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1. INTRODUCTION

Since the irradiation-induced changes in mechanical
properties are the major degradation mechanisms in
nuclear reactor components, it is important to understand
the mechanical characteristics of irradiated materials to
evaluate their structural designs and integrities. A number
of studies have investigated the irradiation-induced changes
in the mechanical properties of nuclear materials, including
dose dependences of strength, ductility, and strain-hardening
capacity [1–10]. However, most of these were observed
for the uniform deformation regime only based on the
engineering stress (σE) – engineering strain (εE) relationship.
The effect of irradiation on the unstable deformation
beyond the onset of necking has not been explored properly,
even though in most cases its regime is larger than that
for the uniform deformation. In addition, the effect of

irradiation on the fracture properties of materials important
for design and integrity evaluations of nuclear facilities
cannot be estimated from an analysis of σE – εE data. In
order to investigate the effect of irradiation on the deforma-
tion and fracture properties for irradiated materials from
their tensile data, it is necessary to analyze full true stress
(σT) – true strain (εT) data covering uniform deformation,
necking deformation, and final failure. The analysis of
necking deformation from tensile data is particularly helpful
in investigating the failure characteristics of irradiated
materials because the fracture toughness of materials might
be related to the tensile fracture strain and tensile fracture
energy that are mainly characterized by unstable necking
deformation [11].

Several studies have indicated that the analysis of σT

– εT data provides more insights into the effect of irradiation
on the deformation behavior and fracture properties of
materials [11–15]. Byun and Farrel [12–14] investigated
the tensile fracture stress (σF), tensile fracture strain (εF),
and strain-hardening rate for various irradiated materials
and proposed macroscopic deformation mode maps. Van
Osch and de Vries [15] also investigated the strain-hard-
ening behavior and tensile fracture stress for a vanadium
alloy based on the full σT – εT curves obtained from inter-

This paper reports the irradiation effect on the deformation behavior and tensile fracture properties of A533B RPV steel.
An inverse identification technique using iterative finite element (FE) simulation was used to determine those properties from
tensile data for the A533B RPV steel irradiated at 65 to 100ºC and deformed at room temperature. FE simulation revealed that
the plastic instability at yield followed by softening for higher doses was related to the occurrence of localized necking
immediately after yielding. The strain-hardening rate in the equivalent true stress–true strain relationship was still positive
during the necking deformation. The tensile fracture stress was less dependent on the irradiation dose, whereas the tensile
fracture strain and fracture energy decreased with increasing dose level up to 0.1 dpa and then became saturated. However, the
tensile fracture strain and fracture energy still remained high after high-dose irradiation, which is associated with a large
amount of ductility during the necking deformation for irradiated A533B RPV steel.

KEYWORDS : Irradiation Effect, A533B RPV Steel, Deformation Behavior, Tensile Fracture Property,  Inverse Identification Technique, Iterative Finite
Element Simulation

953NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.8  DECEMBER 2012

http://dx.doi.org/10.5516/NET.07.2012.012

† Corresponding Author:
Associate Prof.  Jin Weon Kim
Department of Nuclear Engineering, Chosun University
375 Seosuk-dong, Dong-gu, Gwangju 501-759, Republic of Korea
TEL: +82-62-230-7109, FAX: +82-62-232-9218
E-mail: jwkim@chosun.ac.kr



rupted tensile tests. However, their results were based on
a nominal σT – εT relationship instead of the equivalent σT

– εT relationship that represents the more general stress and
strain response of a material. Our previous studies [16,17]
proposed using an inverse identification technique which
employs iterative finite element (FE) simulation to deter-
mine the full equivalent σT – εT curve, including unstable
necking deformation from the tensile data. The study
demonstrated that the inverse identification technique using
iterative FE simulation is useful to determine the full
equivalent σT – εT curve from tensile data for flat specimens.
The technique can reliably evaluate unstable necking
deformation and tensile fracture properties of irradiated
materials.

The present study evaluated the deformation behavior
and tensile fracture properties of irradiated A533B reactor
pressure vessel (RPV) steel from tensile data. The inverse
identification technique using iterative FE simulation was
used to study the effect of irradiation on these mechanical
properties. The present study determined the full
equivalent σT – εT curves including unstable necking
deformation from the tensile data. The strain-hardening
rate and tensile fracture properties, i.e., equivalent tensile
fracture stress, tensile fracture strain, and tensile fracture
energy (EF), were analyzed using the full equivalent σT –
εT curves. The analysis results were discussed with
emphasis on the dose dependences of those properties for
the A533B RPV steel.

