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The Very High Temperature Reactors (VHTR) of the Generation IV international project are 
characterized by some common features: 

- graphite fuel assemblies or pebbles; 
- helium coolant with high inlet and outlet temperatures; 
- fuel with low power density; 
- metallic pressure vessel. 

Therefore, they are considered as inherently safe, even in the case of a depressurization 
transient, since the reactor residual power should be removed by conduction through the vessel 
and transferred by radiation. The NRI-Rez document “Materials Under Enhanced Operational 
Parameters of Advanced Nuclear Power Plants” from Milan Brumovský, is given in Appendix 
1, and describes the loading parameters and the different possible materials that could be used 
inside a VHTR.  
As the gas coolant is at high temperature, the vessel itself could be at a mean temperature up to 
420°C during nominal conditions. That is the reason why advanced martensitic steel could be 
chosen for the vessel (P91 or T91, i.e. 9Cr1Mo mod). This steel has high mechanical design 
stress (Sm), and can be welded even in high thickness. But the creep strength, aging and 
irradiation resistance of this metal must be investigated, especially by experimental tests.  
In the framework of RAPHAEL-IP project, which is part of the 6th FWP, the materials are 
studied in the SP-ML material Sub Project. It is planned to focus on irradiation, creep and 
creep/fatigue damages, inside the WP1 Work Package. Finally, the task 2 deals with creep 
damages and is the subject of this document (Deliverable ML1.2 of [1]).  
First the problem of Weld Joint Factor for Design Codes is discussed in the CEA document 
“Large scale tests on 9Cr1Mo mod tubes with circumferential welds in creep regime. 
Specification of the experimental programme and parametric finite element calculations. 
Deliverable ML1.2 of Raphael-IP SP4/WP1/TASK 2”, included in Appendix 2, pointing out 
the interest to use numerical methods in order to understand the behaviour of these complex 
assemblies.  
Then, some practical aspects of the validation tests are given, concerning the experimental rig, 
the material procurement, the instrumentation of the specimens, and the planning of the 
programme. 
Finally, a unified model for creep flow and damage representation is also described. It was first 
applied by V. Gaffard [2] on 9Cr1Mo mod steel at 625°C. Some parametric calculations have 
been performed with this model to investigate the effect of vessel and weld dimensions, and the 
results are shown in this report. The equivalent stress that must be used for creep design has 
been also studied. The numerical results allow us to propose an experimental creep test for the 
validation of the approach.  
 
[1] 6th Framework Programme, RAPHAEL-IP, Annex 1 – « Description of Work », Euratom 
call Nuchtech-2004.3.4.1.1-1 
 
[2] V. Gaffard, « Experimental Study and Modelling of High Temperature Creep Flow and 
Damage Behaviour of 9Cr1Mo-NbV Steel Weldments », Ph.D Thesis of the Ecole des Mines 
de Paris, December 13th, 2004 
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Abstract 

NRI Rez, plc, created this report as a contribution to the D-ML-1-2 project: Specification 

of test programme for vessel features tests in the context of RAPHAEL project, WP-

ML1: Vessel Material.  

 

The report summarizes results of projects, analyses of particular materials used for main 

components of GEN IV reactor types, especially for reactor vessels. The report also 

focuses on the results of possible special materials used on experimental works 

(mechanical tests including non-irradiated and irradiated state). 



 

1. Introduction  
 

Parameters of advanced nuclear power plants (NPPs), especially reactor pressure 

vessels are generally higher, than in the case of existing NPPs, whether considering 

power-pressure reactor type, boiling-water reactor type, fast reactor type or gas-cooled 

reactor type. 

 

There are three types of new generation reactors GEN IV under consideration: 

1 High-temperature gas-cooled reactor, 

2 Super-critical water reactor, 

3 Fast reactor with the coolant on the base of Pb-Bi (or based on similar 

metals). 

 

This report, above all will be focused on materials for reactors working with thermal 

neutrons for their parameters considerably differing from already existing operated 

reactors types PWR/BWR or GCR.  And for which realization will be necessary to 

complete selection and wide-broad experimental & technological works. 



 

2. Main parameters of GEN IV reactor types 
 
 
Main reactor types, which are defining operational conditions and parameters, are 

summarized in the following Table 2.1. 

 
Table 2.1:  Overview of considered reactors for GEN IV 
 

 

Following main operational parameters are ensuing from above-mentioned reactor 

projects. Table 2.2 is summarizing these parameters. 



