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Abstract

Notch strengthening analysis of 316L stainless steel was carried out using electron backscatter diffraction (EBSD) and
the finite element modeling (FEM) techniques. The influence of exposure to irradiation was examined by employing irra-
diated tensile properties in the FEM analyses. The major issue of interest is the possibility that low ductility, often found
following irradiation exposure, will translate into low notch toughness. It was found that notch depth plays an important
role in notch strengthening and mechanical properties degradation. Differences in notch depth and shape result in various
sizes of deformation and twinning zones. Experimental results and FEM modeling results correlate well over the range of
notch conditions examined here. It is found that notch ductility and plastic deformation can be highly localized for irra-
diated materials, exacerbating the flow localization problem. Thus irradiation exposure can also lead to flow localization
problems with components with notches or stress concentrators, but notch constraints can limit the extent of localized
flow.
� 2007 Published by Elsevier B.V.
1. Introduction

The limitation on structural components in large,
engineered systems is often set by intended or unin-
tended stress concentrators, including cracks,
notches, bends or holes due to the manufacturing
process, service applications or damaged developed
during service. These stress concentrators require
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that local stresses not exceed certain stress limits
which are typically well below those that would
acceptable in uniform dimension components.
Much attention has been paid to notch and crack
effects in reactor structural components due to the
ductility loss caused by the irradiating environments
[1–6]. In the presence of irradiation, the material
may exhibit highly reduced ductility and undergo
extremely confined plastic flow in small regions.
This could lead to brittle fracture even though the
material, in the unirradiated condition, normally
experiences ductile fracture. This tendency for
highly localized flow with very limited overall tensile
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ductility has been found in a number of irradiated
metals and alloys, and is commonly referred to as
plastic instability. One example is 316L stainless
steel, which has been extensively used in current
light water reactors (LWRs) and advanced nuclear
facilities designs due to its superior strength and
excellent ductility in the unirradiated state. How-
ever, after exposure to irradiation in the tempera-
ture range from 150 to 400 �C, material ductility is
severely reduced [7–11]. Despite large changes in
yield strength due to irradiation exposure, it is
found [12–15] that the true stress at the onset of
necking is a constant regardless of the irradiation
levels. Thus, as the yield strength rises with irradia-
tion exposure, the material ability to undergo dis-
tributed flow is limited by the increasing small
difference between the yield and critical stresses.
The upward shift in yield strength apparently does
not influence the post-yield strain hardening behav-
ior, so it is possible to shift the true stress–strain
curves to superimpose them onto the unirradiated
curve, as shown in Fig. 1. It is notable that post-
yield plastic deformation curves are nearly the same
regardless of irradiation levels when shifted to the
same initial strength level.

It is important to understand the implications of
these observations for the flow and fracture of
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Fig. 1. True stress–strain curves for EC316LN stainless steel
tested at room temperature.

Table 1
Composition for 316L stainless steel

Material Composition (wt%)

C Co Cr Cu Mn

316L SS 0.20 0.155 16.847 0.322 1.755
notched components. The influence of various
deformation modes on the notch strengthening of
316L stainless steel will be examined in this study.
Four different notch configurations are considered.
Electron backscattered diffraction (EBSD) coupled
with scanning electron microscopy (SEM) was used
to analyze the dominant plastic deformation modes
and to estimate the deformation zone size. Crystal
misorientation in the vicinity of the notch tips was
also analyzed by EBSD. Stress contours were deter-
mined using FEM, and the results are compared
with experiments. FEM analysis was also performed
for irradiated material at 2.5 dpa at room tempera-
ture to predict the tensile response and plastic defor-
mation for notched samples.
2. Experiments and simulations

The material studied in this investigation was
annealed 316L stainless steel in the geometry of
8 mm diameter round bar, with the nominal compo-
sition given in Table 1. Four types of notches were
machined at the center of the gauge area: two sharp
V-Notches with different depths, and two semi-
circular notches with different depths, labeled V-
Notch-L, V-Notch-S, C-Notch-L and C-Notch-S,
respectively, where L and S stand for large and
small. For the V notches, the notch angle was fixed
at 30�. Both V-Notch-L and C-Notch-L have the
same notch depths, with ratios of notch depth to
specimen diameter (denoted as a/R) of 0.214, while
the V-Notch-S and C-Notch-S have a depth-to-
diameter (a/R) ratio of 0.129. The specimen geome-
tries are also shown in the FEM contours. Tensile
tests were carried out at the room temperature with
a strain rate of 0.005 mm/s in position control. The
specimens were examined using a JEOL 7000F SEM
with EBSD operated at 30 kV, after they were sliced
symmetrically from the centerline and vibratory
polished using 20 nm silicon carbide solution. The
crystallography, misorientation, twinning and slip
systems were studied using SEM. The details will
be discussed in the following sections. The FEM
analysis was performed using ABAQUS standard.
Mo N Ni P S Si