2. TENSILE DATA

Using the inverse identification technique, the present
study analyzed the tensile data for irradiated A533B RPV
steel, which was obtained from an earlier study [4]. The
A533B steel is a low-alloy steel with a quenched-and-
tempered microstructure, commonly used for reactor
pressure vessels in commercial light water reactors (LWRs).
The material was irradiated to four levels of neutron dose
(0.0001, 0.01, 0.1, and 0.89 dpa) at the hydraulic tube
facility of the high flux isotope reactor (HFIR) at Oak

Ridge National Laboratory. The irradiation temperature
was estimated to be about 65 to 100ºC. Tables 1 and 2
give the chemical composition and heat treatment of the
test material, and the irradiation and test conditions,
respectively [4]. Small-size flat specimens nominally 8
mm 1.5 mm 0.25 mm (called the BES/NERI type)
were used for tensile testing. All tests were conducted at
ambient temperature on a screw-driven machine at a
quasi-static strain rate of about 10–3 s–1[4].  

Figure 1 presents the σE – εE curves for the irradiated
A533B RPV steel used in the present study. The σE – εE

curves were considerably changed by irradiation at low
temperature (about 100ºC). Both the uniform plastic defor-
mation and the necking regimes existed in the σE – εE

curves before irradiation and at a low dose of 0.0001 dpa.
At the intermediate dose of 0.01 dpa, the increase in yield
stress (σYS) and decrease in elongation were more pro-
nounced, and the strain-hardening region was eliminated.
For the two higher doses of 0.1 and 0.89 dpa, a completely
different behavior was observed [4]. The yield stress was
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Table 1. Materials and Heat Treatment [4]

Chemical compositionMaterial Heat treatment

A533B Fe – 0.22 C – 0.25 Si – 1.48 Mn – 0.52 Mo
–0.68 Ni – 0.018 S – 0.012 P

Annealed at 880ºC for 4 h and air-cooled, tempered at
660ºC for 4 h, and then reheated at 610ºC for 20 h.

Table 2. Irradiation and Test Conditions [4]

Irradiation facility Dose range (dpa) Irradiation temperature (ºC)Material Test temperature (ºC) Specimen type

A533B HFIR at ORNL 0-0.89 60-100 20 BES/NERI [4]

Fig. 1. Engineering Stress – Strain Curves for Irradiated
A533B RPV Steel [4]



955NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.44  NO.8  DECEMBER 2012

KIM et al., Analysis of Necking Deformation and Fracture Characteristics of Irradiated A533B RPV Steel

considerably higher than for the lower doses and coincided
with the tensile stress (σU); there was no uniform plastic
deformation, and necking began promptly at yield fol-
lowed by continuous softening to final failure.

3. FINITE ELEMENT SIMULATION

3.1 Simulation Procedure
The present study applied an inverse identification

technique using iterative FE simulation, which has been
established to determine the full equivalent σT – εT curves
for metallic materials including unstable necking defor-
mation [16]. The equivalent σT – εT relationship to maxi-
mum load, up to the onset of necking, was directly calcu-
lated from experimental load–displacement (F–δ) data
using Equations (1) and (2):

where Ao is the initial cross-sectional area of the specimen
and Lo is the initial gage length. The equivalent σT – εT

curve after the onset of necking was determined by the
inverse identification method using iterative FE simulation,
where the calculation was repeated with updated input
until the numerical calculation of the load and unstable
deformation fitted well the experimental data. This ap-
proach has been commonly used to determine the equivalent
σT – εT relationship for tensile data beyond the onset of
necking and the fracture strain of materials [17-20]. The
identification procedure using iterative FE simulation
based on the existing studies [18,21] is summarized as
following steps [16]: 

(i) Calculate the true stress – true strain curve up to
necking from the load – displacement data using
Eqs. (1) and (2), and extrapolate the curve after
necking, using a power law fit.

(ii) Perform a finite element simulation considering
actual dimensions of each specimen with the true
stress – true strain obtained by step (i) and compare
load – displacement response with the experiments.
Calculate the relative error of the load (∆Fi) at a given
displacement (δi), where ∆Fi is the difference between
measured load (Fm) and predicted load (Fi).

