plastic de-
formation proceeds.
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2. Experimental procedure

Single crystal rods of pure 99.999% nickel of 12 mm
in diameter were provided by Goodfellow Cambridge
Ltd. Plates 350 pum thick with the desired orientation
were cut by spark erosion and tensile specimens of 2.5
mm gauge width and 5.5 mm gauge length with the Pirex
geometry [7] were cut from the plates with a spark wire
saw. The tensile orientation is close to (011), see Fig.
7(d). After mechanical polishing of the surfaces, the re-
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sulting thickness of specimen is about 300 um, which is
further reduced to about 250 pum after removing the
work-hardened layer by electro-chemical polishing. All
specimens were annealed in a high vacuum of about 10~3
mbar at 1273 K for 2 h followed by a slow cooling to
room temperature.

The tensile specimens were irradiated at about
60 °C in the PIREX facility [8] installed in the 590 MeV
proton beam of the accelerator located at the Paul
Scherrer Institut in Switzerland. The typical dose rate is
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Fig. 1. Irradiation-induced defects in pure Ni and their size distribution, g = (200), weak beam g (5 g). (A) 3.5x107* dpa,

(B) 8.3x 1073 dpa, (C) 1.0x 10" dpa.
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5x1077 dpas~'. The tensile tests were performed at
room temperature in air on a micro tensile testing ma-
chine. All tests were performed at a speed of 0.3 ums™',
corresponding to a nominal shear strain rate of about
5x107° 571

TEM specimens of the unirradiated deformed speci-
men and of the irradiated and deformed ones were
prepared. As Ni is magnetic, the volume of the TEM
specimen was reduced by the following technique. First,
discs with a diameter of 1 mm were punched and then
concentrically glued into a stainless steel ring with an
outer diameter of 3 mm. The composite specimens were
first mechanically polished and then jet-electro-polished
at 0 °C in a solution of 12% H,SO, in methanol under
15 V. TEM examinations were performed in a JEOL
2010 operated at 200 kV.

A Zeiss DSM 932 operated at 30 kV was used for
the SEM observations of the surface morphology of
the tensile samples. A TV digital camera running at 25
frames per second was used for the in situ optical ob-
servation of the surface deformation during tensile
testing.

3. Results and discussion
3.1. Microstructure of irradiation induced defects

Fig. 1(A)—(C) show the microstructure of the irradi-
ation induced defects at three doses, which consists of
loops and SFTs, together with their size distributions
shown in right side. The observations were performed
using TEM weak beam technique. The measured defects
densities are 1.1x 107, 2.4x10% and 7.0x 10* m~3 for
3.5x1073, 8.3x 1073 and 1.0x 10" dpa samples respec-
tively. The density in the 1.0x 107! dpa sample is much
higher than that found in [7] at the same dose, 2.1 x 103
m~>. The reason for this difference is an improvement of
experimental conditions, which resulted in a reduction
of the oxide layer formed on the TEM samples’ surface
before observation.

The defect size distributions at different doses indi-
cate that (i) the SFT represents 40-50% of the total
defect density while the rest of the defects are loops, with
10-20% of unresolved small dots at all three doses as
illustrated in Fig. 2, and (ii) the mean size of SFT’s is
independent of dose, which is about 2 nm and (iii) more
loops with a large size, of over 10 nm, are present at
0.1 dpa than at 0.0083 dpa. Almost no large loops are
observed at 0.0035 dpa.

3.2. Mechanical tests
The tensile response of single crystal Ni at the various

irradiation doses is shown in Fig. 3, including the be-
haviour of the unirradiated material. It appears that
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Fig. 2. The fractions of SFTs, loops and unidentified dots in
irradiated samples at the different dose levels.
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Fig. 3. The shear stress—shear strain curves of Ni single crystals,
proton irradiated to different doses at room temperature. Ir-
radiation doses (in dpa) are indicated on the stress—strain
curves.

irradiation hardening is already present at the lowest
dose. The critical resolved shear stress (CRSS) increases
with increasing dose, as shown in Fig. 4. Stress serra-
tions observed during the initial yield region have a
larger amplitude and are more extended with increasing
dose.

3.3. The activation volume

The activation volume is a measure of the volume of
interaction of the dislocation with the obstacle and
provides a good indication on the type of operating
mechanism responsible for this interaction. The method
used here for its measurement is that of successive stress
relaxations at different stress levels along the tensile
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Fig. 4. Critical resolved shear stress (CRSS) as a function of
irradiation doses.

curve [9]. The cross-head of the tensile machine is
stopped for a given time and the stress drop At is
measured. The apparent activation volume V,, on a
single relaxation is given in this case by fitting the fol-
lowing relation: [10]

At =kT/V,In(1 +¢/c), (1)

where ¢ is an adjustable time constant, ¢ is the relaxation
time, 7 the test temperature, and & the Boltzmann
constant. A correction for the strain hardening is cal-
culated by performing successive relaxations in order to
obtain the effective activation volume Vg [9]. Measure-
ments in the Ni single crystals are plotted as a function
of the shear strain in Fig. 5. The relaxation stress drop
(A7) can be described as in [11]

At = Aty + At (2)
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Fig. 5. Effective activation volumes for dislocation—defect in-
teraction in Ni single crystals, deformed at RT.