2.214 0.039 10.234 0.027 0.002 0.388
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The irradiated material tensile data were obtained
from Oak Ridge National Laboratory [14].
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Fig. 2. Engineering stress vs. strain curves for 316L stainless steel
3. Results and discussion

The notch specimens were deformed at room
temperature to the onset of necking in the deeper
notches. The engineering stress–strain curves for
the specimens with and without notches are shown
in Fig. 2. Compared to the un-notched specimen,
the introduction of notches reduces the ductility of
the material due to the fact that the notch structure
confines the plastic deformation to the vicinity of
the notch tip. It is evident that the both the V notch
and C notch with a larger notch depth (labeled as L)
have less overall strength and uniform elongation.
Fig. 3. EBSD orientation maps of 316L stainless steel tested at room temperature for (a) V-Notch-L-1, (b) V-Notch-S-1, (c) C-Notch-L-1
and (d) C-Notch-S-1.

tested at room temperature with and without notches.
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For the two specimens with an a/R ratio of 0.214,
the semi-circular notch shows a larger impact on
the mechanical property degradation than the V-
shape notch. However, for the specimens with an
a/R ratio of 0.129 that is, the smaller notch depth,
the V-shape notch has a larger effect. This will be
discussed in more detail later.

The EBSD orientation maps are shown in Fig. 3.
The integrated picture represents the grain struc-
tures from the centerline of the specimen to the
notch tip, and the grain orientations are differenti-
ated by colors. Twinning is activated in grains where
the true stress is larger than the critical twinning
stress of about 500–550 MPa. The details of the
definition of critical twinning stress were published
previously [16]. The size of the twinning zone is a
good indicator of the degree of stress concentration.
Fig. 3(a) shows the EBSD map for the specimen
with the deep V-shape notch. It appears that the
grains at the notch tip have undergone a large
amount of deformation. In addition, micro-shear
bands are formed and twinning is extensive. The
influence of the sharper notch is concentrated near
the notch tip. It was found that twinning systems
are only activated in the vicinity (within several
grains) of the notch tip, and no propagation was
seen in the transverse direction toward the center-
line of the specimen. In general, the twinning area
has a kidney shape around the notch, as expected
for plane strain-like conditions. Fig. 3(b) shows
the EBSD pattern for the specimen with the small
V notch. The twinning zone size in the transverse
direction from the notch tip is increased to approx-
imately 700 lm, which indicates that this specimen
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has a larger area with the true stress above the crit-
ical twinning stress at the onset of necking. By com-
paring the microstructures for the two V-notch
depths, it can be concluded that the notch effect is
more pronounced for the larger a/R ratio. Plastic
blunting was also observed for this condition.

Fig. 3(c) and (d) shows the EBSD orientation
maps for the specimens with semi-circular notches.
The propagation of twins in semi-circular notches
indicates the presence of a more uniform stress dis-
tribution than for the V-notch specimens. The notch
shape and the tensile-induced hydrostatic stress are
believed to produce an elliptical notch strengthening
zone (from the FEM results), where the true stress is
greater than critical twinning stress throughout the
Fig. 4. EBSD misorientation maps of 316L stainless steel tested at room
L-1 and (d) C-Notch-S-1.
zone, activating extensive twinning. In companion
tests it was also observed that twins are not
observed beyond the notch zone.