(iii) Adjust the true stress – true strain curve beyond the
onset of necking based on ∆Fi obtained in step (ii)
using Eq. (3) and replace the true stress – true strain
curve with the updated one (σi – εi).

where σi and σi,o are the updated and current true
stresses at εi corresponding to a displacement of δi.
Here, the true strain during unstable deformation, εi,
is defined as the average axial strain in the smallest
cross-section, expressed as 

where Ao is the initial cross-section of specimen and Ai

is the predicted cross-section of necking at the
displacement (δi).

(iv) Repeat the steps (ii) and (iii) until the relative error
reaches a specified tolerance and take the finally
updated σi – εi as the true stress – true strain curve of the
material. Thus, the curve obtained by this procedure
is equivalent true stress – true strain curve that is
considered an effect of multi-axial stress state during
necking.

All analyzed specimens showed the onset of localized
necking prior to final failure. The strain concentrated in
the necking band, once the localized necking started. The
tensile fracture strain was determined from the average of
maximum logarithmic strain over the localized necking
band at a displacement corresponding to the final failure
in the load – displacement curve (Figure 2). The tensile
fracture stress was determined as an equivalent true stress
corresponding to the tensile fracture strain on an equivalent
σT – εT curve. The tensile fracture energy is a measure of
the toughness of a material at a low constraint stress state
and is defined by the area under the full equivalent σT – εT

curve, as given by Equation (3) [17]:

Fig. 2. Procedure for Determining the Tensile Fracture Strain
from the Simulation Results

(1)

(2)

(4)

(3)

(3)



3.2 Finite Element Model
The FE simulation was performed using ABAQUS, a

general-purpose finite element program [22]. As shown
in Figure 3, the FE model used in the analysis was a three-
dimensional one-eighth model that consisted of a 20-
node solid element with reduced integration (C3D20R in
ABAQUS). This FE model is the same as that used in the
our previous studies [16,17]. Finer meshes were modeled
near the center of the specimen; at the center of the spec-
imen, twenty and four elements were layered in the width
and thickness directions, respectively. The analysis included
material and geometrical nonlinearities to properly simulate
the necking of specimens. A geometrical imperfection is
a form of localized reduction in width and thickness. An
imperfection of 0.25% of the dimensions was embedded
in the model to allow for necking initiation. The 0.25%
imperfection was determined based on the sensitivity
analysis, and it was enough to induce a necking but was
less than the usual manufacturing tolerance for such tensile
specimens. The embedded imperfection in the central
cross-section resulted in easier computations [16–19,23].
For simplicity, micro-damage of the material and bifurcation
of the specimens were not incorporated into the present
model.

To verify the FE model, the simulated and experimental
load – displacement curves were compared (Figure 4). In all
cases, the predicted and measured loads and displacements
at the onset of necking were almost identical. The load –
displacement curve matched the experimental one for
necking deformation almost perfectly up to final failure. In
particular, the simulated load – displacement curve agreed
well with the experimental one even if the σE – εE curves
showed distinct necking at yield followed by continuous
softening to final failure. Therefore, the FE model success-
fully simulated the load – displacement response of the
tensile data including localized necking as well as diffuse
necking. It was concluded therefore that the FE simulation

can reliably describe the deformation behavior and fracture
properties of irradiated A533B RPV steel.

4. RESULTS AND DISCUSSION

4.1 Patterns of Necking Deformation
The strain distribution obtained by simulation was used

to examine the deformation pattern of tensile specimens
during necking for irradiated A533B RPV steel. Figure 5
presents the contours of the maximum logarithmic strain
at two different deformation steps for unirradiated and
irradiated (0.89 dpa) specimens. The strain distribution
during unstable necking deformation beyond the maximum
load was distinctively characterized by the load – displace-
ment curve shape, which was strongly dependent on the
irradiation dose level. For unirradiated specimens that
exhibited uniform plastic deformation in the load – displace-
ment curve, the strain contours during unstable necking
deformation spread along the plane perpendicular to the
loading axis of the specimen (U-1). This pattern gradually
changed with progressively more plastic deformation.
Eventually, the equal-strain contours developed along the
oblique plane with a slope of about 25 degrees to the
cross-section of the specimen (U-2). However, for the
specimen irradiated to 0.89 dpa that showed a plastic
instability at yield in the load – displacement curve, the
logarithmic maximum strain contours started to spread
along an oblique plane with a slope of about 45 degrees
to the cross-section of the specimen at the maximum load.
This coincided with the yield point (I-1). The pattern
continued to final failure (I-2). A considerable strain
gradient also de veloped within a narrow band formed
along the oblique plane.

