
Multicriteria materials selection for extreme operating conditions 

based on a multiobjective analysis of irradiation embrittlement 

and hot cracking prediction models 

 

Abstract 
 

A methodology for evaluating different combinations of materials specifications for extreme environment 

applications is presented. This new approach addresses the materials selection problem using a multicriteria 

stringency level methodology that defines several thresholds obtained by analyzing different prediction models 

of irradiation embrittlement and hot cracking. To solve the conflicts among thresholds as provided by the 

different prediction models, a multiobjective approach is carried out. Materials for reactor pressure vessels have 

been considered as case study. It has been concluded that the best option to manufacture a pressure vessel for a 

pressurized water modern reactor is the selection of German manufacturing standards. Finally, a sensitivity 

analysis of the proposed methodology has been performed to evaluate the divergences between the single 

stringency level methodology and the new proposal including multicriteria decision making (MCDM) aspects. 

 

Keywords: Prediction-model · multiobjective · MCDM · stringency level · structural materials · extreme 

environment 

List of symbols and acronyms  

Aij  Requirement i specified by the materials specification j 
A+  Ideal solution 

A-  Anti-ideal solution 

ASME B&PV American Society of Mechanical Engineers Boiler & Pressure Vessels 
CF  Chemical factor (R.G. 1.99 Rev.2 prediction model) 

Cj
+                     Relative closeness of each material requirement Rij  to the ideal solution  A+ 

di
+ Separation between the requirement i specified by the materials specification j (Aij) and the ideal solution 

according to the constraints 

di
- Separation between the requirement i specified by the materials specification j (Aij) and the anti-ideal 

solution according to the constraints  
DBT Ductile-Brittle Transition  

DV  Decision variable 

erf  Error function 
IASCC  Irradiation-Assisted Stress Corrosion Cracking  

KTA  Kern Technischer Ausschuss (German safety council) 

Li Distance between the solution provided by the upper bounds and the medium point or requirements range as 

established by multiobjective approach 

Ls  Standardized limit (method of Stringency Levels) 
MCDM  Multicriteria Decision Making 

OF  Objective function 

PWR   Pressure Water Reactor 
RCC – MR French code 

R.G.  Regulatory guide (United States Nuclear Regulatory Commission) 

rij  Normalized stringency level 
rj  Mean value of rij for the materials specification j 

SIi  Sensitivity index of the output 

Sj
+ The minimum Euclidean distance of any requirement of the materials specification j from the ideal solution. 

Sj
- The maximum Euclidean distance of any requirement of the materials specification j from the anti-ideal 

solution. 

SL  Stringency Level  
SL (Max)  Maximum value of Stringency Level according to the defined scale 

Tr  Threshold 

Yp  Yield Point 
σt, σl  Membrane theory stresses (transversal and longitudinal components) 

P  Pressure (in-service)  

R, t  Radius, thickness of vessel 

ϕ  Neutron flux (n/cm2) 

∆RTDBT  Shift of ductile-to-brittle transition temperature 

η*max  Structural safety factor to avoid permanent local plastic deformation 

1 Introduction 

Broadly, materials selection is the task that comprises the translation of product requirements into material 

properties, followed by screening and ranking methods to find the good materials to do the job (Leite et al 2015). 

Material selection for any engineering component or product, in general, is subject to various constraints and 

fulfillment of certain goals of design (Chauhan 2015).  When the choice of material is limited to a list of pre-
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defined candidates, one difficulty found is that properties of different candidate materials (alternatives) may not 

indicate any obvious correlation in the given list (Milani and Shanian 2006). Lately, the requirement for 

increased efficiency and reduced costs of power plant piping systems has led to the need for advanced structural 

integrity assessment of new and in-service exposed welds (Hyde and Sun 2009). 

The reliability of a structural system may be estimated at two levels: the component level and the system level 

(Jiang 2017). Thus the most important system of a nuclear power plant is the primary loop and its most relevant 

structural component is the reactor pressure vessel, which is manufactured primarily from ferritic steels that face 

specific impurity content requirements (Rodríguez-Prieto et al. 2016). The manufacturing process of a pressure 

vessel for a pressurized water reactor (PWR) is based on the constraints provided by manufacturing codes or 

standards. Modern designs of PWR pressure vessels are usually made of forged components with a cladding of 

austenitic stainless steels to avoid corrosion (Rodríguez et al, 2015). In order to extend the lifetime of nuclear 

reactors it is necessary to assess their actual technical state considering mechanical properties degradation not 

only for designed lifetime, but also for the period of time that is being extended (Timofeev 2003). Advanced 

pressure vessel materials with high strength and toughness are needed for an optimization of the design and 

construction, as well as the long-term operation (Kim et al. 2015).  

In this work, an evaluation of requirements of chemical composition and mechanical properties has been 

performed. Thus, a methodology for selecting a combination of materials specifications to manufacture reactor 

pressure vessels is presented. This new approach considers the evaluation of materials requirements using a 

multicriteria stringency level methodology that uses several thresholds obtained by analyzing different prediction 

models of irradiation embrittlelment and hot cracking on low alloy steels and austenitic stainless steels operating 

in the reactor environment. Finally, a sensitivity analysis is performed, assessing on the suitability of the 

integration of multicriteria concepts into a stringency level methodology. 

2. Methodology description and theoretical approach  

The selection of materials for the construction of the primary loop of a light water reactor is a complex process 

that involves great responsibility because small differences in chemical composition can adversely affect in-

service behavior of the material (Rodríguez-Prieto et al 2017a). The vessel of a nuclear reactor is a cylindrical 

component (IAEA, 2011) constructed using low alloy steels with a inner cladding of austenitic stainless steels to 

avoid corrosion processes (Riou et al 2004; Rodríguez et al. 2015). The thickness of the reactor vessel is around 

200 to 300 mm (Fig. 1), being the thickness of cladding between 2 and 10 mm (Gillemot, 2010). Mainly, the 

ferritic material will experience weakening due to irradiation embrittlement along with the service conditions. 

