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Abstract: The aim of this work is to present a new analytical model to evaluate jointly the mechanical
integrity and the fitness-for-service of nuclear reactor pressure-vessels steels. This new methodology
integrates a robust and regulated irradiation embrittlement prediction model such as the ASTM
E-900 with the ASME Fitness-for-Service code used widely in other demanding industries, such as
oil and gas, to evaluate, among others, the risk of experiencing degradation mechanisms such as
the brittle fracture (generated, in this case, due to the irradiation embrittlement). This multicriteria
analytical model, which is based on a new formulation of the brittle fracture criterion, allows an
adequate prediction of the irradiation effect on the fracture toughness of reactor pressure-vessel steels,
letting us jointly evaluate the mechanical integrity and the fitness-for-service of the vessel by using
standardized limit conditions. This allows making decisions during the design, manufacturing and
in-service of reactor pressure vessels. The results obtained by the application of the methodology are
coherent with several historical experimental works.

Keywords: prognosis; design-for-reliability; failure assessment diagram (FAD); pressure vessel;
nuclear industry; irradiation embrittlement; analytical prediction model

MSC: 90B25

1. Introduction

The burning of fossil fuels, such as coal and oil, which account for two-thirds of all
greenhouse gases [1], has dramatically increased the carbon dioxide content of the Earth’s
atmosphere over the last century [2]. Nuclear power, along with renewable options, is a
clean alternative to decrease carbon dioxide emissions. The safe and long-term operation of
nuclear reactors is one of the most discussed challenges in nuclear power engineering. The
radiation-induced degradation of nuclear design materials limits the operational lifetime
of all nuclear installations or at least decreases their safety margin [3]. Ferritic steels
commonly used for the manufacture of reactor pressure vessels of light water reactors
(LWR) exhibit in-service aging resulting in decreased ductility and toughness. In addition,
diminished toughness has implications also for the reliability of this equipment under
seismic loading conditions [4]. A reduction in the reliability of a component can cause
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a series of undesirable consequences related to safety and competitiveness, as well as
economic investments in maintenance and repair. In this way, the reliability of a component,
and that of the equipment and/or system in which it is installed, is closely related to the
number of failures that it will present in a given time interval. However, this reliability can
be optimized by using advanced analysis models.

Data modeling is essential to mathematically characterize the trend in the behavior of
the materials and components that define a system. On many occasions, the data obtained
tend to show patterns (models or trends). Likewise, the use of IoT (Internet of Things)
technologies makes it possible to have operation data in real time that can modify the
“operating windows” considered, improving the adjustment of the model to the actual
operating conditions. The developments in the fields of industrial Big Data technologies
have made it possible to collect a lot of meaningful industrial processes and quality-based
data that can be analyzed using contemporary statistical methods and machine learning
techniques. Then, the extracted knowledge can be used for predictive maintenance or
prognostic health management [5].

These strategies, therefore, make it possible to reduce the probability of failures (and
their associated consequences), increase plant availability, minimize production losses and
repair costs, as well as reduce the risk of fatal accidents. Decision making is the most critical
and fundamental tool, which decision makers use to compare and rank different objects
and alternatives based on a few particular criteria to make the best possible decision [6].
This is especially of interest in the materials selection processes for demanding applications
such as nuclear power equipment. The nuclear reactor pressure vessel (RPV) comprises an
enclosure of great thickness, typically between 200 and 300 mm, consisting of symmetrical
elementary components of revolution connected together by welding end to end [7]. RPVs
are made up of a cylindrical body and a hemispherical bottom and lid. The body and
hemispheres are made up of rings that, in turn, are made up of curved and vertically
welded sheets, although in some of the more recently manufactured vessels, there has been
an attempt to avoid welding, for which complete forging pieces are manufactured [8]. The
RPV is made up of special ferritic steels internally cladded with stainless steel.

