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A study was conducted to better understand the roles of irradiation defects
and cavities on the mechanical properties of 304 stainless steel. Micropillars
were fabricated using focused ion beam techniques, and pillars were heat
treated at 300�C to serve as a control, irradiated in situ to 5 dpa with 1 MeV
krypton ions at 300�C, or pre-implanted with a specific amount of helium and
then irradiated. Micropillars were compression tested in situ in a transmission
electron microscope (TEM) using a picoindenter. The load–displacement
curves were converted into stress–strain curves and mechanical properties
were extracted. Irradiation hardening was observed with the yield stress
being the highest in the pillar implanted with the least helium. TEM and
energy-dispersive spectroscopy analysis showed the presence of irradiation-
induced defects in krypton-irradiated samples and the presence of cavities.

INTRODUCTION

In a nuclear reactor, various structural compo-
nents around the nuclear core are fabricated out of
austenitic stainless steel (SS) 304. These compo-
nents include the bolts that are used to hold core
internals.1 Being so close to the core, these 304
components are subjected to both neutron irradia-
tion as well as helium generation from alpha decay
and transmutation.2 The process of neutron irradi-
ation causing damage and helium generation can
alter the mechanical properties of the component.
Specifically, hardening and embrittlement are often
observed in irradiated 304.3 It is has been found
that helium is insoluble in many reactor component
materials and often precipitates out to form clusters
and bubbles.1 Helium implantation and generation
in reactor components have been shown to alter the
mechanical properties of the components and can
lead to brittle facture around grain boundaries.1,4,5

To gain a better understanding of the effects of
irradiation and helium implantations on the
mechanical properties, in situ micropillar tests were
conducted. The benefit of micropillar testing is the
ability to observe how the microstructural changes
from irradiation and implantation alter the
mechanical properties. Additionally, the change in

the microstructure upon deformation in a transmis-
sion electron microscope (TEM) offers the ability to
see how the microstructural changes react to defor-
mation. Many studies involving irradiation and/or
helium implantation use some version of a hardness
test to quantify the hardness of the material before
and after irradiation.2,6–10 Although this technique
is adequate to capture the hardness that can be
used to estimate the yield strength, the test often
lacks the ability to show the deformation of the new
microstructure. Ion irradiation is a useful tool to
simulate neutron damage in materials. The use of
ions allows for fine control over the flux and energy
as well as the ion species. Additionally, samples do
not need to be analyzed in a hot cell because no
radioactive species are forming like those that form
under neutron irradiation. Unfortunately, ion irra-
diation damage is usually only limited to a small
depth into the structural metals used in reactors
compared with neutron irradiation.3 Fortunately,
micromechanical testing is well suited to ion irra-
diation studies since the thickness of the material
used is on the same order. The goal of the study is to
investigate how micromechanical testing can offer a
better comprehension of ion irradiation as well as
helium implantation on the mechanical properties
of 304.
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MATERIALS AND METHODS

A sample of commercial stainless steel 304 (nom-
inal wt.%< 0.08% C, 17.5e20%Cr, 8e11%,< 2%
Mn,< 1% Si,< 0.045% P, and< 0.03% S) from
the same piece as published previously 3,11,12 was
obtained and engineered into micropillars for com-
pression testing. Micropillars were fabricated with
the aid of a dual-beam FEI Quanta focused ion beam
(FIB) and field-emission scanning electron micro-
scope (SEM). The FIB was used to shape the pillars
to a shape of approximately 300 nm wide and
500 nm tall. The pillars that were not irradiated
with helium or krypton ions underwent a heat
treatment under the vacuum of an SEM where the
samples were heated to 300�C in 11 min and then
held at 300�C for 3 h 50 min. The other pillars were
at 300�C for about the same duration during
krypton ion irradiation. To compress each pillar, a
Hysitron PI-95 TEM picoindenter was used in a
JEOL 3010 microscope at the National Center for
Electron Microscopy (NCEM). The PI-95 can track
the displacement as well as the load on the pillars
during compression in situ in the TEM. Put in
displacement control, the PI-95 1 lm flat tip was set
to a displacement rate of 7 nm/s, which corresponds
to a strain rate of 1:4 � 10�2 s�1 and was compressed
along the height of the pillar. Before the pillar
compressions, several of the pillars were irradiated
with 1-MeV krypton ions at 300�C ± 3�C with a flux
of 6:25 � 1011 ions

cm2 s at an angle of 15� from the

normal of the front face of the pillar until the sample
reached a dose of 5 dpa. Heating due to ion
irradiation was estimated to be around 20–30 K.
According to the SRIM-2008 simulation shown in
Fig. 1, in the material thickness, there is a rela-
tively uniform damage profile of about 5 dpa.