Whereas the inner cladding can be affected by hot cracking, fatigue and irradiation-assisted stress corrosion 

cracking (IASCC). 

 

 

 

 

 

 

 

 

 Fig. 1 Materials for reactor pressure vessel manufacturing 

This research is performed (Fig. 2) by making a pre-selection of different candidate materials (Stage A) and a 

preliminary assessment for different irradiation embrittlement prediction models, as well as a selection of 

thresholds for chemical composition requirements by a multiobjective approach (Stage B). Since different 

embrittlement and fracture prediction models provide different constraints and upper bounds when the 

requirements from materials specifications are analyzed, the use of a multiobjective approach has been 

necessarily considered to solve the conflicts generated when all prediction models are applied jointly to get 

thresholds that meet the requirements of each prediction model separately and ensure that the material can be 

furthermore adequately evaluated versus these key thresholds. 

Furthermore, different mechanical properties and materials requirements are evaluated (Stage C) by using a 

stringency level methodology combined with a multicriteria decision making approach (Fig. 2). Finally, a 

sensitivity analysis of the multicriteria assessment is performed (Stage D). 

t = 0.2 – 0.3 m 

Base material (ferritic 

low alloy steel): 

susceptible mainly to 

irradiation embrittlement 

 

· Forgings 

· Plates 

Inner cladding (austenitic 

stainless steel): susceptible 

to hot cracking, fatigue and 

irradiated assisted stress 

corrosion cracking.  
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Fig. 2 Multicriteria and multiobjective approach for selecting candidate materials for RPV manufacturing 

 

The different stages are developed as follows. 

2.1 Stage A.- Analysis of candidate materials: Technological requirements for materials selection 

Irradiation embrittlement is a complex phenomenon that depends on chemical composition, neutron flux, 

operation temperature (Soneda et al. 2011; Kirk 2013), vessel manufacturer, weld flux type, and product form 

(Jenkins 1993). Copper, phosphorous and nickel content are the most influential parameters (Rodríguez-Prieto et 

al. 2016). Steels with low carbon content and low levels of impurity are well considered to be used in the current 

light water reactor pressure vessels (RPV) steels and for the new generation nuclear systems (Blagoeva et al. 

2014). Copper-rich precipitates have been recognized as contributing to radiation hardening in irradiated alloys, 

which act as barriers to the dislocation motion on the slip plane (Kwon et al. 2003). 

Wu and Cao (2013) observed two mechanisms in the initial stage of the ductile-brittle transition (DBT) region: 

transgranular cleavage fracture and intergranular. Fujji et al. (2010) confirmed by transmission electron 

microscopy (TEM) imaging that dislocation loops and clusters of solute are formed in the irradiated material, 

whereas Kemp et al. (2006) proposed an artificial neural network to model the irradiation hardening of low-

activation ferritic steels.  

A model analysis for Cu-rich precipitates and an empirical logarithmic law for relaxation of residual stress 

demonstrated that an increment of the embrittlement due to Cu-rich precipitates increases with Cu and Ni 

contents and is in proportion to a yield stress change, which is related to irradiation hardening (Kobayashi et al., 

2012).  

While irradiation embrittlement affects the base material, other damage mechanisms affect the austenitic steels 

of the inner cladding. Experimental results have shown that Irradiation-Assisted Stress Corrosion Cracking 

Analysis of technological requirements of candidate materials and prediction models by 

using a multiobjective approach 

 

 

 

Results evaluation by using MCDM and SLM 

techniques and methodology validation 

Stage C.- Application of an improved stringency level methodology (SLM) along with a multicriteria decision 

making (MCDM) approach 

Stage D.- Sensitivity analysis and validation of the integrated multicriteria assessment 

Stage A.- Analysis of candidate materials: 

•Base material 

•Inner Cladding 

Stage B.- Assessment of embrittlement and fracture prediction models. Extracting thresholds by using a 

multiobjective approach: 

 

•Irradiation embrittlement and severe mechanical loads on base material. 

•Hot cracking, IASCC and severe mechanical loads on inner cladding. 
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(IASCC) is dramatically increased when the sulphur content is greater than 0.03% (Chung et al., 2003). In 

addition, stainless steels with (P+S) < 0.03% and a δ-ferrrite wt% content greater than 4 are not susceptible to 

solidification cracking either (Arantes and Trevisan, 2007). 

Under extreme loading conditions, the materials experience permanent deformations where they pass the elastic 

zone (Sharifian 2017). Thus, to evaluate the suitability of mechanical requirements described by materials 

specifications for the reactor pressure vessel manufacturing is essential to perform mechanical calculations 

according to the operating conditions to obtain the structural safety factor, to ensure that no permanent local 

deformations occur. 

When the vessel thickness is small compared to the radius (Rm/t > 10), the membrane stress theory can be used 

(Moss and Basic, 2013). Membrane stress for cylindrical vessels can be divided into longitudinal and transversal 

components, obtained from Eqs. (1) and (2) (Rodríguez-Prieto et al, 2017b): 

 

           (1) 

             (2) 

Therefore, the structural factor can be calculated according to Eq. (3). 

 (3) 

 

Thus, using a design pressure (P) equal to 180 kg/cm2, a radius of vessel (R) of  2.32m and an average thickness 

(t) of 0.245 m, the membrane stresses are obtained: σl =85.22 MPa for the longitudinal component and σt =170.44 

MPa for the transversal component. 

Table 1 provides the materials analyzed in this work along with the requirements of copper, phosphorous and 

nickel requirements for the base material and the chromium, nickel, phosphorous and sulphur requirements for 

the inner cladding.  In addition, the structural factors to avoid permanent plastic deformations (calculated using 

Eqs. (1), (2) and (3) according to KTA 3203 (2001) and ASME II Part D App 1 (2015) are included. 

Once materials and their related weakening mechanisms due to the operating conditions are presented, the Stage 

B is developed to analyze different damage prediction models by a multiobjective approach to obtain several 

thresholds to be used in the multicriteria stringency level methodology (Stage C).  