The steels used in the power production industry have been evolving continuously
over the last few decades. The main advances have taken place in improving their me-
chanical behavior and their fracture toughness in order to avoid problems caused by brittle
fractures when working in aggressive environments [9]. Because of the irradiation coming
from the core, the beltline region of LWR pressure vessels experiences a slow deterioration
of its mechanical properties, which is known as irradiation embrittlement. An accurate
prediction of the severity of this phenomenon at each time during the operating life of the
RPV is fundamental in order to prevent the vessel from experiencing stress states that may
lead to a non-ductile propagation of a critical crack that may be present in the vessel walls,
thus yielding vessel failure [10]. Tanguy et al. [11] performed different experiments to
establish a comparison of fracture toughness with Charpy energy data for different levels
of irradiation, showing that irradiation possibly causes a brittle fracture. During long-term
operation, the fast neutron fluence causes the ferritic steel of RPV to be susceptible to
brittle fracture, especially in the beltline region corresponding to the reactor core. The
embrittled vessel shell may fracture due to a preexisting fabrication flaw and leads to a
through-wall crack [12]. Nevertheless, the use of Charpy data from experimental testing
is a time-consuming strategy to estimate ductile-to-brittle transition temperature. Thus,
the selection of RPV steel based on the suitability against irradiation embrittlement can be
addressed not only by performing trial-error testing [13] but also by performing analysis
combining consolidated prediction models with other standardized methodologies.

Ductile-to-brittle transition refers to an observable change in fracture mode with
decreasing temperature—from slow ductile crack growth to rapid cleavage. It is exhibited
by body-centered cubic metals and presents a challenge for the integrity assessment of
structural components made of such metals [14]. Neutron irradiation embrittlement of RPV
steels causes the most severe damage during the operation of nuclear power plants [15];



Mathematics 2022, 10, 1779 3 of 17

therefore, it is considered crucial to perform a prognosis, in the design phase, of the
mechanical integrity conditioned by the irradiation embrittlement. It is, in general, essential
to investigate correlations between the microstructure and properties of materials [16].
Over recent decades, irradiation hardening and embrittlement have been widely observed
in nuclear structural materials with different crystalline structures [15,17–20], e.g., face-
centered cubic (FCC) [21–24], body-centered cubic (BCC) [25–27] and hexagonal close-
packed (HCP) [28–30] materials [31]. Crystals present both translational and orientational
properties of symmetry, which govern their physical properties [32].

Odette et al. [33] concluded that, in ferritic steels typically used in the manufacture
of RPV, pernicious copper-rich precipitates are generated during irradiation that are re-
sponsible for irradiation embrittlement in RPV materials. The core structure for a small
copper-rich precipitate, composed of three rows along with the dislocation core, changes
dramatically from symmetric to nonsymmetric (degenerate) during irradiation [34]. In
addition, another intriguing phenomenon under radiation is the self-organization of de-
fects, such as the void superlattices, which have been observed in a list of BCC and FCC
metals and alloys when the irradiation conditions fall into certain windows defined by
temperature and dose rate. Thus, symmetry breaking is induced by anisotropic vacancy
diffusion [35].

Structural components located near nuclear fuel assemblies in LWRs are exposed
to intense radiation fields. Neutron irradiation causes significant changes in material
properties and, in some cases, results in the degradation of structural integrity [36]. Neutron
irradiation affects the material properties and hence the structural integrity of reactor
pressure vessels in nuclear power plants. Mitigation of irradiation damage is one of the
major issues within nuclear plant life management [37].

The ASME code [38] states that for both non-irradiated and irradiated vessel materials,
the variation in fracture toughness with temperature is indexed through the transition
temperature called RTDBT (reference temperature). To determine experimentally the value
of the ∆RTDBT (ductile-to-brittle transition temperature shift) and, therefore, the fracture
toughness (KIC) of the irradiated material, monitoring capsules are included in the vessel
between the core and the wall. These capsules contain specimens of the vessel material,
both welds and thermally affected zone and base material. The surveillance capsules are
periodically removed in order to test the specimens, which allows us to know in advance the
state of the material that makes up the vessel. The capsules include tensile, Charpy impact
and fracture toughness specimens, as well as the instrumentation necessary to monitor
neutron fluence and temperature [8]. Traditional material research relies on a considerable
amount of experimental trial designs, which are time-consuming and costly [39]. There are
several consolidated prediction models to estimate the ∆RTDBT in irradiated RPV steels;
these are mainly the NUREG/CR-6551 [40] and ASTM E-900 [41]. Therefore, it could be
possible to obtain the KIC from the calculated ∆RTDBT, reformulating the customary KIC
determination schemes.