Additionally, the damage profile for 25 keV helium
suggests an average damage of 1.09 �10�2 vacan-
cies/ion/Å over the thickness of the pillar, which
translates into 1.24, 6.22, and 12.44 dpa for the
helium fluences of 1 � 1017, 5 � 1017, and 1 � 1018

He+ ion/cm2, respectively. The implantation of both
helium and krypton ions into the material is also
evident in Fig. 1. The 300-nm-thick pillars will
retain most of the helium implanted into them,
while a large portion of krypton ions will also be
implanted. The ion irradiation was performed
in situ at the Intermediate Voltage Electron Micro-
scope (IVEM) facility at Argonne National Labora-
tory with their Hitachi 9000NAR TEM operating at
300 keV. Videos of the irradiation were recorded at
a rate of 25 frames per second, and TEM micro-
graphs of one of the pillars was obtained at 0, 0.1,
0.3, 0.5, 0.7, 1, 2, 3, 4, and 5 dpa to track the
evolution of the microstructure. The videos were
used to perform frame-by-frame analysis to better
observe the dynamic microstructure evolution.
Other pillars were implanted with helium to flu-
ences of 1 � 1017, 5 � 1017, and 1 � 1018 He+ ion/cm2

followed by Kr ion irradiation to 5 dpa. The helium
implantation was performed at the University of
California Berkeley using 25-keV helium ions in the
Orion NanoFab Helium Ion Beam Microscope
(HIM). The helium implantation was done normal
to the front-facing side of the pillar, and the
converged helium beam was set to raster over the
area of the pillar until a specific fluence was
reached. The experimental conditions are shown in
Table I.

The forces during extension of the 1-lm flat tip
were used to calculate stresses at specific strains of
the material to develop stress–strain curves. The
curves were then used to the obtain mechanical
properties of each pillar such as the yield stress to
understand how ion irradiation affects the mechan-
ical properties. Furthermore, to understand why the
mechanical properties varied, a look into the
microstructure was carried out by further charac-
terizing each pillar using a probe aberration-cor-
rected field emission FEI Titan TEM equipped with
a SuperX energy dispersive spectroscopy (EDS)
system at the Analytical Instrument Facility (AIF)
at North Carolina State University to obtain chem-
ical maps of the pillars. Additionally, irradiation
damage in the form of clusters, segregation, and/or
cavities was analyzed in the samples that were
subjected to ion irradiation.

RESULTS

The stress–strain curves of the different pillar
conditions are shown below in Fig. 2a. The plastic
flow evident in the stress–strain curve shows load
drops, especially the curves belonging to the helium-
implanted pillars. From the stress–strain curves, an
obvious shift in the curves from the control pillars to
the 5-dpa pillars to the helium-implanted pillars is

Fig. 1. Damage profile of 1-MeV Kr ion irradiations and 25-keV He
Ion and Kr and He ion distribution in the 304SS was calculated with
SRIM-2008 using the quick damage mode with average
displacement energies of 40, and 28 eV for metallic and non-
metallic atoms, respectively.

In Situ Micropillar Compression Tests of 304 Stainless Steels After Ion Irradiation and Helium
Implantation

2779



obvious. Mechanical properties such as the flow
stress at 5% strain were obtained from the stress–
strain curves and are evident in Fig. 2b and d,
respectively. The flow stress at 5% strain was used
since there can be some ambiguity related to the
yield stress of micropillars. The flow stress at 5%
strain for the helium-implanted pillars shows that
the highest flow stress belongs to the pillar
implanted with the least amount of helium. More-
over, the flow stress appears to decrease with
increasing implanted helium. The orientations of
the Kr-irradiated pillars only and the helium-im-
planted pillars relative to the compression axis were
found to be about 11� and 21� from the [111]
direction, respectively. With the known orientation,
critical resolved shear stress (CRSS) plots were
generated and are shown in Fig. 2c.