 
 
Table 2.2:  Main operational parameters of reactors for GEN IV 
 

 
 
 
Legend: 

NGNP  High-temperature gas-cooled reactor 

SCWR  Super-critical water reactor 

GFR  Gas-cooled fast reactor 

LFR     Lead-cooled fast reactor 
 
 
Considering operational parameters, reactor types and experience with similar reactor 

types in Czech Republic, the main focus will be concentrated in next to the following 

two-types of reactors – NGNP = VHTR and SCWR. These two reactor projects are very 

close to experimental and technological base in Czech Republic. 



 

3. VHTR = NGNP Reactor Type 
 

This part will be addressed to main components of the VHTR reactor type and to main 

candidate materials, for which some data are known or which seems to be perspective 

in point of their characteristics and composition. 

3.1 PRESSURE VESSELS  
Reactor pressure boundary is practically compact arrangement of three pressure 

vessels: 

1. Reactor pressure vessel, 

2. Cross vessel, 

3. Power conversion vessel. 

Typical scheme with comparison of present PWR reactor dimensions of reactor vessels 

is shown in Figure 3.1. 

 

Figure 3.1:  Scheme of present PWR reactor dimensions of reactor vessels 

 



 
3.1.1 PRESSURE VESSEL OF THE REACTOR 
 

Scheme of the reactor pressure vessel is shown in Figure 3.2. The main parameters 

given by designers are summarized in Table 3.1.  

 

 

Figure 3.2:  Scheme of the pressure vessel of the VHTR=NGNP reactor type 



 
Table 3.1:  Comparison of reactor pressure vessels parameters and dimensions  

 according to different projects 

 
  

After comparison of above-mentioned reactor pressure vessels parameters with 

parameters of operated pressure vessels of PWR/VVER reactor types, it can be stated 

that operational temperatures are significantly higher (up to 495 °C) than it is in the case 

of PWR/VVER reactors (up to 320 °C). This increased parameter will lay emphasis on 

materials with higher thermal stability, especially against creep and thermal aging. 

Increased diameters of vessels and so dimensions of ingots will require next 

technological research in the field of metallurgy, mechanical working and also welding.  



 

3.1.2  CROSS-VESSEL 
 

Scheme of the vessel is shown in Figure 3.3. Outer diameter of the vessel is considered 

about 2.5 m and thickness about 100 mm. The temperature seems to be the critical 

parameter of the vessel – temperature of helium at the reactor output will be c. 1000 °C 

and temperature of the cross-vessel will depend on its construction, i.e. on fixation of its 

insulation. It is assumed the use of ceramic materials to ensure that the temperature will 

be close to temperature of helium at the reactor input, i.e. 490 °C. It is estimated, that 

the temperature will culminate in the range 550 °C - 490 °C. 

 

 

 

Figure 3.3:  Scheme of the cross-vessel 



 

3.2 SECONDARY VESSEL 
 

This secondary vessel contains turbine, turbogenerator and heat exchangers needed to 

ensure parameters of helium, heated-up to 490 °C and pressurized between 7.4 and 8.0 

MPa. Vessel height will be c. 34 m and its thickness from 100 to 300 mm. The 

temperature should culminate around 200 °C in the case of emergency modes around 

300 °C. Scheme of the vessel is presented in Figure 3.4. 

 

 

Figure 3.4:  Scheme of the secondary vessel 



 

3.3 OPERATIONAL PARAMETERS OF PARTICULAR VESSELS 
 

Operational parameters of particular vessels are summarized in following Table 3.2. 

 

Table 3.2:  Main parameters of pressure vessels of the primary circuit (pressure  
boundary) 

 

  
 

After comparison of these parameters with existing parameters for pressure vessels of 
the for example PWR reactor type, it can be stated, that: 
 

v  fluences of neutrons are comparable or lower than present PWRs 

v  operational temperatures are higher than present PWRs 

v  operational pressures are lower than at PWRs, close to BWRs 

v  dimensions of pressure vessels are generally higher than at PWRs 



 

3.4 PROSPECTIVE MATERIALS 
 

Selection of suitable materials depends on actual state of standards, which are giving 

maximal permissible operational temperatures for particular materials - based on 

existing database of mechanical characteristics including short-term characteristics as 

tension characteristics, ductile fractures and long-term characteristics as creep, fatigue 

(synergism).  

 

Actual state of maximal permissible operational times and temperatures, explicit in the 

ASME code, subsection NH, is shown in Table 3.3. 