Symmetry is usually integrated into different considerations for calculation. The
applied loads are considered symmetrical, and the crack is initiated and propagated sym-
metrically from this position [42]. Symmetry is also found inside a cross-section of a nuclear
power reactor core [43]; therefore, the neutron incidence can also be considered symmet-
ric. For a long time, cracked structures have triggered various researchers to develop a
structural integrity approach and design models to address the fracture problems [44].
The consequences of a failure can have a negative impact on the structure of machines,
employees and the environment [45]. In addition, it is crucial to study damaged materials
(for example, materials with cracks and with unduly chemical composition restrictions)
to assess the fitness-for-service along with the mechanical integrity. The use of analytical
prediction methods allows saving time and cost related to the performance of experimental
tests with the aim of making a decision on the suitable selected material that prevents
future failures.
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The aim of this work is to present a new analytical model to evaluate jointly the me-
chanical integrity and the fitness-for-service of nuclear reactor pressure-vessel steels, consid-
ering a robust and regulated irradiation embrittlement prediction model, ASTM E-900 [41],
and the fitness-for-service calculations used widely in other demanding industries such
as oil and gas. This methodology involves the analysis and correlation between multiple
chemical and mechanical requirements to evaluate, among others, the risk of experiencing
degradation mechanisms such as brittle fracture (promoted, in this case, by the irradiation
embrittlement). The components analyzed in this study are pressurized with the following
mean operating conditions: 1.80 × 106 Pa of pressure (P), a range of neutron fluence of
ф = 1–5 × 1019 n/cm2 and an irradiation temperature (T) up to 300 ◦C.

Therefore, the analytical model, which is based on a new formulation of the brittle
fracture criterion, allows an adequate prediction of the irradiation effect on the fracture
toughness of reactor pressure vessel steels, letting us jointly evaluate the mechanical
integrity and the fitness-for-service of the vessel by a novel methodology; that, finally,
includes very practical elements such as failure assessment diagrams (FAD) and risk
matrixes, very useful for the industry.

2. Methodology

The analytical methodology (Figure 1) is divided into four steps: a ∆RTDBT estimation
based on the U.S. Nuclear Regulatory Commission (NRC) ASTM E-900 prediction model
(Step 1), followed by an adaptation of the ASME Fitness-For-Service (FFS) code to obtain
the fracture toughness (KIC) considering standardized limit conditions (Step 2) and the
construction of a FAD and a risk matrix of integrity loss (Step 3). Finally, a validation of limit
conditions and results based on the conclusions from experimental works is performed
(Stage 4).
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Figure 1. Methodology to perform mechanical integrity prognostics.

2.1. Step 1—Ductile-to Brittle-Transition Temperature Estimation Based on ASTM E-900
Prediction Model

The reactor pressure vessel (RPV) in LWR represents a fundamental line of defense
against a release of radiation in case of an accident [46]. Thus, regulations that govern the
operation of commercial nuclear power plants require conservative margins of fracture
toughness, both during normal operation and under accident scenarios [47]. The correct
interpretation of the significance of defects, in terms of the probability of in-service failure,
requires considerable skill; this is because many of the primary properties {such as embrit-
tlement), which ultimately influence service performance, cannot be monitored directly
so that one has to find some relationship between these properties and those structural
defects which can be monitored either during fabrication or during service [48]. Materi-
als of nuclear reactor pressure vessels exposed to neutron radiation that is generated by
nuclear fission reactions experience appreciable damage at even very low doses of radia-
tion, producing embrittlement and a shift of the ductile-to-brittle transition temperature
(∆RTDBT). Nanoscale microstructures induced by irradiation obstruct the migration of
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dislocations, and this interaction prevents plastic deformation and induces steel embrittle-
ment [27]. Neutron irradiation degrades the mechanical properties of RPV steels, and the
extent of the degradation is determined by the type and structure of the steel and other
factors such as neutron fluence, irradiation temperature, neutron fluence and chemical
composition [8,26,27]. At the reactor operating temperature, the vessel material exhibits
a ductile behavior. However, the constant bombardment of neutrons on the walls of the
vessel produces a decrease in its mechanical properties, losing its ductility and being brittle
at increasingly higher temperatures.

The degree of embrittlement depends on the fuel distribution, the neutron spectrum
to which the vessel wall is subjected and the operating temperature. Therefore, the experts
present a basic safety criterion, ensuring sufficient toughness of the steel of the vessel
throughout its useful life. The quantification of this effect is carried out by evaluating the
displacement experienced by the ∆RTDBT. Often, displacements of up to 200 ◦C have been
recorded [40,49]. The method is developed around the concept of reference temperature
(RTDBT), below which brittle fracture occurs even in the presence of small notches and from
which the phenomenon of the ductile-brittle transition develops [50]. Figure 2 exhibits a
scheme that represents the displacement of KIC and ∆RTDBT due to neutron irradiation. KIC
after irradiation (RTDBT-I) is diminished with respect to the previous value before irradiation
(typically between a neutron fluence, ϕ, between 1 and 5 × 1019 n/cm2.
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RPV steels are exposed to neutron radiation, and their ductile-to-brittle transition
temperature before irradiation (RTDBT-NI) experienced a shift (∆RTDBT) changing, therefore,
towards a higher transition temperature (RTDBT-I), as Equation (1) provides.