2.2. Stage B.- Assessment of material embrittlement and fracture prediction models using a multiobjective 

approach 

In the Stage B, embrittlement and fracture prediction models for the base material and the inner cladding used in 

the manufacture of reactor pressure vessels are analyzed using a multiobjective approach to obtain thresholds to 

be used as upper bounds in the multicriteria assessment of a requirement stringency methodology. The Stage B is 

developed according to the diagram shown in Fig. 3. 

t
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Table 1  Materials analyzed and their requirements (ASME B&PV 2015; KTA 3201.1 1998; RCC-MR 2007; Bringas 2000) 

Part Material specification 
Cu wt% 

max 

P wt% 

max 
Ni wt% max η and Yp in MPa 

Forging 

ASME SA 533 Gr. B Cl.1 0.12 0.015 0.73 0.49; Yp=345 

JIS G-3120 SQV2A N.S. 0.035 0.70 0.49;  Yp=345 

JPB (A533B cl.1) 0.01 0.017 0.83 0.49;  Yp=345 

JPC (A533B cl.1) 0.01 0.007 0.81 0.49;  Yp=345 

Plate 

ASME SA-508 Cl.3 0.20 0.025 1.00 0.38;  Yp=450 

KTA-DIN 20MnMoNi55 0.12 0.012 0.85 0.44;  Yp=390 

RCC 16MND5 0.20 0.020 0.80 0.43;  Yp=400 

JIS G-3204 SFVQ1A N.S. 0.025 1.00 0.29;  Yp=585 

 
Material specification 

Cr wt% 

max 

Ni wt% 

max 
P+S wt% max η and Yp in MPa 

Inner cladding 

AISI 304L 20.00 10.50 0.095 (S=0.03) 0.83; Yp=515MPa 

DIN X5 Cr Ni 18-10 19.50 10.50 0.060 (S=0.015) 0.81; Yp=520MPa 

AISI 347 19.00 13.00 0.075(S=0.03) 0.83; Yp=515MPa 

DIN X6 Cr Ni Nb 18-10 19.00 12.00 0.050 (S=0.015) 0.83; Yp=510MPa 

tY

RP

Y PP

t

×

×
==

s
h
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Notes: DV-Decision variables; OF-Objective function 

 
Fig. 3 Multiobjective approach to select thresholds for chemical composition requirements for the base material and the inner 

cladding 

Fig. 3 exhibits schematically the procedure to get thresholds from the different analyzed models for predicting 

irradiation embrittlement (R.G. 1.99 Rev.2, NUREG CR 6551 and ASTM E900-02 models for base materials) 

and hot cracking (WRC-92 and De Long model for inner cladding materials) avoiding other damage mechanisms 

like the irradiation-assisted stress corrosion cracking (IASCC). The procedure uses several important concepts, 

these are as follows: decision variables (∆RTDBT and Cu wt% and Ni wt% for the base materials and the δ-Ferrite 

and Creq/ Nieq wt% P+S wt% for the inner cladding materials), several constraints issued by different regulations 

to avoid other degradation mechanisms and the calculation of an ideal solution (to ensure the considered 

degradation mechanisms are avoid) and an anti-ideal solution, which selection would generate damage in the 

material. Finally, using a representation based on matrixes (Fig. 6 and Fig.8), thresholds to avoid every 

degradation mechanism are proposed. 

We define a multiobjective approach to solve the conflicts among thresholds as provided by different 

embrittlement and fracture prediction models and certain constraints as described by different regulations for 

base material and inner cladding. The model consists of the three following components: 

· Decision variables: The decisions of the problem are represented using symbols such as X1, X2, X3,… Xn; 

Y1, Y2, Y3,…Yn; Z1, Z2, Z3,…Zn. Each decision variable indicates for the base material whether or not the 

∆RTDBT and Cu wt% and Ni wt% are less than the upper bounds established by KTA 3203 (they are known as 

binary variables). Analogously, each decision variable indicates for the inner cladding whether or not the δ-

Ferrite and Creq/ Nieq wt% P+S wt% are less than the upper bounds establish by key research works and the 

industrial practice. The assignment function is represented in Fig. 4. 
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Fig. 4 Decision variables as a function of a constraint or goal in the multiobjective approach 

 

Applying a multiobjective 

approach to select thresholds 

for chemical composition 

requirements 

 

Defining prediction models and comparative analysis 

 

1. Definition of decision variables (DV) and 

objective function (OF): 

DV: X1, X2, X3,… Xn; Y1, Y2, Y3,…Yn; Z1,  

Z2,Z3,…Zn. 

OF: F(X), F(Y), F(Z). 

2. Constraints established by regulation and 

experimental works  

 

3. Optimization of the mathematical function 

The objective is minimizing F(X), F(Y), F(Z) 

 

Applied to: 

Base material  

Inner cladding 

Maximum value provided by 

the defined constraint 
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· Constraints: The limitations or requirements of the problem are expressed as upper bounds as described by 

regulations, industrial standards or industrial experience. 

 

· Optimization: The separation between the requirement i specified by the materials specification j (Aij) and 

the ideal solution according to the constraints defined is called di
+. Similarly, the separation between the 

requirement i specified by the materials specification j (Aij) and the anti-ideal solution according to the 

constraints defined is called di
-. The Eq. (4) provides the interval calculation. 

��
� + ��

� = ��� − ��!�, " = 1, … . , #;  ��
�, ��

� ≥ 0,                                     (4) 

The problem therefore can be written according to Eq. (5): 

                 &"# ∑ ��
� + ��

�(
�)*              (5) 

Thus, the approach allows to optimize the beneficial impact of applying an adequate threshold to evaluate the 

further in-service behavior of material. 

Once defined the mathematical approach, prediction models are firstly introduced and analyzed and the 

multiobjective evaluation is applied. The analysis is divided into two subsections A) base material and B) inner 

cladding. 

 

A) Base material 

The formulas for predicting the shift of ductile to brittle transition temperature have the general expression, 

according to Eq. (6): 

∆RTDBT= A (Chemistry, Temperature, Flux). fn         (6) 

Table 2 shows different equations proposed by several authors from 1977 to present (Eqs. 7-15). 