Azq4 is due to the dislocation-irradiated induced defect
interaction and Aty is due to moving dislocation-forest
dislocation interaction.

In the unirradiated case, Aty dominates the relaxa-
tion process. Due to the initial very low density (10''—
10> m™") of dislocations in the sample, the activation
volume starts from a value of more than 1500 b* where b
is the module of the Burgers vector. It then decreases
rapidly, because of the dislocation density increases due
to the deformation. Eventually the activation volume
tends to a value around 300 b.

In the irradiated case, at the start of the deformation
the main obstacles to dislocation movement are the ra-
diation induced defects, with a mean distance of 50 nm
between them. At higher dose the activation volume is
even smaller, corresponding to the smaller mean dis-
tance between obstacles resulting from higher defect
density. The activation volume increases and reaches a
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Fig. 6. Surface slip lines evolution in a Ni single crystal with a dose of 0.1 dpa.
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peak value, as the deformation proceeds and the total
density of obstacles decreases (their mean distance in-
creases) through their interaction with dislocations and
the formation of channels. Finally the interaction with
other forest dislocations becomes the dominant mecha-
nism as the mean distance between the radiation induced
defects becomes comparable to that of forest disloca-
tions. Deformation leads to a higher dislocation density,
which consequently leads to a decrease in the activation
volume down to similar values of 300 b’ as in the
unirradiated case.
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Fig. 7. (a) and (b) are the surface morphology of a region near
the crack in irradiated and unirradiated case, respectively, (c)
illustrates slipping traces of various gliding system and (d)
shows the orientation of the sample crystal tensile axis.

3.4. The surface topography evolution in the tensile
samples

Previous work [7] has shown that the main defor-
mation mode in irradiated specimens is dislocations-free
channelling. In what follows, the overall effects of this
localized shear are investigated in the surface of the
specimen. Fig. 6 shows the in situ observation by video
camera of the surface slip bands evolution during a
tensile test of an irradiated sample. As the earlier ex-
periments showed [4,12], the slip band clusters appear as
soon as the specimen yields and, later, spread over the
whole gage length. Fig. 7(a) and (b) show the SEM
observation in the region near the crack of both irradi-
ated and unirradiated samples, respectively. Fig. 7(c)
shows the replica drawing of the slip traces on the sur-
face in Fig. 7(a). The numbers and arrows in Fig. 7(c)
show the different slip systems. The first is primary slip
system, the second is the conjugate slip system and the
third is the cross-slip system. The mean distance between
the primary slip bands in Fig. 7(c) is about 400 nm.
Considering the orientation of the tensile axis shown in
Fig. 7(d), this mean value corresponds to an actual
distance of 700 nm, which is approximately equivalent
to the mean spacing between channels in the micro-
structure of samples [7]. The analysis of the deformation
at the surface is shown in Fig. 8(A)—(C). Fig. 8(A) shows
the original surface of the tensile sample. The black
marks from point @ to point (@ on the surface are used
for analysing different sections along the gage length.
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Fig. 8. (A) A few original points on the surface of sample are marked as reference for the measure of the local deformation. (B) shows
the partial strain of three local lengths between point (I)-point @) (AL;), point (@)-point (AL,) and point (@)-point (AL3).
(C) shows the inhomogeneous migration of some points during tensile test.
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The section AL; is taken from point @) to point @, AL,
from point @ to point @), and AL; from point to
point @@. Fig. 8(B) indicates these three sections in the
gage length do not initially deform synchronically. The
deformation is initiated almost only in the regions AL,
and AL,, and then only then in region AL;, as confirmed
by the surface slip traces. As in the sequence shown in
Fig. 6(a)—(f) the deformation of the crystal indicates
inhomogeneous and consequently localized in slip re-
gion. As the work hardening in the region AL, and AL,
increases their deformation stress gradually, the region
ALj; starts to be deformed. After a shear strain is about
0.6, further deformation is almost linear and homoge-
nous. Fig. §(C) indicates the migration of point @ and
point (B originally located approximately at the same X
position. Following these moving traces, it can be con-
cluded that a rotation also happened in the region AL,
during the 34-53% of the tensile strain.

4. Conclusions

As a result of irradiation of Ni a high density of
defect clusters is found. About 40-50% of clusters are
SFTs while the rest are loops and unidentified small
dots.

Starting at the lowest dose there is an increase of the
yield stress with increasing dose.

Results indicate that in irradiated samples the main
deformation mechanism changes from the breaking of
irradiation induced defects to the cutting of the forest
dislocations as deformation proceeds. The transition
from one to the other is evidenced by the behavior of the
effective activation volume.

The surface topography observation confirms that
the plastic deformation in the slip region at the begin-

ning of the tensile test of crystal proceeds localized and
inhomogeneously.
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