To gain a better understanding of why the
mechanical properties of 304 were altered by irra-
diation, a detailed look into the microstructure was
carried out. Before compressing, one of the pillars
that was just irradiated to 5 dpa with no helium
implantation was followed during irradiation
in situ. The pillar was tilted to a weak beam
condition along the (111) family of reflections to
observe radiation damage. Bright-field (BF) TEM
micrographs of the pillar are shown in Fig. 3 and
were obtained at different doses. The micrographs
show that clusters of irradiation-induced defects
have formed and also disappear. From the frame-by-
frame analysis of the videos, irradiation-induced
defects were evident as early as about 0.009 dpa.
The defect population over the duration of irradia-
tion appears to have grown in size and shrunk in
number density. This is most evident when com-
paring the micrograph at 5 dpa to the micrograph at
0.1 dpa where the latter has small dark spots
around the area and the former only has large
defects in localized areas. Chemical maps before and
after irradiation on the same pillar were used to
identify any segregation of elements using the
scanning transmission electron microscopy’s
(STEM) energy-dispersive spectroscopy (EDS) sys-
tem known as ChemiSTEM. From the chemical
maps there was no evidence of chemical segrega-
tion. The small size of the pillars relative to the size
of a single grain of 304 led to pillars being essen-
tially single crystals. It has been shown that
austenitic stainless steels can undergo radiation-
induced segregation (RIS) at the grain boundaries
but it is not expected to play a role in this
experiment because of the lack of grain bound-
aries.13,14 Additionally, from the chemical maps
there appears to be no evidence of any large cavities
after irradiation.

Following the microstructural characterization,
the helium-implanted samples were also observed
under the TEM before and after Kr ion irradiation.
Before Kr irradiation, Fresnel imaging techniques
were applied to the pillars implanted with various
amounts of helium to detect any voids that mayT
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have formed from helium implantation alone. For-
mation of cavities for the pillars subjected to 1018 He
ions/cm2 can be seen in Fig. 4a. These cavities
appear to be spherical in nature and not faceted.
Cavities were not detected in either of the lower
helium implanted fluencies. After irradiation, the
voids for the 1018 He ions/cm2 appear to grow in size
and number density as shown at various doses in
Fig. 4a. Figure 4b and c shows the nucleation and
growth in cavities for the pillars with 1017 He ions/
cm2 and 5 9 1017 He ions/cm2, respectively.

Nucleation for both lower fluence helium-implanted
pillars was observed around 1.12 9 1015 Kr ions/
cm2. Further analysis into the microstructure of the
helium-implanted pillars with 5 dpa of irradiation
damage was conducted using the SuperX EDS
system to obtain chemical maps. Chemical maps of
a region on the 1018 He ion/cm2 that contained
cavities is shown in Fig. 5a. From the micrograph,
the cavities appear to be spherical with a 1.5–6 nm
range of diameters. The chemical maps all show
areas depleted in each of the elements in the regions
where the cavities are as shown by the arrow.
Unfortunately, the EDS method is limited by the
fact that helium maps cannot be obtained and
techniques such as electron energy loss spec-
troscopy (EELS) would have to be used to identify
helium via its k-edge at 22 eV; however, the pillars
are too thick and put the helium edge in the
plasmon region making the spectrum around
22 eV convoluted. Figure 5b and c for 1017 He ion/
cm2 and 5 9 1017 He ion/cm2, respectively, shows a
similar depletion of elements in the chemical maps
and an EDS spectrum that shows the decrease in
the counts of each element indicating cavities. The
sizes and number density of the 1017 He ion/cm2 and
5 9 1017 He ion/cm2 appear to be smaller compared
with the 1018 He ion/cm2 pillar. Besides cavities,
clusters of irradiation-induced damage were
observed using dark-field imaging in various reflec-
tion directions as shown in Fig. 6.

After the microstructure of the pillars had been
analyzed, the pillar compression tests were con-
ducted in situ under TEM observations. Videos of
the pillar’s compression were obtained (videos are
uploaded as supporting documents) and snap shots
at various strains were taken and can be found in
the electronic references.

