
lable at ScienceDirect

Journal of Nuclear Materials 493 (2017) 336e342
Contents lists avai
Journal of Nuclear Materials

journal homepage: www.elsevier .com/locate/ jnucmat
In situ micro-tensile testing on proton beam-irradiated stainless steel

H.T. Vo a, A. Reichardt a, D. Frazer a, N. Bailey a, P. Chou b, P. Hosemann a, *

a Department of Nuclear Engineering, University of California, Berkeley, CA, USA
b Electric Power Research Institute, Palo Alto, CA, USA
h i g h l i g h t s
* Corresponding author. 4169 Etcheverry Hall, Berk
E-mail address: peterh@berkeley.edu (P. Hoseman

http://dx.doi.org/10.1016/j.jnucmat.2017.06.026
0022-3115/© 2017 Elsevier B.V. All rights reserved.
g r a p h i c a l a b s t r a c t
� In situ SEM micro-tensile testing on
ion-beam irradiated materials.

� Micro-tensile yield stress and total
elongation correlate well with
macroscale tensile values.

� A forceedisplacement curve based
analysis of slip localization is
presented.
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Small-scale mechanical testing techniques are currently being explored and developed for engineering
applications. In particular, micro-tensile testing can add tremendous value, since the entire stress-strain
curve, including the strain to failure, can be measured directly. In this work, 304 stainless steel specimens
irradiated with 2 MeV protons to 10 dpa (full-cascade setting in the Stopping and Range of Ions in Matter,
SRIM, software) at 360 �C was evaluated using micro-tensile testing. It was found that even on the
micron scale, the measured strain corresponds well with macroscopic expectations. In addition, a new
approach to analyzing sudden slip events is presented.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Radiation damage in structural materials plays an important
role in the reliability of existing nuclear reactors and deployment of
new nuclear facilities. 304 stainless steel (304SS) is widely used for
the core internal components of light-water reactors due to its
resistance against aqueous corrosion and availability at the time of
deployment [1]. However, in the harsh neutron-irradiated
eley, CA 94720, USA.
n).
environment of LWRs, austenitic stainless steels experience
microstructural and microchemical changes that increase suscep-
tibility to stress corrosion cracking (SCC) and cause hardening, loss
of ductility, and potentially void swelling [1e4]. A comprehensive
understanding of how neutron irradiation affects the mechanical
properties of austenitic stainless steels is important for the
assessment of the reliability of reactors in long-term operation,
which is associated with life extension.

Neutron irradiation, e.g. of stainless steel for the evaluation of
yield strength over a range of doses [5], is lengthy and costly,
especially for high doses. Therefore, ion-beam irradiation has been
developed to mimic specific aspects of microstructural evolution
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1 The Schmid factor of the grain in the PIA sample (0.408) was chosen to be
similar to the Schmid factors of the grains in the as-irradiated sample (0.445 and
0.36), to minimize the adjustment for different crystal orientations.
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[6]. However, although it offers the advantages of high dose rate,
little to no activation, and excellent control over the irradiation
condition [6], the ion penetration depth is limited to the order of
microns, which makes standard mechanical testing challenging.
However, the advent of small-scale mechanical testing enables the
measurement of ion-beam irradiated samples [7e9]. In previous
work, ex situ nanoindentation and micropillar compression were
performed over a range of temperatures on proton-irradiated
304SS [7,10] to characterize yield strength, hardness, and work-
hardening. In this study, in situ SEM micro-tensile testing has
been developed and deployed to measure the change in YS and
total elongation (TE) due to irradiation damage. By testing a spec-
imen in situ, the load-displacement curve can be correlated with
the deformation process observed during testing [11e13]. Addi-
tionally, the effect of post-irradiation annealing is investigated.