RTDBT−I = RTDBT−NI + ∆RTDBT (1)

However, by using prediction models such as ASTM E900-02, it is possible to accurately
estimate the ∆RTDBT allowing to estimate further the fracture toughness after irradiation
(KIC-I) by using the analytical scheme given in ASME code [51] to be used finally in the
calculation scheme of ASME FFS-1 [52].

ASTM E900-02 prediction model
ASTM E900-02 [41] provides improvements with respect the historical R.G. 1.99 Rev.2

prediction model [53]. Thus, Equation (2) shows the main two terms that grouped several
calculation parameters.

∆RTDBT = SMD + CRP (2)

SMD term (Equation (3)) is related to stable matrix defects, which are defined as
complex vacancy solute clusters and nanovoids, which do not fully dissolve over an
extended period of time [54]. The CRP term (Equation (4)) is associated with copper-
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rich precipitates that causes hardening. These three terms could be calculated by using
Equations (3)–(6).

SMD = A exp
[

CTc
Tc + 460

]
[1 + CP P](ϕt)α (3)

CRP = B [1 + CNi Niη ]F(Cu)G(ϕt) (4)

CRP contribution is calculated by obtaining the F(Cu) (Equation (5)) and the G(ϕt)
(Equation (6)) parameters.

F(Cu) = {0, Cu ≤ Cuth; (Cu− Cuth), Cu > Cuth} (5)

G(ϕt) = 1/2 + 1/2tanh


[
log
(

ϕt + Ct t f

)
− µ

]
σ

 (6)

The used calculation parameters are shown in Table 1.

Table 1. Parameters used in the SMD and CRP calculation according to ASTM E900-02
model [40,55–57].

SMD Term CRP Term

Description Value Used Description Value Used

Aforging, Aplates 6.70 × 1018 Bforging 128
CTc 2.07 × 104 Bplates

Note 4 208 (156)
Tc

Note 1 (◦F) 572 CNi 2.106
CP 0 Ni (wt%) 0–1.2

P Note 2 (wt%) 0.02 η 1.173
ϕt Note 3(n/cm2) 3 × 1019 κ 0.577

α 0.5076 Cuth 0.072

Note 1: Selected operating temperature
Note 2: Limit proposed by Amayev et al. [56] to limit pernicious effects on mechanical behavior
Note 3: Neutron fluence rate
Note 4: 156 for rolled materials without CE mark
Note 5: Considered 40 years of design

Cu (wt%) 0–0.4
Φt (n/cm2) 3 × 1019

Ct 0
µ 18.24

tf
Note 5(h) 360,000

The fracture toughness of a material is conventionally assessed in terms of the critical
value of some crack tip field characterizing parameters at the initiation of unstable crack
growth [58].

When fracture toughness data are not available, an estimation procedure based on the
RTDBT can provide fracture toughness for ferritic steels. The Equation (7) for the fracture
toughness mode 1 (KIC) curve is given by [59], where T is the operating temperature:

KIC = 36.5 + 22.783 exp [0.036(T − RTDBT)] (MPa
√

m, ◦C) (7)

The ASME B&PV code [59] describes the use of mode 1—opening mode (tensile stress
normal to the plane of the crack) that is used in the methodology used in this research work.

2.2. Step 2—Adaptation of ASME FFS Code to Obtain the Fracture Toughness Considering
Standardized Limit Conditions

API 579-1/ASME FFS-1, Fitness-For-Service [51] is a recognized standard developed
by the American Society of Mechanical Engineers (ASME) and by the American Petroleum
Institute (API) that describes several fitness-for-service (FFS) assessment methodologies for
pressurized equipment used mainly in the oil and gas, as well as chemical and petrochemi-
cal industries. This code contains several sections related to the assessment procedures for
calculating the consequences on the installation safety due to damage mechanisms such
as a brittle fracture or different types of corrosion, among many others. It is well known
that the brittle crack propagation is governed by the stress intensity factor at the crack
edges. When it is exceeded a critical value of fracture toughness (KIC), referred as plain
strain fracture toughness, the propagation occurs. KIC depends on the type of crack and, in
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particular, on the actual toughness of the material, i.e., the toughness calculated accounting
for the irradiation effect [10].