DISCUSSION

The changes in the microstructure from helium
implantation and Kr ion irradiation can be used to
explain the changes in the mechanical properties
obtained from the pillar compression test. It should
be noted that the control pillars, 5 dpa pillars, and
helium-implanted pillars all had different orienta-
tions relative to the compression axis. The average
grain size for 304SS is on the order of about 30–
40 lm so pillars of the same group tended to have
the same crystallographic orientation relative to the
compression axis. Moreover, each pillar can be
treated as a single crystal. The grain orientation
can have an effect on the mechanical properties and
should be taken into account. From Fig. 3, the
pillars only irradiated to 5 dpa with no helium
implantation had a compression axis 11.8� from the
[111] direction. Likewise, the pillars implanted with
helium had a similar orientation as shown in Fig. 6.

The engineering stress–strain curves for the
helium-implanted and krypton-irradiated sample
show load drops under plastic flow. Other

Fig. 2. (a) Stress–strain curves, (b) flow stress at 5% strain for the
various 304SS pillars, and (c) critical resolved shear stress.
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researchers have reported in 15,16 serrations in
unirradiated nickel-based micropillar stress–strain
curves resulting from the stochastic nature of the
plastic flow due to the small volume of material;
however, no serrations were evident in the control
pillars. Load drops in the plastic flow curve were
evident in both the helium-implanted pillars and
the pillars that were only irradiated with krypton
ions. Defect-free channels have been suggested to
occur at high doses of 25 dpa in nickel from
dislocation-created defects reacting with one
another 16

From the microstructure, the addition of irradia-
tion-induced defects clearly added features to the
microstructure that hindered dislocation motion. As
a result of hindered dislocation motion, an increase
in the flow stress of the irradiated pillars is seen
compared with the control known as irradiation
hardening. Comparing the microstructure of the
pillars with no implanted helium with those that
were, the addition of cavities and helium solutes as
well as irradiation-induced defects clearly is more
effective in hindering dislocation motion as shown
as an increase in flow stress.17 The 1018 He ion/cm2

pillars showed signs of cavities even before krypton
ion irradiation. Reports of no signs of cavities after
only helium implantation except at high fluences
have been reported.1 Although cavities are consid-
ered weak obstacles to dislocations, they still man-
aged to increase the flow stress significantly
compared with just the krypton irradiation case.
Several researchers have also reported the increase
in the yield strength after ion irradiation.1–3

Many researchers have attributed the increase in
yield strength from helium bubbles to the interac-
tion between gliding dislocations and the bub-
bles.1,18 The bubbles act as obstacles to gliding

dislocation, which bows the dislocation, and a
higher stress is needed to continue plastic defor-
mation.18 One model that can be used to elucidate
the hardening caused by helium bubbles is known
as the Friedel-Kroupa-Hirsch (FHK) hardening
model 18,19:

Dr ¼ 1

8
MlbdN

2
3

bubbles

where Dr is the change in yield strength, M is the
Taylor factor (3.06 for FCC 17), l is the shear
modulus, b is the Burgers vector, d is the diameter
of a bubble, and Nbubble is the number density of
bubbles in the sample. To calculate the bubble
density, one can use a pressure-based method that
is used elsewhere 18,20:

p ¼ 2cþ lb
r

where p is the pressure inside the bubble, c is the
surface energy, which was taken to be 1.65 J/m2 for
the (111) orientation,21 l is the shear stress taken to
be 72 GPa,22 b is the Burgers vector of c-Fe in the
[110](111) slip system, and r is the radius of the
bubbles. To calculate the radius of the bubbles,
STEM high-angle annular dark-field (HAADF)
images were used for the samples implanted with
helium. Although the bubbles are assumed to be
circular in nature, they were found to be ellipses. An
equivalent diameter was calculated using the
following:

deq ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

a� b
p

where a and b are the lengths of the major and
minor axis, respectively. The average diameter for
the 1 � 1017 He ion

cm2 , 5 � 1017 He ion
cm2 , and 1 � 1018 He ion

cm2

Fig. 3. BF TEM micrographs of 304 pillar at 300�C at various doses under Kr irradiation.
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were 1.88 nm, 2.25 nm, and 4.12 nm, respectively.
Converting the diameters to radii, the pressure
inside the bubbles was found to be 23.1 GPa, 19.4
GPa, and 10.6 GPa for the 1 � 1017 He ion

cm2 ,

5 � 1017 He ion
cm2 , and 1 � 1018 He ion

cm2 pillars, respec-

tively. The molar volume of helium inside the
pillars using the ideal gas law 18 was then calcu-
lated for each case. The molar volume combined
with the volume of the average bubble was used to
calculate the number of helium atoms per bubble,
NHe. The number density of bubbles was then
calculated using