The local average misorientation maps are shown
in Fig. 4. The misorientation angles are calculated
from the difference between the local orientation
and the average orientation of several neighboring
pixels [17]. The misorientation angles highlight the
degree of plastic deformation in the materials.
Fig. 4(a) shows the EBSD misorientation map for
the specimen with deep V notch. Due to the notch
strengthening effect, it is again found that the plastic
deformation is concentrated in the vicinity of the
notch. The notch tip is plastically blunted and
heavily deformed. The largest misorientation angle
temperature for (a) V-Notch-L-1, (b) V-Notch-S-1, (c) C-Notch-
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shown in Fig. 4 is 10� around the tip. (Above 10�,
lines are identified as grain and twinning boundary.)
The zone with the larger misorientation in Fig. 4
also has a kidney shape as described before in the
discussion of the twinning zone. No misorientation
can be detected beyond this elliptical deformation
zone. Thus, the plastic deformation is confined to
the local vicinity of the notch. The size of the defor-
mation zone around the notch tip in the transverse
direction is approximately 500 lm. The misorienta-
tion map for the specimen with the shallow V notch
is shown in Fig. 4(b). The misorientation zone in the
shallow V notch is larger than in the deep V notch.
Even in the area away from the notch tip, some mis-
orientation is observed. This is consistent with the
discussion of the twinning zone in the previous
section. Fig. 4(c) and (d) indicates the misorienta-
tion maps for the specimens with semi-circular
notches. For the semicircular notches, the stress is
spread throughout the entire area surrounding the
notch, so the volume with high plastic deformation
is larger than in the specimens with V notches. The
misorientation angles in the specimen with the shal-
low semicircular notch are more evenly distributed
than in the specimen with the deep semi-circular
notch indicating that shallow notches result in a
larger deformation zone. This, in turn, produces
plastic blunting of notch tips, which, delays fracture
to larger strains. Since twinning is activated in the
earlier stages of strain hardening adding to the dis-
location flow deformation mechanisms, the
enhanced plastic deformation and blunting explain
the improved ductility and strength of the specimens
with shallow notches.
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Fig. 5. Predicted engineering stress–strain response using finite
element method for notched 316L stainless steel at the condition
of (a) unirradiated and (b) irradiated to 2.5 dpa.
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The EBSD orientation and misorientation maps
indicate the importance of notch depth, shape and
plastic deformation to mechanical properties degra-
dation and notch strengthening for unirradiated
316L stainless steel at room temperature. In recent
years, finite element simulation has been extensively
employed to analyze tensile response during uniax-
ial loading. In this study, a commercial finite ele-
ment code, ABAQUS Standard, was employed to
analyze the stress distribution around the notch
tip. The mesh is refined in the vicinity of notch tip
so that the size of each element is nearly equivalent
to the grain size. The simulations were interrupted
at the onset of necking to compare with the experi-
mental results. Two additional simulations were
interrupted at the initiation of fracture. Gurson’s
model [18,19] with Tvergaard’s modification [14]
was employed to simulate void nucleation, growth
and coalescence. The simulated engineering stress–
strain curves for unirradiated 316L stainless steel
are shown in Fig. 5(a). The predicted tensile
responses are similar to experimental results. The
ABAQUS simulation of the specimen without a
notch shows a high degree of accuracy. The major
differences seen in the experimental versus simulated
deformation behavior in the notched specimens may
result from the machining and from more localized
plastic flow mechanisms which are not directly cap-
tured in the FEM approach. Nevertheless, the sim-
ulation is in good agreement with the general
behavior of tensile responses for unirradiated,
notched specimens, and should be a reasonable
good prediction of the tensile performance for irra-
diated, notched specimens.

The stress contours from the finite element simu-
lation are shown in Fig. 6. All the simulations are
interrupted at the onset of necking, which corre-
sponds to the situation of the experiments.
Fig. 6(a) and (b) indicates the finite element simula-
tion for deep and shallow V notches. It is noticeable
that the zone with stress larger than the critical
twinning stress shows a similar pattern as found in
the EBSD orientation maps. In the contour plots,
the stress strengthening around the notch tip is dem-
onstrated in red1. The notch tips are plastically
blunted, and the notch tip blunting in the shallow
notch is more pronounced than the in the deep
notch, as the contours also show. As discussed
1 For interpretation of color in Fig. 6, the reader is referred to
the web version of this article.
before, the notch strengthening effect is more pro-
nounced in the deep V notches, and only the section
around the notch tip is yielded and plastically
deformed (the yield strength is about 255 MPa),
which leads to a quick transition to necking. How-
ever, all the sections in the specimen with the
shallow V notch have yielded and plastically
deformed, which enhances the ductile behavior of
the specimen. The finite element simulation shows
good consistency with the EBSD orientation and
misorientation results and gives a possible explana-
tion for the different tensile responses between deep
and shallow notches, as shown in Fig. 5(a). Simi-
larly, the specimen with the shallow semi-circular
notch shows a much larger yielding or plastic zone
than the specimen with the deep semi-circular
notch. It is also noticeable that the twinning zone



Fig. 6. Stress contours of unirradiated 316L stainless steel by finite element simulation for (a) V-Notch-L-2, (b) V-Notch-S-2, (c) C-Notch-
L-2 and (d) C-Notch-S-2.
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has an elliptical pattern and is extended to the
centerline of the specimen, which is consistent with
the EBSD results that the twinning system is acti-
vated in the whole area of the C-shaped notched
specimen.