2. Materials and methods

The composition of the 304 SS in this study is a standard-grade
304 that has the nominal wt.% composition of <0.08% C, 17.5e20%
Cr, 8e11%, <2% Mn, <1% Si, <0.045% P, and <0.03% S. Two 304SS
specimens were irradiated with protons to 10 dpa (flat displace-
ment damage profile) at a dose rate of ~8 � 10�6 dpa/s and a
temperature of 360� ± 10 �C by the Michigan Ion Beam Laboratory
(MIBL) using a Tandetron accelerator. Fig.1(a) displays the expected
damage profile of the 2 MeV proton irradiation in the 304SS.
Additional details of the irradiation procedure have been published
in Ref. [14]. One of the two irradiated 304 SS samples was subse-
quently annealed at 500 �C for 1 h. From the isochronal annealing
curve of the iron system, the vacancies complexes are mobile at the
irradiation temperature of 360 �C [15]. The sample was annealed at
500 �C for 1 h post-irradiation to anneal out the irradiation damage
(dislocation loops and defect clusters). The micro-tensile testing of
the annealed samples were performed to observe the extent of the
annealing.

The dose and dose rate were calculated using SRIM software [7].
The displacement energy used for the SRIM simulations is 40 eV.
There are two options in SRIM for calculations of dose: “full
cascade” and “Khinchin-Pease.” Unless otherwise specified, this
study uses the full-cascade option in order to maintain consistency
with a large number of prior publications across the years that use
proton irradiation to investigate radiation damage. At the same
time, a recent publication by Stoller et al. [16] establishes that the
Khinchin-Pease option is more appropriate when comparing ion
and neutron doses. The Khinchin-Pease (K-P) value is a factor of 2
less than the full-cascade value; that is, 10 dpa (full-cascade) cor-
responds to 5 dpa (K-P). Therefore, when this study compares the
mechanical properties of proton-irradiated to neutron-irradiated
stainless steels, the K-P dose values will be used and will be
designated clearly by the suffix (K-P).

A FEI Quanta 3D FEG dual-beam FIB/SEM (with a focused gal-
lium-69þ ion beam) was used to manufacture tensile bars, as
shown in Fig. 1(b) and (c); their gauge length is ~4.5 mm and their
cross-sectional area is ~1.3 � 1.3 mm. Rough milling was conducted
at 30 keV with currents of 1e3 nA, and the final cleaning was
performed at 0.3 nA.

Electron backscatter diffraction (EBSD) was used to map the
grain and grain orientations of selected regions prior to sample
fabrication, which allowed the tensile bars to be located within
large single grains and allowed the determination of the Schmid
factor of each grain along the axis of the tensile bars.Within a single
grain, tensile bars were fabricated in both the flat displacement
damage region of the irradiated zone within ~10 mm of the surface
and the unirradiated region deeper than ~20 mm from the surface
(Fig. 1(b)). Having samples within single grains allow the cleanest
possible comparison between irradiated and unirradiated me-
chanical properties. Critical resolved shear stress is used for com-
parison among grains of different crystal orientations, because the
Schmid factor of each grain has been used to account for the
differences.

A customized tensile gripper assembly was designed, manu-
factured, and attached to the Hysitron PI-85 Picoindenter system;
the gripper was fabricated from a tungsten needlemounted on a tip
adapter for the indenter. The in situ PI-85 Picoindenter can apply
load in tension and compression. Tension mode is selected in the
Hysitron Pi-85 software for the micro-tensile testing. The tensile
gripper adapter is used in place of a typical indenter tip, as shown in
Fig. 1(b). Prior to testing, the sample was aligned and the gripper
was placed in position, as shown in Fig. 1(d). The tests were con-
ducted in situ in the SEM under displacement control at a rate of
10 nm/s, which is equivalent to a strain rate of ~2 � 10�3 s. The
tensile bars were tested to failure. A video of each test was recor-
ded. Three tensile bars were tested for each of three conditions: as-
irradiated, post-irradiation annealed (PIA), and unirradiated.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.jnucmat.2017.06.026.
3. Experimental results