Table 2 Irradiation embrittlement prediction models (Ballesteros and Acosta 1997; R.G. 1.99 Rev.1 1977; R.G. 1.99 Rev.2 1988¸ Eason et 
al 1998; ASTM E900-02 2002) 

Prediction model Equation 

R.G. 1.99 Rev.1 (1977) 
∆RTDBT (ºF) =[40 + 1000(Cu - 0.08) + 5000 (P -0.008)] · [f/1019]1/2                                                                (7) 
 

Limitation: Do not consider Ni wt% 

Odette et al. (1984) ∆RTDBT (°C) = 200·Cu·(1+1.38(erf (0.3·Ni-Cu)/Cu)+1) · (1-e(-f /0.11))1.36 f18                                                      (8)               

R.G. 1.99 Rev.2 (1988) 
 ∆RTDBT (°F) = (CF) · f (0.28 – 0.10 log f)                                                                                                           (9)                                         
 

Parameters for calculation: 

CF provided in a table (RG 1.99 Rev.2) up to Cu≤0.4 and Ni≤1.2. 

Miannay et al. (1993) ∆RTDBT (°C) = 10.98 + 316.4·(P- 0.008) + 225.29·(Cu – 0.08) + 12.10·(Ni – 0.7) + 248.31 · (Cu – 0.08) ·(Ni 

– 0.7)) ·f0.70                                                                                                                                                        (10)                                                                               

RCC-M Code 
∆RTDBT (°C) = 22+556 (%Cu-0,08)+2778 (%P-0,008)] · [f/1019]1/2                                                               (11)  

Limitation: neutron fluences between 1.1018 and 6 1019 n/cm2;                          

JEPE (Japan) ∆RTDBT (°C) = (-16 + 1210·P + 215·Cu+ 77·( Ni ·Cu)1/2) ·f 0.29 - 0.04 logf                                                       (12)           

PNAE (Russia) 
∆RTDBT (°C) = (575· (P + 0.1 Cu)+20) · (18 .f)1/3                                                                                              (13)  

 

Limited to: WWER-1000 (T= 290 °C), High Ni                                                                                            

NUREG CR-6551 
(1998) 

∆RTDBT (°F) = A·exp [C
Tc

/(T
c 
+ 460)] · [1 + C

P 
P] (φt)

α 

+ B · [1 + C
Ni 

Νi
η

] F(Cu) · G(φt)+ Bias                               (14)                                                                                                         
 

Recommended parameters for calculation: 
Aforging= 9.3 x 1017; Aplates= 12.7 x 1017; CTc=  1.93 x 104; Tc (ºF)= 572 ºF (300ºC); CP=110; P(wt%)=0.02; 

Φt=1-5 x 1019; α=0.4601; Bforging=132; Bplates=156; CNi=2.4; Ni (wt%)=0-1.2; η=1.250; κ=0.659; Cuth=0.072; 

Cu (wt%)=0-0.4; C
t=

4.58 x 1012; μ=18.265; σ=0.713; t
f (h)= 360000. 

ASTM E900-02 

∆RTDBT (°F)=  A·exp [C
Tc

/(T
c 
+ 460)] [1 + C

P 
P] (φt)

α 

+ B [1 + C
Ni 

Νi
η

] F(Cu) G(φt)                                     (15)   
 

Recommended parameters for calculation: 

Aforging= 6.7 x 1018; Aplates= 6.7 x 1018; CTc=  2.07 x 104; Tc (ºF)= 572 ºF (300ºC); CP=0; P(wt%)=0.02; Φt=1-5 x 

1019; α=0.5076; Bforging=128; Bplates=156; CNi=2.106; Ni (wt%)=0-1.2; η=1.173; κ=0.577; Cuth=0.072; Cu 

(wt%)=0-0.4; C
t=

0; μ=18.24; σ=1.052; t
f (h)= 360000.                                                                                                                      

Notes:  f=neutron flux (n/cm2). f=neutron flux/1019 (n/cm2). erf=error function. erf(�) = �

√�
∫ !"#

$%

&
'*;  
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Nowadays, the most consolidated and used models are R.G. 1.99 Rev.2, NUREG CR 6551 and ASTM E 900-02, 

along with the KTA 3203 (2001) that provides the ductile-to-brittle transition temperature (∆RTDBT) in graphic 

form. Thus, Fig. 3 shows how the three models provide different Cu-Ni relationship to avoid maximum value for 

(∆RTDBT) equal to 40ºC as provided by KTA 3203. Fig. 5 exhibits the upper bounds map for irradiation 

embrittlement immunity as a function of Cu and Ni wt% according to the R.G. 1.99 Rev.2 (1988), NUREG CR 

6551 (Eason et al. 1998) and the ASTM E900-02 (2002) prediction models.

Fig. 5 Upper bounds map for irradiation embrittlement immunity as a function of Cu and Ni wt% according to the R.G. 1.99 Rev.2, 

NUREG CR 6551 and the ASTM E900-02 prediction models

Then, the multiobjective approach is applied for the analysis of requirements to avoid irradiation embrittlement:

Decision variables and constraints:

Xij= 1, if the ∆RTDBT of the material i according to the prediction model j is less than 40ºC as established by KTA 

3203, and Xij = 0 otherwise.

Using Eqs. (9), (14) and (15) as provided in Table 2, Table 3 shows the ∆RTDBT for a composition variable 

between 0.10 and 0.25 wt% for copper and 0 and 1.2 wt% for nickel.

Table 3 Ductile-to-brittle transition temperature shift (∆RTDBT) according to R.G. 1.99 Rev.2, NUREG CR 

6551 and ASTM E900-02.