The toughness is the resistance of a material to brittle fracture when a crack is present.
The KIC parameter is a measure of the material’s resistance to brittle fracture in plane

strain and is usually known as the fracture toughness in plane strain. The rapid crack
extension is predicted to occur when K reaches KIC, with KIC being a unique material prop-
erty for a given material condition, temperature, and loading rate. Stress intensity factor
based on primary stresses (KI

P) calculated in surface and deepest part of a crack of 1.5 mm
(maximum allowable dimension—before considering this a relevant indication—according
to ASME B&PV VIII [60]), considering that secondary stresses and residual stresses are null.
The stress intensity factor (KI) is calculated [51] as follows (Equation (8)):

KI = σ1G1

( a
t

)
2

√
π · a

Q
(8)

where
Q = 1 + 1.464

( a
c

)1.65
(9)

a/c = 1, a = 1.6 mm and a/t = 0.01 if t = 245 mm (typical mean thickness of a PWR-RPV).
G1 = 0.1870117 for zero order (A0) for a/c = 1, t/Ri = 0.11 if Ri = 2200 mm (typical mean

radius of a PWR-RPV).
σ1 = 1.80 × 106 Pa.
The toughness ratio is calculated by using Equation (10):

Kr =
KP

I + ϕKSR
I

KIC
=

KP
I

KIC
(10)

if ϕKI
SR = 0 considering null the plasticity interaction factor

From fracture mechanics testing of RPV steels, a KIR curve was established as a lower
bound curve that has to be used in the design phase [61].

3. Results
3.1. Step 3—Construction of a Failure Assessment Diagram (FAD) and a Risk Matrix of
Integrity Loss

To evaluate the suitability for service based on the response against the irradiation
embrittlement, an assessment is performed by defining first the brittle collapse scenario (a) to
represent a failure assessment diagram—FAD (b) and, finally, to construct a risk matrix (c).

This type of diagram is very useful for performing design-for-reliability tasks that
reduce the necessity of trial-and-error tests and allow to improve the safety of the design.

(a) Brittle collapse of cracked section
For brittle failure situations in cracked components, in which linear-elastic behavior

is dominant, fracture mechanics establishes that fracture occurs when the applied stress
intensity factor (KI) is equal to the material fracture toughness (KIC) [62]. The crack ignition
occurs if KI ≥ KIc. KIC is calculated as Equation (7) indicated, and ratio Kr can be defined
(Equation (11)).

Kr =
KI

KIC
(11)

KI = stress concentration factor applied under normal conditions on the crack.
KIC = fracture toughness based on crack initiation determined at crack end tempera-

ture.
Then, if Kr < 1→ safety zone and brittle fracture occurs if Kr > 1.
For fracture assessments, the plane of the flaw hall is assumed to be normal to the

maximum principal tensile stress [52].
(b) Construction of the FAD
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Once obtained Kr, Lr is calculated to be a similar scheme to BS 7910 [63]. However, Lr
cutoff value LP

r(max) is, in this case, given by the ratio, showing a characteristic value for
every material analyzed (Equation (12)):

LP
r(max) =

σTS−σYS
σYS

(12)

where
σYS: Yield strength.
σTS: Ultimate tensile strength.
The maximum Lr threshold value, LP

r(max), should also be applied to the calculated
FAD curve to determine the plastic collapse limit [52]. The fracture assessment of much-
pressurized equipment is conducted using a FAD assessment similar to the specified in
BS 7910 [63–66]. Figure 3 provides a failure assessment diagram focused on the brittle
fracture of reactor pressure-vessel steels.
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Figure 3. Failure assessment diagram.

As observed in Figure 3, the safety zone is constrained under Kr = 1 and Lr = 1. The
material, therefore, would be susceptible to experiencing brittle fracture when Kr > 1, and
it can suffer collapse if Lr is greater than 1. The standardized requirements for chemical
composition of materials [8] analyzed are shown in Table 2. They are necessary to obtain
the potential ∆RTDBT based on materials’ chemical requirements and the irradiation and
temperature conditions using the calculation parameters indicated in Table 1.

Table 2. Chemical limits used in the analysis.