Engineering stress-strain curves were calculated from the load-
displacement data from the indenter. Fig. 2(a) compares the stress-
strain curves of the irradiated and unirradiated tensile bars; note
that two irradiated and two non-irradiated tensile bars are located
within Grain 1 (G1), and one irradiated and one unirradiated
tensile bars are located within Grain 2 (G2). The yield strengths
(YS) among irradiated and unirradiated tensile bars within one
grain can be directly compared, but the YS from different grains
cannot be. The critical resolved shear stress (CRSS) should be used
for comparison among different grains. Fig. 2(b) compares the
stress-strain curves of the irradiated and post-irradiation annealed
(PIA) tensile bars. Because PIA was conducted on a separate
proton-irradiated sample, the irradiated and PIA tensile bars are
located on different samples and therefore in different grains.
None of the irradiated YS values can be directly compared against
the PIA YS values.1 CRSS should be used for comparisons. The YS,
CRSS, and total elongation (elastic strain and plastic strain) values
are tabulated in Table 1. (The standard 0.2% offset YS are obtained
from the stress-strain curves.) The average CRSS of the unirradi-
ated, irradiated, and PIA samples are 213 MPa, 438 MPa, and
319 MPa, respectively; the corresponding average TEs are 47%, 11%,
and 27%.

Images of the tensile bars strained to failure are shown in Fig. 3.
Unirradiated tensile bars deformed via the formation of multiple
slip steps occurring along certain slip planes. They also experi-
enced work hardening after yield. In contrast, irradiated tensile
bars failed suddenly at one slip plane, without the clear appear-
ance of other slip events, consistent with their significantly lower
average TE and higher average CRSS (11%, 438 MPa, respectively)
relative to unirradiated tensile bars (47%, 213 MPa, respectively).
Furthermore, they experienced work softening, rather than work
hardening after yield. After annealing at 500 �C for 1 h, the
ductility was partially recovered (Fig. 2(b)). Fig. 3(c) and (d) show
that cracks formed at slip steps of the PIA tensile bars but became
blunted; subsequent deformation occurred in a “tearing” fashion
until failure.

http://dx.doi.org/10.1016/j.jnucmat.2017.06.026


Fig. 1. (a) Dose profile obtained from full-cascade SRIM calculations. (b) Schematic of the tensile gripper and the sample; light grey represents the irradiated region and dark grey
represents the unirradiated region. A representative plot of the dose profile is shown on the side of the rectangular volume. (c) Representative image of a micro-tensile bar. (d)
Gripper in testing position.
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4. Discussion

The micro-tensile results here are similar to macroscopic ten-
sile test results in literature. Empirically modeled trend curves that
represent the nominal behavior of austenitic stainless steels [17,18]
neutron-irradiated at ~600 K and tested at room-temperature
indicate that where the unirradiated YS is ~300 MPa, at 10 dpa,
the irradiated YS is ~1000 MPa; and where the unirradiated TE is
~60%, the irradiated TE is ~20%. The dose of the proton-irradiated
material of this study is only 5 dpa K-P. Since the irradiation-
induced hardening saturates after a ~5 dpa neutron dose, similar
change in YS should be observed at 5 dpa K-P and a 10 dpa neutron
dose [19]. It is important to note that the data presented in this
study is single-crystal data, while the macroscopic data were ob-
tained from polycrystals; this difference is mitigated by the
nanoscale nature of the radiation damage that causes the changes
in mechanical properties. The good correlation is nonetheless
remarkable.
The elastic moduli calculated from the stress-strain curves ob-
tained here are ~30 GPa compared to expected elastic moduli of
~200 GPa. However, a comparison between the strain measured on
the transducer and the strain measured via image correlation on
the recordedmovie conducted on a different material suggests that
the difference originates from the system compliance. It has been
found that a correction factor can be applied to correct for the
compliance. However, the movies recorded do not have sufficient
resolution, so this approach is not applied on the 304SS samples
discussed here.

For unirradiated tensile bars, multiple load drops correlated to
activation of the slip planes were observed on the stress-strain
plots. In contrast, irradiated tensile bars experience one or a few
severe slip events before failure (at significantly lower TE). The
testing was performed in displacement-controlled mode, with set
displacement and acquisition rates. Since the Hysitron indenter is a
force-controlled system, the software implements a feedback loop
between the applied load and the measured displacement; the



Fig. 2. (a) Stress-strain curves of unirradiated and as-irradiated tensile bars. (b) Stress strain curves of as-irradiated and post-irradiation-annealed (PIA) tensile bars.