Nbubble ¼ RHeNFe

NHe

where RHe is the atomic concentration of helium
implanted and NFe is the atomic density of iron. It
should be noted that all helium is assumed to be
trapped only in bubbles. Comparing the calculated
number density with the measured number density
showed both were in good agreement. It should be
noted that the helium bubble number density and
size were performed around the center of the pillars.
From the FHK model, the increase in hardening due
to helium bubbles was calculated to be 40.8 MPa,
113 MPa, and 146 MPa for 1 � 1017 He ion

cm2 ,

5 � 1017 He ion
cm2 , and 1 � 1018 He ion

cm2 pillars, respec-

tively. Comparing these predicted values with the
difference in flow stress at 5% strain of the 5 dpa-
only case and the helium-implanted case shows that
the model under-predicts the increase in hardening.
From this analysis, there appear to be other hard-
ening mechanisms at play that have increased the
yield strength further. Specifically, helium might
not just be trapped in the bubbles but is also in the
lattice. In fact, the amount of helium implanted into
the material might be supersaturating the material
meaning that the ideal gas law would not be able to
hold. The implantation of helium into the 300-thick
pillars was shown through the SRIM calculation to
not be entirely uniform with most of the helium
implanting around the first 100 nm into the pillar
thickness. Additionally, from the implantation pro-
file in Fig. 1, many krypton ions are also being
implanted. These krypton ions might also be
trapped within the lattice and leading to hardening
of the material. The hardening coefficient used for
the FHK model is 0.2 but other researchers have
indicated that a higher coefficient might be needed
when the helium bubble radius exceeds that of
2 nm.1 Other studies have found that hardening
due to bubble formation only contributes to a
fraction of hardening in 316 stainless steels.23

Finally, the higher helium fluence contained more
damage from the helium implantation; however, it
has been shown elsewhere that an increase in yield
strength of 304SS under neutron irradiation at
temperatures of 418–450�C reaches saturation after
about 5 dpa.24

CONCLUSION

This study investigated the effects of irradiation
as well as helium implantation on the mechanical
properties of austenitic stainless steel 304. Micropil-
lars were fabricated and were heat treated to serve
as controls, irradiated with 1 MeV krypton ions at
300�C to 5 dpa, or pre-implanted with helium ions
and then irradiated with 1 MeV krypton ions at
300�C to 5 dpa. The pillar compression tests tracked
the load over displacement and was converted to a
stress–strain curve. The yield stress was extracted
and showed that the material hardened under

Fig. 4. Fresnel imaging of helium-implanted pillars at various Kr
doses for the (a) 1� 1018 He ion

cm2 , (b) 1� 1017 He ion
cm2 , and (c)

5� 1017 He ion
cm2 .
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irradiation with the highest yield stress being the
pillar implanted with the most helium. The
microstructure through TEM and ChemiSTEM
observation revealed irradiation damage in the
form of loops and clusters as well as cavities in the
pillar implanted with the least helium. The irradi-
ation-induced defects as well as the cavities were
the most effective in hindering dislocation motion,

effectively increasing the flow stress required to
cause deformation. Using the Friedel–Kroupa–
Hirsch model for quantifying the increase in hard-
ness from helium bubbles suggests that other
hardening mechanisms are at play. The implanted
helium and krypton might also be stuck in the
lattice and lead to further hardening. Additionally,
the high fluence of helium implanted into the pillars

Fig. 5. Chemical maps from ChemiSTEM for helium pillars from a fluence of (a) 1� 1018 He ion
cm2 , (b) 1� 1017 He ion

cm2 , and (c) 5� 1017 He ion
cm2 .
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might have led to the supersaturation of helium into
the pillar. Supersaturation of helium would indicate
that the ideal gas law would not be valid. Finally,
helium bubbles might only be increasing the hard-
ness by a fraction of the total hardness.
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Fig. 6. Bright-field TEM micrograph taken at the zone axis [1-2 1].
Different diffraction vectors, (b) g = 111, (c) g = 20-2, and (d) g = 31-
1, were used to image the radiation-induced defects (black dots,
dislocation and dislocation loops) in the pillar with 1018 helium/cm2

in situ irradiated by 1 MeV krypton at 573 K at the dose of 2.8 9 1015

ions/cm2.
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