RPV Material
Chemical Requirements (Maximum wt%)

Cu Ni

ASTM A 212 B (rolled) N.S. N.S.
ASTM A 302 B (rolled) N.S. N.S.
ASTM A 543 B (rolled) N.S. 4.00

A 336 (rolled) N.S. 0.50
ASTM A 533 Grade B Cl.1 (rolled) 0.12 0.73

JIS G-3120 SQV2 A (rolled) N.S. 0.70
ASTM A 508 Grade 2 (forging) 0.20 1.00
ASTM A 508 Grade N (forging) 0.25 3.90

DIN 22NiMoCr37 (forging) 0.11 1.00
ASTM A 508 Gr. 3 (forging) 0.20 1.00
DIN 20MnMoNi55 (forging) 0.12 0.85

RCC 16 MND5 (forging) 0.20 0.80
JIS G 3204 SFVQ1A (forging) N.S. 1.00
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Table 2. Cont.

RPV Material
Chemical Requirements (Maximum wt%)

Cu Ni

ASTM A 336 Grade F22V (forging) 0.20 0.25
ASTM A 336 Grade F91 N.S. 1.50

WWER 15Kh2МF (forging) 0.30 0.40
WWER 15Kh2MFA (forging) 0.30 0.40

WWER 15Kh2NMFA (forging) 0.30 0.40
WWER 15Kh2NMFAA (forging) 0.08 0.40

Note 1: NS—not specified.

Thus, Figure 4 provides the estimated Kr (calculated from Equations (8)–(11)) for
several materials used in the manufacturing of reactor pressure vessels, covering materials
used in different generations of reactors.
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Figure 4. Kr for the materials analyzed.

As Figure 4 demonstrates, the materials with less susceptibility to brittle fracture are
materials developed for the second generation of reactors and so on, i.e., the A336 Gr. F91,
15Kh2MFA, A533 Gr. B Cl.1, A508 Gr. N, 15Kh2MFA, A508 Cl.2, A508 Cl.3, 16MND5, A336
Gr. F22V, 20MnMoNi55, 22NiMoCr37, 15Kh2MFAA and 15Kh2NMFAA.

Thus, 15kh2NMFAA, 15kh2MFAA, 22NiMoCr37 and 20MnMoNi55 provide the lower
Kr. On the other hand, materials developed for the first generations (A212B, A302B, A543B
and A336) provide greater values of Kr. G3120 SQV2A and G3204 SFVQ1A are just in the
limit (Kr = 1).

Figure 5 exhibits Lr for each material analyzed.
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When Lr is lower, the response to mechanical loads is more efficient (from an approach
focused on the mechanical integrity of material), generating less permanent deformation
(the ratio σTS/σYS is lower). On the other hand, if the Kr is higher, the susceptibility to
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brittle fracture is greater. As Figure 5 provides, the mechanical response of plates (rolled
materials) is, in general, poorer than forging materials.

(c) Construction of Risk Matrix
To construct the risk matrix, risk of integrity loss (RIL) is defined as (Equation (13)):

RIL = Kr· Lr (13)

Figure 6 provides the RIL matrix for the materials analyzed that serves as a decision
matrix for the most suitable material to prevent potential failures. Thus, the minimum
risk is provided by the 15kh2NMFAA, 15kh2MFAA, 22NiMoCr37, 20MnMoNi55, A336 Gr.
F22V, A508 Cl.2, A508 Cl.3, 16MND5, A336 Gr. F91 and A508 Gr. N.

Therefore, the selection criteria related to reducing the brittle fracture susceptibility are
minimized the RIL value. Subsequently, a multicriteria matrix representation is a visual and
easy way to show the RIL of best options (according to obtained Kr and Lr values) analyzed
materials, allowing to extract conclusions such as the materials with lower RTBF (very
low risk) correspond to the most consolidated standards (15Kh2NMFAA, 15Kh2MFAA,
22NiMoCr37 and 20MnMoNi55) followed by other consolidated and new standards (A508
Cl.2, A508 Cl.3, 16MND5 and A336 Gr. F22V).
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Figure 6. Risk matrix according to RIL.

As Figure 6 exhibits, more used materials specifications used in the modern designs
of reactors provide a low RIL. In addition, the specifications 15Kh2MFA, 15Kh2NMFA,
20MnMoNi55 and 22NiMoCr37 meet the KIC requirement established by ASME FFS for
ferritic steels. These materials have as a characteristic a very stringent control of impurities,
so the mechanical integrity prediction by the analytical model presented in this work is
very sensitive to impurities restrictions.
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3.2. Step 4—Validation of Limit Conditions and Results Based on the Conclusions from
Experimental Works

Determination of KIC on the upper shelf would be impracticable since it would re-
quire big specimens. ASME FFS-1 [52] provides, therefore, a threshold of KIC equal to
220 MPa ·

√
m, valid for ferritic steels, aligned with the requirement for the ASME B&PV

code [38] reference curve. On the other hand, from 150 ◦C, the irradiation embrittlement is
less severe due to annealing effects [67], as demonstrated by experimental works [55,68,69].
Figure 7 shows the predicted KIC for every studied material.
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Figure 7. KIC for the materials analyzed.