Room temperature tensile data from irradiated
EC316LN stainless steel were used to perform the
finite element simulation. This material was irradi-
ated to 2.5 dpa and had a critical stress of about
950 MPa and yield strength of 700 MPa. The pre-
dicted tensile responses for irradiated material with
and without notches are shown in Fig. 5(b). The irra-
diation embrittlement and notch degradation are
shown in Fig. 5(a). For the specimens with greater
notch depth, the overall uniform elongation is nearly
zero, which indicates a major loss of ductility and a
possible transition from ductile fracture to brittle
fracture. The stress contours from finite element
simulation are shown in Fig. 7 for all four cases,
V-Notch-L, V-Notch-S, C-Notch-L and C-Notch-
S. Compared with the stress contours for unirradi-
ated material, the extent of the plastic zones in
irradiated materials are much smaller for all cases,
and the plastic blunting is hardly observed. The plas-
tic deformation is confined to a small region due to
the irradiation-induced increase in yield strength



Fig. 7. Stress contours of irradiated 316L stainless steel by finite element simulation for (a) V-Notch-L-3, (b) V-Notch-S-3, (c) C-Notch-L-
3 and (d) C-Notch-S-3.
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and the notch stress concentration effect. These
conditions would promote low ductility fracture
due to the very limited volume of plastic flow.

A direct comparison between the FEM and
EBSD results are made in Fig. 9 for the shallow V
notch specimen. The deformation pattern observed
from EBSD follows the general pattern found in
the FEM simulations. This can be verified by com-
paring the extent and shape of the twinning sur-
rounding the notch tip. The extent of the twinning
zone conforms to the critical local stress for the
initiation of twinning, about 500 MPa. The kidney
strain distribution pattern is evident from both the
EBSD results and from the FEM calculations. Some
distortions in the notch tip shape are a consequence
of the 70� tilting angle necessary to perform the
EBSD analysis.
The final point regarding the notch stress
response is the difference in the fracture initiation
position for the V notch and the semi-circular
notch, respectively. The finite element simulations
for unirradiated material shown in Fig. 8 indicate
that, for the V notch configuration, fracture is initi-
ated at the notch tip due to the local sharpness and
strong notch strengthening. However, in semi-circu-
lar notches, the fracture starts from the center of
specimen with a cup-cone shape, which is similar
to what occurs in the specimen without the notch.
This difference in fracture initiation mode is consis-
tent with the extent of plasticity evident in the
EBSD results where relatively uniform plastic
deformation was observed in the circular notch
case, whereas for the sharper notches, the plastic
flow was more highly localized at the crack tip.



Fig. 8. Stress contours of unirradiated 316L stainless steel by
finite element simulation indicate initiation of fracture for (a)
V-Notch-L and (b) V-notch-S.

Fig. 9. Superposition of EBSD orientation map and stress
contour lines for V-Notch-S.

X. Wu et al. / Journal of Nuclear Materials 361 (2007) 228–238 237
4. Conclusion

Notch strengthening in 316L stainless steel was
studied experimentally using electron backscattered
diffraction SEM techniques and modeled using
FEM techniques. The effects of notch shape, depth
and microstructural features for unirradiated and
irradiated materials were analyzed. The notch depth
was found to play an important role in the mechan-
ical response in both unirradiated and irradiated
materials. Deep notches degrade the mechanical
properties of the material significantly due to their
greater ability to localize the stress concentration.
The variation in the notch depth and shape has a
strong impact on the sizes of the plastic deformation
and twinning zone. For shallow notches or notches
with lower stress concentration factors, the large
plastic deformation area and severe tip blunting
enhances strain hardening capacity. A fracture mode
transition from ductile fracture to brittle fracture
was identified after the material has been exposed
to an irradiative environment. In irradiated materi-
als, the combination of high yield strength and
highly localized stress concentrations at notches
provide conditions that lead to brittle fracture.
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