Typically, development of equal-strain contours along
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Fig. 4. Comparison of the Load – Displacement Curves
Obtained from Experiments and FE Simulations for Irradiated

A533B RPV Steel

Fig. 3. Finite Element Model used to Simulate the Tensile Test



an oblique plane is evidence of localized necking in flat
tensile specimens [17]. For specimens that showed uni-
form plastic deformation in the load – displacement curve,
the simulation showed that diffuse necking occurs at the
maximum load and gradually changes to localized necking
after a certain amount of unstable deformation. This is the
typical pattern of necking deformation observed for flat
specimens under tensile load. However, for the irradiated
specimens that showed a plastic instability at yield followed
by continuous softening in the load – displacement curve,
the localized necking began immediately after the onset
of plastic deformation, without diffuse necking. In addition,
the plastic strain propagated along the overall cross-section
of the unirradiated specimens without a significant strain
concentration, even if the localized necking had started,
whereas the strain was concentrated within the localized
necking band for the specimens irradiated to 0.89 dpa.
These patterns of necking deformation revealed from the
FE simulations correlated well with the microscopic
deformation mode observed in the previous study [4].
Microstructures observed in the deformed tensile specimens
for A533B RPV steel irradiated at higher doses (0.1 and
0.89 dpa) showed that the strain was strongly localized in
narrow bands induced by dislocation channeling. However,
dislocation tangles, typically observed for the plastically
deformed material, were the predominant deformation
mode for doses below 0.01 dpa.

Therefore, the plastic instability at yield and continuous
load drop in the load – displacement curve for specimens
irradiated to higher doses are associated with the onset of
localized necking, rather than diffuse necking, at the yield
and with significant strain concentration within the localized
necking band, respectively. Also, for A533B RPV steel

irradiated to higher doses, the onset of localized necking
at yield might be related to the strain localization induced
by dislocation channeling deformation, even though it is not
known what triggers the dislocation channeling deformation.

4.2 Equivalent True Stress – True Strain Behavior
Figure 6 presents the full equivalent σT – εT curves

including unstable necking deformation for A533B RPV
steel irradiated at various doses. The curves were determined
through the inverse identification technique using iterative
FE simulation. The diffuse and localized necking points
are indicted on the curves to distinguish the various tensile
deformation regimes: uniform, diffuse necking, and local-
ized necking deformation. The onset of diffuse necking
was determined by applying Considere’s criterion to the
equivalent σT – εT curves. As noted in the previous section,
the development of equal-strain contours along the oblique
plane is an evidence of localized necking deformation.
Thus, the onset of localized necking shown in Figure 6 was
determined from the distribution of strain contours in the
simulation results. These localized necking points coincided
with those determined by stress-based criteria [17,24].

In Figure 6, the equivalent σT – εT curve at the lowest
dose of 0.0001 dpa was almost identical over the whole
strain range to that of the unirradiated material, which
increased continuously with the true strain to final failure
without apparent changes by onset of diffuse or localized
necking. The curve for the intermediate dose of 0.01 dpa
was also almost the same as that for the unirradiated
material, except that the slope of the curve decreased in the
higher strain region above 40% where localized necking
began. At higher doses of 0.1 and 0.89 dpa, the equivalent
σT – εT curves were shifted upwards from those at lower
doses for a given true strain, and the curves initially
dropped immediately after the onset of localized necking
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Fig. 5. Comparison of the Logarithmic Maximum Strain
Contours for Unirradiated and Irradiated (0.89 dpa) Specimens

Fig. 6. Equivalent True Stress – Strain Curves for Irradiated
A533B RPV Steel Obtained from Tensile Data using FE

Simulations 
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and then increased with the true strain to final failure. These
results indicate that the strain-hardening rate of irradiated
A533B RPV steel is still positive during unstable necking
deformation, including diffuse and localized necking
deformation, regardless of the irradiation dose level, even
though the σE – εE curves at 0.1 and 0.89 dpa exhibit a
significant strain softening beyond the yield point. This
strain-hardening behavior agrees with previous experimental
and analytical investigations, which revealed that the
strain-hardening rate in the σT – εT relationship was still
positive after irradiation at higher doses, where the σE – εE

curves showed a plastic instability at yield followed by
continuous softening to the final failure [15,25,26].