Table 1
Detailed analysis of micro-tensile test data.

Micro-tensile sample No. Loading orientation Max Schmid factor 0.2% offset YS [MPa] CRSS [MPa] % TE

Unirradiated 1 [113] 0.445 484 215 53
2 [113] 0.445 505 225 43
3 [223] 0.36 550 198 46

Irradiated 1 [113] 0.445 1012 450 11
2 [113] 0.445 989 440 11
3 [223] 0.36 1176 423 11

Post-irradiation annealed 1 [112] 0.408 832 340 34
2 [112] 0.408 877 358 20
3 [112] 0.408 639 260 28

Fig. 3. Comparison of deformation behavior among micro-tensile tests. (a) Many slip bands and significant necking are observed in an unirradiated tensile bar. (b) Brittle fracture
surface of an as-irradiated tensile bar. (c) and (d) “Tearing” behavior is observed in the post-irradiation-annealed (PIA) tensile bar; cracks form at the slip steps but are blunted.
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applied load is continually adjusted to maintain the constant
displacement rate. When the speed of the feedback loop is not
sufficient to capture a sudden change in displacement, the applied
load drops abruptly until the system catches up with the change in
displacement. Consequently, one can quantify the slip events.

The number of load drops (sudden slip events) in the stress-
strain curve can be counted. The start and end points of a load
drop can be identified, and the area underneath the curve between
those points represents the energy dissipated during the slip event.
Since the slip events are caused by sudden dislocation motion, one
can calculate the energy needed to move a dislocation through the
pillar utilizing the Peierls stress. The Peierls stress is given by

tYPeierls ¼ 2G
1� n

*expð 2pd
ð1� nÞb Þ (1)

where G is the shear modulus, b is the burgers vector, n is the
Poisson's ratio and d is the interplanar spacing. The shear modulus
of stainless steel in the (111) plane is 650 MPa [20]; the lattice
constant is 0.351 nm [21], leading to a burgers vector of 0.248 nm
and an interplanar spacing of 0.202 nm. Therefore, the Peierls stress
is 118 MPa. The work a dislocation must perform in order to glide
through the entire tensile bar can be calculated using:

W ¼ tPeierls*b*l*tl (2)

where l is the dislocation line length (gage diameter), b is the
burgers vector, and tl is the distance the dislocation traverses. If one
assumes a nearly 45� slip plane, a 1.7 mm gage diameter translates
to a 2.4 mm travel distance for the dislocation. The angle of the slip
Fig. 4. The as-recorded load-displacement curves of the (a) unirrad
plane traces is assumed to be 45� for simplicity, since the SEM
images during the testing were not captured for all tests. Also, the
SEM images of the deformed micro-tensiles, such as Fig. 3(d), only
provide a 2-D perspective of the slip plane traces, so the exact
angles are not known. The energy required for a dislocation to
travel through the tensile bar is then 1.2*10�13 Nm. Equation (2) can
be expanded with account for the surface created by the slip step,
with g being the surface energy.

W ¼ tPeierls*b*l*tlþ g*b*l (3)

The surface energies of 304SS stainless steel have not been
determined, but the surface energies of pure nickel are reported
based on modeling to be between 2.011 N/m and 2.368 N/m
depending on the crystal orientation [22]. Therefore, surface energy
contribution, ~1*10�15 Nm, is insignificant compared to the
contribution from the Peierls stress and can therefore be neglected.

The average number of dislocations per load drop (slip channel)
traversing the tensile bar and the anticipated slip-step height can
be determined from the average energy per load drop and the work
required to move a dislocation (1.2*10�13 Nm, as discussed earlier).
The average energy per load drop can be calculated by assuming
that all plastic deformation takes place within the individual slip
channels and is therefore the total area under the load-
displacement curve (not including the elastic part) divided by the
total number of load drops. Fig. 4 shows the raw load-displacement
curves of the unirradiated, irradiated, and post-irradiation-
annealed tensile tests. Of course, this method neglects that fact
that some load drops are more severe than others. However, we
chose this method over an individual analysis since slow response
iated, (b) irradiated, (c) post-irradiation-annealed tensile tests.