Analogously, the application of the KIC, min (minimum required value of fracture
toughness) constraint for ferritic steels provided by ASME FFS-1 [52] shows the same best
options: 15kh2NMFAA and 15kh2MFAA (both with very stringent control of impurities) as
well as the 22NiMoCr37 and 20MnMoNi55. All of these specifications are highlighted due
to their very stringent mechanical and chemical requirements. Figure 8 provides, for the
material 15kh2NMFAA, the KIC variation versus in-service temperature compared with the
minimum required KIC according to ASME FFS. Thus, from T = 85.5 ◦C, KIC mean is greater
than 220 MPa ·

√
m since it could be considered as a minimum temperature to ensure that

the minimum value of KIC is always reached.
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Figure 8. KIC variation versus temperature compared with the minimum required KIC according to
ASME FFS.
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Figure 9 provides KIC versus typical values of Cu wt% and Ni wt% in the ferritic steels
used in the manufacture of reactor pressure vessels. This figure also indicates the maximum
Cu and Ni wt.% contents to meet the KIC requirements established by the ASME FFS code.
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For most unirradiated mild steels, the ∆RTDBT is between −50 ◦C and 20 ◦C. The
process of irradiation hardening, through the formation of clusters of interstitial or va-
cancy defects, increases the friction stress of these steels and thereby raises the transition
temperature [70].

Using the maximum ∆RTDBT specified by KTA 3203 to avoid additional safety calcula-
tions [71], i.e., 40 ◦C, and assuming a considered maximum RTDBT N-I = 50 ◦C according
to Fisher et al. [68], the maximum RTDBT, I would be equal to 90 ◦C. The result obtained
(maximum RTDBT, I = 85.5 ◦C to meeting the ASME FFS KIC requirements, i.e., a minimum
KIC equal to 220 MPa ·

√
m) by using this novel methodology is coherent with the maxi-

mum RTDBT, I according to experimental works and the limits (based on a large operational
experience) provided by KTA 3203 [71].

To keep KIC > 220 MPa ·
√

m, Cu wt% is 0.15 and Ni wt% 0.60 that is more stringent
than predictions based on other models: Cu ≤ 0.16, ∀ 0.4 < Ni ≤ 0.6 ∀ P according to R.G.
1.99 Rev.2 [53]; Cu ≤ 0.15, ∀ Ni < 0.6 and P < 0.02 according to NUREG CR 6551 [40] and
Cu ≤ 0.15, ∀ 0.2≤Ni < 1.2 and P < 0.02 according to ASTM E900-02 [41]. In addition, the re-
sults obtained verify the observation performed by Fisher et al. in which KIC varies from about
35 MPa ·

√
m (at T = ∆RTDBT − 50 ◦C) to about 200 MPa ·

√
m (at T = ∆RTDBT + 50 ◦C) [10].

Thus, a ∆RTDBT > 14.5 ◦C (according to the calculation provided by Equation (1)) implies a
KIC similar (220 MPa ·

√
m) to that one required by ASME FFS (220 MPa ·

√
m). Therefore,

it would be recommended that the brittle fracture should be specially monitored under
150 ◦C. This agrees with the conclusions of Pachur [67] that showed as an irradiation tem-
perature of 150 ◦C produces the greatest fragility of the material, being this less for a higher
temperature. This is due to the fact that an increase in the irradiation temperature favors
the repair of defects produced by neutron bombardment through a process of annealing
the material [67].

By applying this methodology, a 220 MPa ·
√

m is only obtained with a Cu wt%
restriction of 0.15% and a Ni wt.% restriction of 0.60%. Therefore, these restrictions are
interesting to be considered in preliminary materials selection tasks performed in the
equipment design phase [72]. Since the KIC is a parameter that is increased with the
temperature, the requirements of Cu wt.% and Ni wt.% content are more stringent for a
lower temperature, as Figure 10 shows.
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4. Conclusions

In this work, a novel analytical methodology to predict the in-service mechanical
integrity of rolled and forging steels—used in the manufacture of RPV—has been proposed.
The methodology connects two robust models such as ASTM E900 and ASME FFS code to
predict the KIC using standardized requirements. Thus, the suitability of several materials
has been estimated. In addition, the results from the methodology have been validated
by comparing with experimental results from well-established and recognized historical
research works.