Figure 6 also shows that the slope of the equivalent
σT – εT curves, a measure of strain-hardening capacity,
varied with the irradiation dose. These slopes were exam-
ined to investigate the effect of irradiation dose on the
strain-hardening capacity of irradiated A533B RPV steel.
For both the unirradiated and irradiated (0.0001 dpa)
specimens, the slopes were slightly reduced soon after the
onset of diffuse necking, and then stayed unchanged to
the final failure despite the onset of localized necking
that appeared after a certain amount of diffuse necking
deformation. For specimens irradiated to 0.1 and 0.89 dpa,
where the onset of localized necking at yield occurred,
initially negative slopes appeared over a few percent of
strain and then changed to positive slopes. However, the
positive slope was much less than that of the unirradiated
specimen. For specimen irradiated to the intermediate dose
level of 0.01 dpa, the slope of the σT – εT curve during
diffuse necking was almost the same as that for the unirra-
diated specimens, but it diminished beyond the onset of
localized necking; the slope was similar to behavior ob-
served for irradiation doses of 0.1 and 0.89 dpa. Conse-
quently, the strain-hardening capacity of A533B RPV steel
irradiated to lower doses, where the specimens showed
uniform deformation and diffuse necking followed by
localized necking deformation, was insensitive to the irradi-
ation dose level and nearly the same as that of unirradiated
material. However, it clearly decreased at higher doses
when the necking deformation pattern changed.

Such dose dependence of the strain-hardening capacity
is associated with the effect of irradiation on the necking
deformation pattern. As shown in the previous section, the
pattern of necking deformation was strongly dependent on
the irradiation dose level. For the lower doses, the diffuse
necking started at the maximum load and gradually changed
to localized necking, and the strain concentration was
insignificant even if the localized necking occurred. This
means the material retained sufficient ductility when the
localized necking began. In this case, the macroscopic
strain-hardening capacity was less affected by the onset
of localized necking and was insensitive to the irradiation
dose level. This is because irradiation-induced defects
and deformation-produced dislocations result in similar
net effects on the strain-hardening behavior [11]. For the

higher doses, however, the onset of localized necking
appeared immediately after the onset of plastic deformation,
and the strain concentration was significant within a
localized necking band. Such concentrated straining in a
narrow band increases the thinning of the specimen thick-
ness without further contraction of the width. Consequently,
the macroscopic strain-hardening rate during localized
necking is lowered from that at uniform deformation or
diffuse necking, regardless of the hardening mechanism of
the material. Therefore, the lower strain-hardening capacity
at higher doses is related to the onset of localized necking
at yield, and is followed by significant strain concentration
rather than a change in the strain-hardening mechanism.

4.3 Tensile Fracture Properties
To investigate the irradiation dose dependence of the

tensile fracture properties for A533B RPV steel, the equiv-
alent tensile fracture stress, tensile fracture strain, and
tensile fracture energy were obtained from the equivalent
σT – εT curves. Figure 7 presents the equivalent tensile
fracture stress for irradiated A533B RPV steel along with
the yield stress and plastic instability stress (σPIS). The σPIS

was defined as the true stress at maximum load. The equiv-
alent fracture stress decreased by about 17% with increasing
dose level up to 0.01 dpa, and then slightly increased
above 0.1 dpa; the equivalent fracture stress at 0.89 dpa
was almost equal to that for unirradiated material. On the
other hand, the yield stress increased considerably with the
dose level up to 0.1 dpa, and then more slowly increased
at higher doses; the yield stress at 0.89 dpa was about
double that of the unirradiated material. Thus, the tensile
fracture stress was less sensitive to the irradiation dose
compared to the yield stress and tensile fracture strain
(Figure 8). This dose dependence is consistent with existing
knowledge of the fracture properties of irradiated materials
[11–15]. In addition, the equivalent tensile fracture stress
was much higher than the yield stress at doses less than 0.01
dpa where the σE – εE curves exhibited a certain amount
of uniform plastic deformation. However, for doses above
0.1 dpa, where the plastic instability at yield occurred,
the fracture stress was almost equal to but slightly lower
than the yield stress. This implies that A533B RPV steel
is embrittled at doses above 0.1 dpa. The embrittlement
is associated with an increase in yield stress rather than a
decrease in fracture stress caused by neutron irradiation.
This indicates that the radiation-induced embrittlement in
the low temperature irradiation occurs from a reduction
of the deformation capability from yield to fracture.