Table 2
Slip behavior analysis of micro-tensile test data.

Total Plastic Energy
Released [10�9 Nm]

Number of
Load Drops

Average Energy
per Load Drops [10�10 Nm]

Number of
Dislocations

Not irradiated 1 2.71 56 0.483 403
2 2.55 37 0.689 574
3 3.51 27 1.30 1083

Irradiated 1 0.486 1 4.86 4050
2 0.463 2 2.32 1933
3 0.608 1 6.08 5067

Irradiated and Annealed 1 2.63 34 0.773 644
2 1.29 17 0.757 631
3 1.86 20 0.929 774
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of the load train may lead to an error for individual, more severe
load drops and could make a comparison more difficult. Increased
data acquisition rates maymake future tests more precise, allowing
individual load drop analysis.

Table 2 tabulates the average energy per load drop and the
number of dislocations per load drop. A clear difference is observed.
In unirradiated tensile bars, 400e1100 dislocations are associated
with an average load drop, while in irradiated tensile bars,
1900e4100 dislocations are associated with an average load drop.
The corresponding slip heights are 99e273 nm in the unirradiated
tensile bars and 471e1017 nm in the irradiated tensile bars. Since
the slip step heights are not precisely quantifiable, the consider-
ations above are intended to provide a qualitative comparison.

The main strengthening features in stainless steels irradiated at
light-water-reactor relevant temperatures are faulted Frank loops
and small defect clusters [1,19]. The motion of initial dislocations
through these nanoscale radiation-induced defects creates narrow
defect-free channels that localize additional plastic deformation
within them, leading to large strains within their small volumes
[23]. Although no TEM was performed, the authors hypothesize
that the highly-localized slip and large slip steps observed in the as-
irradiated tensile bars arise from the formation of defect-free
channels. After annealing at 500�C for 1 h, the CRSS of the speci-
mens decreased and TE partially recovered, consistent with the
expectation that the radiation-induced defects have been partially
removed.

In Ref. [10], nanohardness of unirradiated and proton-irradiated
304 SS, from the same specimens as this study, were reported to be
3.23 ± 0.36 GPa and 5.58 ± 0.22 GPa. Various empirical relation-
ships between hardness and yield strength have been established
in the literature. Equations (4) and (5) are two such relationships
that convert Vickers hardness to YS [24,25].

sy ¼ 2:5ðHv � 68Þ (4)

sy ¼ 2:7Hv � 125 (5)

The geometric relationship between the Berkovich nano-
indenter and the Vicker's indenter was established in [26].

HV ¼ 0:0945HBerk (6)

Equation (4) calculates the unirradiated and irradiated YS values
to be 330 and 1022 MPa, respectively. Similarly, Equation (5) cal-
culates the unirradiated and irradiated YS values to be 415 and
1162 MPa, respectively. These calculated YS values correlate well
with the micro-tensile measurements in Table 1. It is important to
note that the indentations were not conducted in single grains of
the same orientation. The discrepancies between the YS values
obtained from micro-tensile and nanohardness measurements can
be caused by sampling different grain-orientation grains.
5. Conclusion

This study applies quantitative micro-tensile testing on ion-
beam-irradiated 304SS to increase the understanding of plastic
deformation of irradiated stainless steel. Yield stress and critical
resolved shear stress were measured and correlated well to liter-
ature values. Micro-tensile testing also enables the measurement of
strain-to-failure, which is either not accessible or not easily
accessible by other micromechanical techniques such as nano-
indentation, micropillar compression, and micro-cantilever
bending. The values of strain-to failure measured by (single-crys-
tal) micro-tensile tests are in good agreement with macro-scale
(polycrystal) tensile tests. A novel approach has been applied to
quantify the average energy associated with a slip event and to
estimate the number of dislocations participating in the slip event.
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