Cu wt % 

content
∆RTDBT

Ni wt% content

0 0.2 0.4 0.6 0.8 1 1.2

0.10
R.G. 1.99 5.00 14.44 18.33 18.33 19.44 19.44 19.44
NUREG 10.27 11.17 12.41 13.82 15.35 16.99 18.71
ASTM 4.8 5.9 7.28 8.8 10.4 12.08 13.81

0.12
R.G. 1.99 9.44 19.44 26.11 28.33 30.00 30.00 30.00
NUREG 20.01 21.3 23.06 25.07 27.26 29.59 32.04
ASTM 17.71 19.44 21.61 23.98 26.5 29.14 31.86

0.15
R.G. 1.99 16.11 26.67 37.22 43.33 46.11 47.22 47.22
NUREG 32.29 34.05 36.48 39.26 42.27 45.48 48.86
ASTM 23.01 24.99 27.49 30.23 33.12 36.14 39.27

0.17
R.G. 1.99 20.56 31.11 43.33 52.78 55.56 57.22 57.22
NUREG 39.57 41.62 44.45 47.67 51.17 54.90 58.82
ASTM 35.8 38.41 41.68 45.27 49.07 53.04 57.16

0.20
R.G. 1.99 27.78 38.89 51.67 65.00 70.56 73.33 73.89
NUREG 49.6 52.04 55.42 59.25 63.43 67.88 72.56
ASTM 36.5 39.15 42.46 46.1 49.95 53.98 58.14

0.22
R.G. 1.99 32.78 44.44 56.67 71.67 80.00 82.78 84.44
NUREG 55.84 58.53 62.24 66.46 71.06 75.96 81.11
ASTM 50.18 53.49 57.65 62.2 67.02 72.06 77.28

0.25
R.G. 1.99 40.00 52.22 64.44 80.00 92.78 97.78 101.11
NUREG 64.69 67.73 71.91 76.68 81.87 87.41 93.22
ASTM 47.88 51.08 55.09 59.49 64.15 69.01 74.05

If the RPV is not designed and manufactured according to KTA 3201.1 (1998) and KTA 3201.3 (2007), the 

standard KTA 3203 (2001) establishes overall the following restrictions, in Eq. (16), for copper and nickel 

contents (wt %).

KTA 3203=                                                                                                   (16)
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For a neutron fluence equal to 1 1019n/cm2, using a maximum value of Phosphorous equal to 0.02 wt% (Amayev 

1993) the maximum DRTDBT specified by KTA 3203, i.e. 40 ºC, the upper bounds for copper and nickel are 

shown in Eqs. (17), (18) and (19). 

 

 

 

R.G. 1.99 Rev.2 =                                                                                                         (17) 

 

 

 

 

NUREG CR 6551=                           (18) 

 

 

ASTM E900-02=                           (19) 

 

Analyzing the upper bounds provided by R.G. 1.99 Rev.2, NUREG CR 6551 and ASTM E900-02 prediction 

models, the thresholds are calculated using the multiobjective approach. 

Thresholds calculation:  

 

Using the criterion of Xij= 1 if the ∆RTDBT ≤ 40ºC as established by KTA 3203, and Xij = 0 otherwise, the 

following matrixes of results (Fig. 6) are obtained meeting the requirements from R.G. 1.99 Rev.2, NUREG CR 

6551 and ASTM E900-02 prediction models. 

 

 

 

 

⎣
⎢
⎢
⎢
⎢
⎢
⎡
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 0 0 0 0
1 1 0 0 0 0 0
1 1 0 0 0 0 0
1 0 0 0 0 0 0
1 0 0 0 0 0 0⎦

⎥
⎥
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎢
⎢
⎡
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 0 0 0
1 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0⎦

⎥
⎥
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎢
⎢
⎡
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 0 0 0 0 0
1 1 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0⎦

⎥
⎥
⎥
⎥
⎥
⎤

 

  

 

 
Note: green line limits the copper and nickel wt% content that according to R.G. 1.99 

Rev.2, NUREG CR 6551 and ASTM E900-02, meets the constraints provided by KTA 

3203. 
 

Fig. 6 Matrixes for threshold calculation (base material) 

 

The values marked in red color do not meet the constraints provided by KTA 3203. 

 

B) Inner cladding 

Small amount of δ-ferrite in the austenite reduce hot cracking (Moorhead et al 1979). Additionally, a small 

amount of δ-ferrite mitigates the harmful effect of sulphur atoms trapped in the ferrite (Chung et al 2003). 

Several studies have focused on solidification mode prediction and estimation of the amount of δ-ferrite in 

stainless steels. In fact, the δ-ferrite content (%wt) can be estimated using well-recognized predictive methods 
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(Valiente 2012). These prediction models are based on the concepts of chromium and nickel equivalents 

calculated from the %wt of the most influential elements (Rodríguez Prieto et al., 2017c).

The Eqs. (20) and (21) for the calculation according to the De Long diagram according to KTA 3201.1 (1998). 

       Creq = Cr + Mo + 1.5Si + 0.5Nb                                                               (20)

    Nieq = Ni + 0.5Mn + 30C + 30N                                                             (21) 

The Eqs. (22) and (23) used by the WRC prediction (Kotecki and Siewert, 1992) model are shown below:

Nieq= Ni + 35C + 0.25Cu  (22) 

Creq= Cr + Mo + 0.7 Nb.     (23)    

The WRC-92 and the DeLong diagrams provide the ferrite number (FN), coincides with the %wt content of δ-

ferrite up to a FN equal to 6 (ASM, 2012). Thus, using the diagrams of WRC (Kotecki and Siewert, 1992) and 

the DeLong (KTA 3201.1, 1998) prediction models, Fig. 7 provides the map for hot cracking immunity as a 

function of Nieq and Creq. The immunity zone has been selected for a δ-Ferrite wt% between 5 and 15.

Notes: A- Austenitic structure; F-Ferritic structure; AF-Austenitic structure with a δ-Ferrite wt% between 5 and 15.

Fig. 7 Comparative map for hot cracking immunity as a function of Nieq and Creq according to WRC-92 (a) and DeLong (b) 

prediction models

The change in the solidification mode from primary austenite (AF) to primary ferrite (FA) occurs at a Creq/Nieq

ratio between 1.4 and 1.5. Values 1.5<Creq/Nieq<1.9 correspond to the FA mode. A Creq/Nieq ratio greater than 2

also corresponds with a ferritic solidification mode (Welding Handbook 2014).

