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ABSTRACT 

 

Crack tips of crack fields in the base material of pressure vessels undergo predominantly mixed-mode 

loading conditions under internal pressure, when the orientations of these fields are laminar or quasi-laminar 

to the pressure retaining surface. Furthermore, the induced stress and strain fields of the single crack tips 

influence each other. Indications of a high quantity of cracks from non-destructive testing measurements 

were determined in a root cause analysis as hydrogen flakes positioned in segregated zones in the base 

material of pressure vessels of Belgian nuclear power plants. In this paper, experimental results from 

notched tensile specimens, CTS-specimens and tensile specimens containing multiple flaws are presented. 

Additionally numerical simulations are carried out with an extended micromechanical based damage 

mechanics model. For the description of ductile failure mode the Rousselier model is used. To simulate the 

sensitivity for low stress triaxiality damage by shear loading, the damage mechanics model was enhanced 

with a term to account for damage evolution by shear. In this paper, the current state of the ongoing research 

project is presented. 

Keywords: Rousselier, integrity, damage, mixed-mode 

 

INTRODUCTION 

 

A large number of crack-like findings in the ferritic wall were detected during routine ultrasonic 

investigations of the reactor pressure vessels (RPV) in the Belgian nuclear power plants Doel 3 and Tihange 

2 in 2012. Further investigations and a root cause analysis lead to the conclusion that the indications are 

hydrogen flakes, which arose during the production of the RPV. The hydrogen flakes are located within 

segregation lines with an inclination of 0° (laminar) to 16° (quasi-laminar) to the pressure-retaining surface. 

The size of the hydrogen flakes vary from a few millimeters to several centimeters [Doel 3 (2012), Tihange 

2 (2012)]. 

For the safety-related integrity assessment of pressurized components with multiple flaws, 

standards and guidelines are using interaction criteria and substitution procedures for the evaluation of 

multiple flaws [FKM (2009), ASME (2015), ASME (2016)]. These interaction criteria are based on linear-

elastic fracture mechanic and experiments based on pure mode I [Hasegawa et al. (2009), Lacroix et al. 

(2015)]. 

The aim of the presented research work is to develop interaction criteria based on a damage 

mechanical approach. Damage mechanics allow predicting the local plastic deformation as well as the 
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failure mechanisms for any given geometry from the stress and strain state [Beremin (1983), Rousselier 

(1987), Seidenfuß et al. (2014)]. The investigated failure mechanisms are stable crack initiation and stable 

crack growth as well as cleavage fracture probability. These failure mechanisms can occur in the ductile-

to-brittle transition region of material toughness. The investigation of this region is important, because of 

the embrittlement of material due to radiation, aging or low temperatures [Schuler et al. (2015)]. 

In this paper a material characterization is done with notched round bars and shear (CTS) specimens 

to investigate the influence of temperature and different stress states on the damage behavior. Furthermore, 

tensile specimen with artificial crack fields are manufactured and tested. 

 

EXPERIMENTAL RESULTS 

 

In the current phase the experimental investigations are expanded to a wide temperature field from room 

temperature (RT ≈ 20°C) till T = -180°C to investigate the influence of the stress triaxiality on the lower 

shelf temperature of the ferritic low alloy steel 22NiMoCr3-7.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Elongation till failure vs temperature for notched tensile specimen 

with notch radius R = 2mm and R = 8mm. 

 

In Figure 1 the elongation of notched tensile specimen till failure vs temperature is shown for two 

notch radii R = 2mm and R = 8mm. Besides the lower ductility of the specimen with R = 2mm (less 

elongation) the lower shelf temperature of the sharper notched specimen is in the range of T = -160°C and 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic of a CTS-specimen and its clamping 

CTS-specimen 

geometry like a 
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is higher then the temperature of the notched specimen with R = 8mm. Besides the tensile test, so called 

Compact Tensile Shear (CTS) specimens are tested [Richard et al. (2013)], to investigate the material 

behavior for mode II and two mixed-mode loadings (30° and 60°). The CTS specimen is based on a 

Compact Tension (C(T)15-) specimen with a fatigue pre-crack. To realize the different loading angles a 

special clamping is used, see Figure 2. These CTS-specimens under mixed-mode loading were tested at 

different temperatures to determine the temperature between ductile and brittle failure, see Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Elongation till failure and till maximum load vs temperature for 

CTS specimens under pure mode II and mixed-mode loading. 

 

Also for CTS specimens the lower shelf temperature of the material depends on the stress state due 

to the loading angle. For a mixed-mode loading under 30°, the lower shelf temperature is in the range of T 

= -120°C whereas for mixed-mode loading under 60° the temperature is around T = -160°C. For CTS-

specimen under pure mode II, the lower shelf temperature is below T = -180°C, because ductile regions in 

the range of 50µm are observed on the crack surface, see Figure 4 (SEM = Scanning Electron Microscope). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. CTS-specimen under pure mode II tested at T = -180°C: 

SEM image of the fracture surface with ductile region. 
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https://www.bing.com/ck/a?!&&p=c2e4908ace52f3d90c1e37badb00ef7b74b392cb90efa4d7f5aa5a8d592e0839JmltdHM9MTY0ODcxNjM0MiZpZ3VpZD1hYmQ5Y2JiOC03ZTg1LTQ1MzEtODQyNy1mOTg4MzBjMTkxNDQmaW5zaWQ9NTIwNQ&ptn=3&fclid=f271e8f2-b0ce-11ec-b6c3-75f55dba9f49&u=a1aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvU2Nhbm5pbmdfZWxlY3Ryb25fbWljcm9zY29wZT9tc2Nsa2lkPWYyNzFlOGYyYjBjZTExZWNiNmMzNzVmNTVkYmE5ZjQ5&ntb=1
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Besides the material characterization of the material 22NiMoCr3-7, experiments are carried out to 

investigate the failure behavior of specimens with artificial crack fields. In Figure 5 an artificial crack field 

specimens is shown. The artificial trough-thickness cracks are eroded in the middle of the specimens and 

have a crack tip radius of 0.15mm. 