Figure 8 shows the equivalent tensile fracture strain
as a function of the irradiation dose level, together with
the uniform engineering strain (εU) and total engineering
strain (εT). The tensile fracture strain decreased by about
77% with increasing irradiation dose to 0.1 dpa when
plastic instability began at yield. It decreased at a lower
rate in the higher dose range. At 0.89 dpa, however, the
tensile fracture strain, εF = 16%, was much higher than



the uniform and total engineering strains that were about
εU = 0.6% and εT = 1.3%, respectively. This indicates that
the irradiated A533B RPV steel has a relatively large
necking strain, or instability deformation capacity, even
though it is embrittled by neutron irradiation. As shown
in Figure 9, the variation of the tensile fracture energy
with the irradiation dose was nearly the same as that of
the tensile fracture strain; i.e., the tensile fracture energy
was reduced exponentially by irradiation up to 0.1 dpa
and then became saturated above 0.1 dpa. The saturated
tensile fracture energy was about 20% of the value for
unirradiated A533B RPV steel. The results indicate that the
toughness of A533B RPV steel was still high even after
being considerably reduced by irradiation, and the uniform
ductility in the σE – εE relationship became negligible at
high doses. This behavior agrees with the finding that

quenched-and-tempered steels can retain significant fracture
toughness up to about 1 dpa, and is induced by the large
instable deformation capability [5,25]. 

Figures 8 and 9 show that the tensile fracture properties
were affected at doses below 0.1 dpa, and they became
saturated and insensitive to the irradiation dose above 0.1
dpa. Such a unique dose dependence of the tensile fracture
properties is associated with the density saturation of
irradiation-induced defect clusters. Previous studies have
shown that the saturation of point-defect clusters is ob-
served at a dose range of 0.01 to 0.1 dpa for various mate-
rials, including A533B RPV steel, irradiated at about
100ºC, and this results in a change in the irradiation-
hardening behavior at a dose range of 0.01 to 0.1 dpa [4,10].
Therefore, the dose dependence of the tensile fracture
properties can be related to the fact that the density of
irradiation-induced defects increases with the dose and
becomes saturated at dosages of 0.01 to 0.1 dpa.

5. CONCLUSIONS

This study involves the detailed evaluation of the
equivalent true stress – true strain relationship for A533B
RPV steel irradiated from 0 to 0.89 dpa at 65 to 100ºC
applying an inverse identification technique using iterative
FE simulation. The irradiation effects on the deformation
behavior and tensile fracture properties were discussed
based on the equivalent true stress – true strain relationship.
The following conclusions were drawn:

1) In the specimens irradiated to higher doses that
showed a plastic instability at yield followed by
continuous softening in the engineering stress –
strain curves, localized necking, rather than diffuse
necking, occurred at the maximum load. A signif-
icant strain concentration appeared in a narrow
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Fig. 7. Dose Dependence of the Equivalent Fracture Stress for
Irradiated A533B RPV Steel

Fig. 8. Dose Dependence of the Equivalent Fracture Strain for
Irradiated A533B RPV Steel

Fig. 9. Dose Dependence of the Tensile Fracture Energy for
Irradiated A533B RPV Steel



localized necking band.
2) The strain-hardening rate of irradiated A533B RPV

steel was still positive during unstable necking
deformation, including both diffuse and localized
necking deformation, regardless of the irradiation
dose level. The rate was insensitive to the irradiation
dose unless the irradiation considerably changed
the necking deformation pattern. 

3) The equivalent fracture stress decreased with increas-
ing irradiation dose level up to 0.01 dpa and slightly
increased above this level. However, it was less
sensitive to the irradiation dose compared to the yield
stress and tensile fracture strain. 

4) The equivalent fracture strain and tensile fracture
energy significantly decreased with increasing dose
up to 0.1 dpa; then it decreased at a lower rate.
However, they remained high after high-dose
neutron irradiation, even if the uniform ductility
was almost zero.

5) The most important finding of this study is the fact
that the A533B steel retains a large amount of
ductility during the necking deformation, which is
a failure process. This might be the reason for the
high toughness of the steel.
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