Then applying the multiobjective approach, the following components are obtained:

Decision variables and constraints: Xij = 1, if the FN of the material i according to the prediction model j is 

between 5-15, and Xij = 0 otherwise. Table 4 exhibits the Ferrite Number provided by the WRC-92 and the 

DeLong hot cracking prediction models.
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Table 4  Ferrite Number (δ-Ferrite) according to the WRC-

92 and the DeLong prediction models. 

Nieq wt % 

content 

 

Creq wt% content 

WRC-92 

FN=5 

WRC-92 

FN=15 

DeLong 

FN=5 

DeLong 

FN=15 

10 17.5 19.25 17.25 19.75 

11 18.25 20.25 18.00 20.50 

12 19.25 21.25 18.75 21.25 

13 20.00 22.25 19.5.0 22.00 

14 21.00 23.25 20.25 22.75 

15 21.75 24.25 21.00 23.50 

16 22.50 25.25 21.75 24.25 

17 23.50 26.25 22.75 25.00 

 

The constraints applied at the threshold problem selection are according to Eqs. (24), (25) and (26). 

 

 

                         Corrosion Tolerance=                                                                             (24)                                               

 

Experimental results have shown that Irradiation-Assisted Stress Corrosion Cracking (IASCC) is dramatically 

increased when the Sulphur content is greater than 0.03% (Chung et al. 2003). 

 

 

Irradiated Stress Corrosion Cracking=    (25) 
 
A δ-Ferrite content provided by a FN between 5 and 15 is suitable to avoid hot cracking in the stainless steels 

used in the inner cladding of a reactor pressure vessel. Phosphorus and sulphur decrease resistance to hot 

cracking (Rodríguez et al. 2015). In addition, Brooks and Thompson (1991) proposed that Creq/Nieq ratios greater 

than 1.5 render the metal immune to hot cracking. 

  

 

Hot cracking protection=                                                            (26) 

 

 

According to these constraints, Eqs. (27) and (28) show the recommendable chromium and nickel equivalent to 

enhance δ-Ferrite content (FN) between 5 and 15wt%. 

 

                

De Long=                                                                                                      (27) 

 

 

 

          WRC-92= (28) 

 

 

Analyzing the upper bounds provided by the WRC-92 and the De Long prediction models, the thresholds are 

calculated using the multiobjective approach. 

Thresholds calculations: 

Using the criterion of Xij = 1, if the FN of the material i according to the prediction model j is between 5-15, and 

Xij = 0 otherwise, the following matrix of results (Fig. 8) are obtained for the WRC-92 and the De Long 

prediction models 
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⎣
⎢
⎢
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⎢
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⎡
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 1 1 0 0 0 0
0 0 0 1 1 0 0 0
0 0 0 0 1 0 0 0⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 1 1 0 0 0 0
0 0 0 1 1 0 0 0
0 0 0 0 1 0 0 0⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 

 
Note: green and brown lines limit the Chromium equivalent and Nickel 
equivalent (wt%) content that according to the WRC-92 and the DeLong 

prediction models, meets the constraints: Creq/Nieq≥1.5 and 5≤FN≤15. 

 

Fig. 8 Matrixes for threshold calculation (inner cladding) 

 

The values marked in red color do not meet the constraints provided by Eqs. (24), (25) and (26). 
 

In summary, Table 5 provides the thresholds proposed, analyzing the different prediction models for the base 

material and the inner cladding by the proposed multiobjective approach. 

 
Table 5 Thresholds obtained and their constraints   

Base material (Forging and plates) Inner Cladding 

Cu max wt% Ni wt% P wt% 
η 

max* 
Creq/Nieq FN 

(P+S) 

wt% 

η 

max* 

0.15 ∀Ni wt%<0.6 

0.12 ∀0.6≤Ni wt%<1 

1 ∀Cu wt%<0.12 

 
0.02 0.67 1.5-1.9 5-15 0.03 0.90 

Notes:   η-structural safety factor 
     * According to KTA 3201.2 (2011) and ASME B&PV II D App. 1 mandatory (2015). 

 

Once, the prediction models for the base materials and the inner cladding are analyzed and the thresholds are 

calculated, the multicriteria stringency level methodology is applied (Stage C as follows). 

 

Stage C.- Application of an improved stringency level methodology (SLM) along with a 

multicriteria decision making (MCDM) approach 

 
Stringency level methodology (SLM) is a suitable tool for selecting materials for high demanding applications. 

This methodology assigns several stringency levels for each chemical requirement of materials (Rodríguez et al. 

2016, 2017a). Fig. 9 establishes the stringency level assignation for each requirement of the base material as a 

function of the distance between the requirement and the thresholds calculated in the Stage B. 

 

Notes: Tr-Threshold obtained by multiobjective approach evaluating embrittlement and 

fracture prediction models (indicated in Table 5) 

 
Fig. 9 Stringency level assignation for the requirements of the base material 
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On the other hand, Fig. 10 provides the stringency level assignation as a function of the values of Creq-Nieq ratio 

and δ-Ferrite (FN).

  SL

    5

    1

Fig. 10 Stringency level assignation for the inner cladding requirements 

Using the assignations provided the stringency level methodology (Fig. 9 and 10), Table 6 shows the stringency 

levels for the requirements analyzed for the case study materials.