 

 

 

 

 

 

Figure 5. Typical specimen for the investigation of artificial 

crack fields from 22NiMoCr3-7. 

 

Lacroix et al. (2015) derive interaction rules for quasi-laminar flaws. This work is based on 2D 

eXtended Finite Element Method (X-FEM) calculations. From this calculations, the following proximity 

rules are defined as: Two quasi-laminar flaws shall be grouped (or interact) if the threshold parameters kh 

= H/D and ks = S1/D reaches the values given in Table 1 (an additional margin of 20% is considered to 

determine the threshold parameters kh and ks). The interaction curves are shown in Figure 6. In the regions 

outside the curves, no crack interactions are assumed. 

 

Table 1: Comparison of interaction criteria threshold between 2D and 3D cases 

(H = horizontal distance of the flaw tips, S1 = vertical distance of the flaw tips, 

D = half flaw size). 

 

 Elliptical flaw 

(3D) 

Infinite flaw 

(2D) 

Alignment criterion 

threshold kh = H/D 
0.34 0.85 

Combination criteria 

threshold ks = S1/D 
0.73 2 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 6. Interaction curves and associated interaction criteria: Comparison between 2D and 3D. 

A and B are the investigated flaw configurations (Lacroix et al. (2015)). 
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In this paper, two kinds of flaw configurations are investigated (Figure 7). In flaw configuration A, 

both, the horizontal and the vertical distance of the flaw tips are 4.5mm with a flaw size of 7.5mm. The 

H/D ratio and the S1/D ratio is each 1.2. In flaw configuration B, the vertical distance S1 of the flaw tips is 

zero and the horizontal distance H is 3.75mm which leads to a ratio H/D  = 1 and S1/D = 0. Both flaw 

configurations are marked in Figure 6. 

 

 

 

 

 

 

 

 

 

 

 A B 

 

Figure 7. Flaw configuration A with H/D = S1/D = 1.2 and flaw configuration B with H/D = 1 and 

S1/D=0. Half flaw size and flaw angle are D = 3.75mm and  = 20°, respectively. 

 

As can be seen in Figure 6, the distance between the interaction curve (2D case curve (infinite 

flaws)) and flaw configuration A is quite larger than the distance of configuration B. In both cases it is 

expected, that the flaw tips do not interact and must not be grouped, respectively. Both flaw configurations 

are tested at T = -60°C and T = -100°C. Figure 8 shows the fractured specimen. As expected from the 

interaction curve there is no interaction of the flaw tips for flaw configuration A for both temperatures T = 

-60°C and T = -100°C. However, the flaw tips in configuration B interact for both temperatures, which is 

in contrast to the interaction curve given in Figure 6. 
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Figure 8. Fractured flaw field specimen; A1: Flaw configuration A at T = -60°C ; A2: Flaw configuration 

A at T= -100°C ; B1: Flaw configuration B at T = -60°C ; B2: Flaw configuration B at T = -100°C. 
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NUMERICAL RESULTS 

 

Numerical simulations are carried out with extended micromechanical based damage mechanics models. 

For the description of ductile failure mode the Rousselier model is used (Rousselier et al. (1987)). 

The original Rousselier model shows good results for high and intermediate stress triaxiality. To predict 

shear failure with low stress triaxiality the Rousselier model is extended with an additional term (Gauder et 

al. (2020)). A detailed description of the extended model is given in Fehringer et al. (2018). 

Figure 9 shows the comparison between the experiment and the simulation for flaw configuration 

A (left) and flaw configuration B (right) for both temperatures T = -60°C and T = -100°C. Except flaw 

configuration B at T = -60°C, where the simulation fails before the experiment, there is a good agreement 

between the numerical and the experimental results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Force-elongation curves for flaw field configuration A (left) and 

flaw field configuration  B (right): Experiment and simulation. 

 

 

CONCLUSION AND OUTLOOK 
 

As expected, the transition temperature and the lower shelf temperature depend strongly on the stress 

triaxiality. The less the stress triaxiality, the less is the transition temperature. Notched tensile specimen 

with notch radii of R = 2mm reach the lower shelf at T = -160°C where as the specimen with R = 8mm is 

still ductile al T = -180°C. 

In the case the of mixed-mode loaded CTS specimens the temperature decreases from mixed-mode 

loading (30° over 60°) to mode II loading. For mode 30°, the lower shelf temperature is in the range of T = 

-120°C whereas for mode 60° the temperature is around T = -160°C. Under mode II the lower shelf 

temperature is below T = -180°C because the crack surface of this specimen, tested at T = -180°C shows 

ductile regions in the range of 50µm. 

The experimental investigation of two kinds of flaw configurations shows, that the characterization 

rules for quasi-laminar flaws, which predicts no interaction of the flaws, are not valid for one investigated 

flaw configuration. The numerical simulations with the extended micromechanical based damage 

mechanics model show a good agreement with the experimental results. 

For a better numerical description of the failure behaviour of specimens at low temperatures a 

combined damage model (mod. Rousselier - mod. Beremin) [Final Report (2019)] will be used in the 

ongoing research project. 
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