In the new methodology, several new elements have been incorporated, such as the
use of the fitness-for-service calculations concept and the construction of a risk matrix,
allowing a multiperspective approach that helps find the suitable solution to ease the
arduous material selection task in a demanding industry such as the nuclear one. The
analytical model, which is based on a new formulation of the brittle fracture criterion,
has allowed an adequate prediction of the irradiation effect on the fracture toughness of
reactor pressure vessel steels, letting us jointly evaluate the mechanical integrity and the
fitness-for-service of the vessel by a novel methodology. The major conclusions from this
work can be summarized as follows:

• The matrix representation shows the RIL of the best options of analyzed materials
(according to obtained Kr and Lr values), allowing to extract conclusions such as
the materials with lower RIL (very low risk) correspond to the most consolidated
standards (15Kh2NMFAA, 15Kh2MFAA, 22NiMoCr37 and 20MnMoNi55) followed
by other consolidated and new standards (A508 Cl.2, A508 Cl.3, 16MND5 and A336 Gr.
F22V). These forging materials are consolidated grades used in the PWR 3-4 generation
and, therefore, are currently still in operation. In addition, other historical forging
grades such as 16MND5 show very safe conditions.

• Obsolete materials specifications (A212B, A302B, A543B and A336) provide the worst
mechanical integrity, corresponding these materials to rolled materials.

• It has been concluded that, according to the methodology, to keep KIC > 220 MPa ·
√

m
as required by ASME FFS code [52], Cu wt% should be lower than 0.15 and Ni wt%
lower than 0.60; these limits are more stringent than predictions based on other models:
Cu ≤ 0.16, ∀ 0.4 < Ni ≤ 0.6 ∀P according to R.G. 1.99 Rev.2 [53]; Cu ≤ 0.15, ∀ Ni < 0.6
and P < 0.02 according to NUREG CR 6551 [40] and Cu ≤ 0.15, ∀ 0.2 ≤ Ni < 1.2 and
p < 0.02 according to ASTM E900-02 [41].

• In addition, the results obtained by applying this methodology verify the obser-
vation performed by Fisher et al., in which KIC varies from about 35 MPa ·

√
m

(at T = ∆RTDBT − 50 ◦C) to about 200 MPa ·
√

m (at T = ∆RTDBT + 50 ◦C).
• According to the methodology outputs, it would be recommended that the brittle

fracture should be specially monitored under 150 ◦C. This agrees with the conclusions
of Pachur [67] that showed an irradiation temperature of 150 ◦C produces the greatest
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brittleness of the material, this being less for a higher temperature since irradiation
temperature favors the repair of defects by annealing.

In summary, this analytical method allows to save time and reduce costs related to
trial-and-error tests to make a decision on the suitability and safety of different candidate
materials. The new formulation of the brittle fracture mathematical criterion helps make
a decision from the analysis of standardized requirements (discrete variables) using a
multicriteria approach solved as a decision matrix (risk matrix). In addition, the chemical
composition restrictions obtained by the analytical model can be useful to be incorporated
in technical guides for materials inspection.

In the future, this methodology could be used to predict the suitability of materials for
other demanding applications, being a useful tool for materials selection tasks considering
a design-for-reliability approach.
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∆RTDBT Ductile-to-brittle transition temperature shift
API American Petroleum Institute
ASME American Society of Mechanical Engineers
BCC Body-Centered Cubic
CRP Copper-Rich Precipitates
FAD Failure Assessment Diagrams
FCC Face-Centered Cubic
FFS Fitness For Service
HCP Hexagonal Close-Packed
KI Stress concentration factor applied under normal conditions on the crack
KI Stress intensity factor
KIC Fracture toughness based on crack initiation determined at crack end temperature
Lr Cutoff value
LWR Light Water Reactor
NRC U.S. Nuclear Regulatory Commission
RIL Risk of integrity loss
RPV Reactor pressure vessel
RTDBT Reference temperature
RTDBT-I Ductile-to-brittle transition temperature before irradiation
RTDBT-NI Ductile-to-brittle transition temperature after irradiation
SMD Stable Matrix Defects
Φ Neutron flux
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