Table 6 Stringency level evaluation

Material
SL

(Cu wt%)

SL

(Ni wt%)

SL

(P wt%)

SL 

(η)
Total

Forgings

ASME SA 533 Gr. B Cl.1 2 4 4 4 14

JIS G-3120 SQV2A 1 5 1 4 11

JPB (A533B cl.1) 5 3 3 4 15
JPC (A533B cl.1) 5 3 5 4 17

Plates

ASME SA-508 Cl.3 1 2 1 5 9

KTA-DIN 20MnMoNi55 2 3 5 5 15
RCC 16MND5 1 3 2 5 11

JIS G-3204 SFVQ1A 1 2 1 5 9

Inner cladding

SL
(Creq/Nieq wt%)

SL 
(FN)

SL
(P+S wt%)

SL 
(η)

AISI 304L 1 1 1 2 5

X5 Cr Ni 18-10 1 1 1 2 5

AISI 347 1 1 1 2 5
DIN X6 Cr Ni Nb 18-10 5 5 1 2 13

Since stringency level methodology only considers the location of values and not the dispersion in the 

calculation of the relative closeness to an ideal solution, dispersion is included developing a multicriteria 

approach. Thus, once obtained the stringency levels (Table 6), the normalization of criteria values are 

carried out using a normalization vector. The normalized value rij is calculated by Eq. (29):

    � ! = "#$%&∑ "#$%()$*+                                                (29)

Where SLij represents the stringency level of i-requirement for j-material, rij represents the value of the new 

normalized decision-making matrixes.
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The multicriteria evaluation of alternatives problem is usually defined by criterion matrix as follows: 

,-.. -./ ⋯ -.1-/. -// ⋯ -/1⋮ ⋱-4. -4/ ⋯ -41
5 

 

Focusing on the case study, the following multicriteria matrix considers not only the calculated values but also 

the dispersion among values (Fig. 11) 

 

 

 

 

�0.27 0.52 0.57 0.500.13 0.66 0.14 0.500.67 0.39 0.42 0.500.67 0.39 0.71 0.50� �0.38 0.39 0.18 0.500.76 0.59 0.90 0.500.38 0.59 0.36 0.500.38 0.39 0.18 0.50� �0.19 0.19 0.50 0.500.19 0.19 0.50 0.500.19 0.19 0.50 0.500.94 0.94 0.50 0.50� 
 

 
Notes: A1-ASME SA 533 Gr. B Cl.1; A2-JIS G-3120 SQV2A; A3-JPB; A4-JPC; B1- ASME 

SA-508 Cl.3; B2-KTA-DIN 20MnMoNi55; B3-RCC 16MND5; B4-JIS G-3204 SFVQ1A; C1-  

AISI 304L; C2-X5 Cr Ni 18-10; C3-AISI 347; C4-DIN X6 Cr Ni Nb 18-10. 

 
Fig. 11 Multicriteria matrixes showing normalized values for the materials requirements 

 

 

The mean value of rj for the specification j could be calculated according to Eq. (30): 

  ! = "#  ∑  &!#&'"                 (30) 

 The multicriteria analysis requires the definition of an ideal solution ((+), Eq. (31), and an anti-ideal solution ((-), 

Eq. (32). (+={(Threshold ∀  max r*+ |+∈-)|*=1,2,3,…,�}= ={r1
+,r2

+,…,r +}                                (31)       

!− ={( Threshold ∀  min r#$ |$∈&)|#=1,2,3,…,�}= ={r1
−,r2

−,…,r −}                               (32)       

Where J is the subset of materials contained in each classification of materials (forgings, plates and inner 

cladding).          

Table 7 provides the ideal solution (A+) and the anti-ideal solution (A-) for each requirement evaluated. 

 Note: NS- Not specified. 
 

 

Eqs. (33) and (34) normalize to obtain ri
- and ri

+ using the stringency scale (according to Fig. 9 and 10). 

'() = *+(-./0 )
2∑ *+(-./0 )45.67

                    (33) 

Table 7 Ideal solution and anti-ideal solution   

Base material (Forging and plates)  Inner Cladding 

 
A+(Cu wt%) A+(Ni wt%) 

A+(P 
wt %) 

A+(η 
max*) 

A+(Creq/N
ieq) 

A+(FN) 
A+(P+S 
wt%) 

A+(η 
max*) 

Max 0.11 ∀Ni wt%<0.6 

Max 0.08 ∀0.6≤Ni wt%<1 

0.7 ∀Cu wt%<0.12 

 
0.014 0.47 1.5-1.9 5-15 0.011 0.63 

A-(Cu wt%) A-(Ni wt%) 
A-(P 

wt%) 

A-(η 

max*) 

A-

(Creq/Nieq) 
A-(FN) 

A-(P+S 

wt%) 

A-(η 

max*) 

>0.15 ∀Ni wt%<0.6 

>0.12 ∀0.6≤Ni wt%<1 
or N.S. 

>1 ∀Cu wt%<0.12 

or N.S. 

>0.02 

or N.S. 
≥0.67 

<1.5 

>1.9 
<5 0.011 ≥0.90 

 rj(Cu)  rj(Ni)   rj(P)    rj (η)  rj(FN)

   
 rj(Cu)  rj(Ni)   rj(P)    rj(η)  rj (Creq/Nieq) 

   

rj(η)
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��� = ��(� !" )
#∑ ��(� !" )%& '*

                    (34) 

Therefore a mean value equal to 0.94 is obtained for ri
+ and equal to 0.11 for ri

-. 

The separation measure of each requirement stringency level from the ideal-solution and negative-ideal solution 

using the n-dimensional Euclidean distance method is then calculated where Si+ is the minimum Euclidean 

distance of the requirement of the materials specification j from the ideal solution, calculated by Eq. (35): 

��� = ��� ∑ ("#� − "#�)%&�'*     � = 1, … , - ∀ "#� ≤ "#�                                                         (35) 

Whereas Sj
- is the Euclidean distance of each requirement stringency level from the anti-ideal solution, 

calculated by Eq. (36): 

��0 = �23 ∑ ("#� − "#0)%&�'*     � = 1, … , - ∀ ∀"#� ≥ "�0                                                     (36) 

 

Fig. 12 shows representatively the calculation of Sj
+ (a) and Sj

- (b), considering that this case study can be 

represented in a bidimensional space (i,j). 

 

 

a) 
 rij ≤ ri

+ 

 

ri
+ 

  
min  ∑ ("#� − "#�)%&�'*   

  b) 
    ri

- 

 

rij >ri
- 

  
max  ∑ ("#� − "#0)%&�'*   

Fig. 12 Calculation of Sj
+ (a) and Sj

- (b): criteria for requirements with upper bound (base material: copper, nickel, phosphorous and 

structural safety factor; inner cladding: phosphorous, sulphur and structural safety factor) 

The relative closeness of each material requirement rij to the ideal solution A+ can be calculated according to Eq. 

(37): 

5�� = 678
⎸67:�678⎸ , 0 ≤ 5�� ≤ 1, < = 1, … , -.                                         (37) 

 

If Cj=1 then rij = A+ (ideal solution) and if Cj=0, then rij = A− (anti-ideal solution). Therefore, the conclusion is 

that the alternative ai is closer to A+ if Cj is closer to the value of 1.  

3 Results 

The ideal solution is calculated according to the stringency level methodology functions (Fig.s 8 for the base 

material and Fig. 9 for the inner cladding) to obtain the maximum stringency level (SLmax=5), whereas the anti-

ideal solution is the value of threshold to obtain the minimum assignation of SL (SLmin=1) as Table 7 indicates. 

Table 8 provides the calculation of the relative closeness (Cj
+) to the ideal solution. 
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According to the stringency level methodology, the best option for reactor pressure vessel manufacturing is the 

use of the forged material DIN 20MnMoNi55 along with the cladding DIN X6CrNiNb 18-10. This result 

enhances the modern practice of reactor pressure vessel manufacturing that consists of welding forged rings. 

Fig. 13 provides the relative closeness to the ideal solution by manufacturing code or standard. 

 

 

 

 

 

 
 

Fig. 13 Relative closeness to the ideal solution by the manufacturing code or standard  

 

As the obtained value of Cj
+ (Table 8) and the Fig. 13 provide, the best option is the selection of German 

manufacturing standards to manufacture the reactor pressure vessel. Once obtained the final results through the 

multicriteria assessment using the threshold obtained by the multiobjective analysis of embrittlement and 

fracture prediction models for the base material and the inner cladding, a sensitivity analysis (Stage D) is 

performed to validate and analyze the integration of multicriteria decision making aspects into the stringency 

level methodology. 

 

Stage D.- Sensitivity analysis and validation of the integrated multicriteria assessment 
 

Performance of the proposed model is evaluated comparing the normalized outputs from the stringency level 

methodology versus the outputs obtained using the multicriteria (MCDM) approach. The sensitivity index (SI) of 

the output is determined using the Eqs. (38) and (39) based on the model proposed by Vijayaraghavan (2015). 

 

�� = ⎸��� !"#$ − � &' !"#$ ⎸                                                                                 (38)                                                                             

)*# =
�+

∑ -.
/
.01

                                                           (39) 

where fSLM(xi) and fMCDM(xi) are, respectively, the normalized values obtain using the stringency level 

methodology and the multicriteria decision making methodology.  

 

Table 8 Calculation of the relative closeness to the ideal solution 
 

Material specification 
rj (mean 

value) 
Sj

+ Sj
- Cj

+ 

Forgings 
(Matrix A) 

ASME SA 533 Gr. B Cl.1 0.47 0.47 0.36 0.43 

JIS G-3120 SQV2A 0.36 0.58 0.25 0.30 

JPB 0.50 0.44 0.39 0.47 

JPC 0.57 0.37 0.46 0.55 

Plates (Matrix 

B) 

ASME SA-508 Cl.3 0.36 0.58 0.25 0.30 

KTA-DIN 20MnMoNi55 0.69 0.25 0.58 0.70 

RCC 16MND5 0.46 0.48 0.35 0.42 

JIS G-3204 SFVQ1A 0.36 0.58 0.25 0.30 

Inner cladding 

(Matrix C) 

Material specification 
rj (mean 

value) 
Sj

+ Sj
- Cj

+ 

AISI 304L 0.35 0.59 0.24 0.29 

DIN X5 Cr Ni 18-10 0.35 0.59 0.24 0.29 

AISI 347 0.35 0.59 0.24 0.29 

DIN X6 Cr Ni Nb 18-10 0.72 0.22 0.61 0.73 

0

0.2

0.4

0.6

ASME/ASTM

(Forgings, plates

and inner

cladding)

KTA/DIN

(Forgings and

inner cladding)

RCC-MR

(Forgings)

JSME/JIS

(Forgings and

plates)

C
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Table 9 provides the sensitivity calculation using the concepts of fSLM (xi) and fMCDM (xi). 

 

The results obtained (Table 9) exhibit that the sensitivity index varies between 0.06 (6%) for the ASME 

code/ASTM standards up to 0.10 (10%) for the JSME code/JIS standards and the RCC-MR code. The mean is 

approximately 0.09 (9%) and it could be considered as a reference measurement of the sensitivity of the 

proposed process (multicriteria stringency level methodology) with respect to the simple stringency level 

methodology, which does not consider dispersion among results. 

4 Conclusions 

A methodology for selecting a combination of materials specifications to manufacture reactor pressure vessels 

has been presented. This new approach considers the evaluation of materials requirements using a multicriteria 

stringency level methodology that defines several thresholds obtained analyzing different prediction models of 

embrittlement and fracture on low alloy steels and austenitic stainless steels operating in the reactor 

environment. 

 

We have defined a multiobjective approach to solve the conflicts among thresholds as provided by different 

prediction models and certain constraints as described by different regulations for the base material and the inner 

cladding. 

 

Applying the improved SL methodology using MCDM concepts, the best option is the selection of German 

manufacturing standards to manufacture the reactor pressure vessel and the material specification DIN 

20MnMoNi55 for forged parts along with the DIN X6CrNiNb 18-10 for claddings. The sensitivity of the 

proposed process (multicriteria stringency level methodology) with respect to the customary stringency level 

methodology has been equal to 0.09, demonstrating that there is convergence between methodologies and a 

reduced variability. 

 

The new methodology exhibits several improvements with respect to the customary stringency level 

methodology; since this novel approach considers multiple prediction models of irradiation embrittlement and 

hot cracking and it uses normalization vectors to allow us make a decision about the best option of material 

specification. 
 

In the future, this methodology can be used in the analysis of different manufacturing codes or standards for 

other demanding applications.  
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