 

Table 3.3:  Maximal permissible operational times and temperatures for particular  

   materials according to ASME code, Subsection NH 

 

 
 

It can be concluded from this review that none of above-mentioned materials meet the 

requirements to be a suitable material. It is necessary to put more effort on research of 

new prospective materials between which the following materials belong in particular: 

9Cr-1MoVNb, 7-9Cr2WV, 12Cr-1MoWV, 2.75Cr-1MoV, 2.25Cr-1Mo, austenitic 

materials. 



 
3.4.1 The 9Cr-1MoVNb TYPE 

This class of materials is used at present and it has a large material database. For 

example 9Cr-1Mo-V (grade91) is allowed to be used up to 649 °C for components of 

classes 2 and 3 in accordance with ASME code, Section III and finishing the approval 

for components of class 1 in Subsection NH.      

Concurrently, there are limits for the use from the point of temperatures, thickness of 

semi-finished products, etc. 

It is possible to consider modifications in the frame of this material type, as 9Cr-1MoWV 

(grade 911, 92). Temporary results show increased strength under high-temperature 

conditions. 

Notched bar toughness of these steels is quite bit worse than at present reactor 

pressure vessels as seen in Figure 3.5.  

 

 

Figure 3.5:  Thermal dependence of notched bar toughness of the 9Cr-1MoV steel 

type with transient temperature c. 20 °C 

 



 
Results of fracture toughness tests of the same material with evaluation according to 

Master Curve conception are summarized in Figure 3.6. 

 

 

Figure 3.6:  Results of fracture toughness of the same material as presented in  

Figure 3.5 

 

Notched bar tests results of similar material - 9Cr-1Mo type after irradiation by fluence 

13 dpa are shown in Figure 3.7. It is essential to note that radiation embrittlement 

(characterized by transient temperature difference) was greater during temperatures 

under 450 °C in the range of the irradiation temperature 390 - 550 °C: 

 

 

 

 

 

 



 
 

 

Figure 3.7:  Thermal dependences of notched bar toughness of 9Cr-1Mo material type  

after irradiation by fluence 13 dpa in the range of temperatures 390 - 550 °C 

 

3.5.2 The 7-9Cr2WV TYPE 

Alloys of this type are developed in the frame of fusion programs. So far a small 

database of their characteristics exists, but some of them extend higher strength 

properties. Steels F82H (7,5Cr2WV), JLF1 and EUROFER (9Cr2WV) are good example 

of this type. 

The advantage of these materials is the fact, that they have been developed with the 

aim of low-induced activity during the operation, which is a significant advantage during 

reactor shutdowns and decommissioning (dismantling). 

 



 
Typical results of fracture toughness tests are shown in Figure 3.8. The transient 

temperature T0 is considerably lower according to Master Curve conception than it is in 

the case of previous material  – 9Cr-1MoV. 

 

 

 
Figure 3.8: Thermal dependence of fracture toughness of the material type - F82H = 

7,5Cr2WV 

 

Irradiation results of this material show relatively small transient temperature shift during 

the irradiation temperature 377 °C, but significantly greater shift during the irradiation 

temperature 250 °C as can be seen in Figure 3.9.    

 

 

 



 
 

 

Figure 3.9:  Thermal dependence of fracture toughness of non-irradiated and irradiated 

material type F82H = 7,5Cr2WV. 

 

Results of irradiated tests are at same time show that changes of mechanical properties  

(transient temperature shift and yield strength growth) are in accordance with results of 

ferritic steels tests for pressure vessels of the PWR/BWR reactor types, as seen in 

Figure 3.10. 



 
 

 

 

Figure 3.10: Correlation between yield strength growth and transient temperature 

shift for materials of reactor pressure vessels. 

 

3.5.3 The 2.75Cr-1MoWV TYPE 

This type of material shows good strength properties under high temperature conditions. 

However, it is a new material and only a small database of its properties exists. It has 

practically two times higher strength characteristics than steels SA 508 Grade 3 (at 

present used as RPV material for LWR) under consideration of same thickness of semi-

finished products.    

Present works show that there will be no needs to realize thermal processing of welded 

joints after welding.    

The 2.75Cr-1MoV material type is developed in Russia in the frame of this class.   

 

 



 
3.5.4. The 12Cr-1MoWV TYPE 

This material is also marked as HT9. It is the oldest one from the 12Cr-1MoWV material 

group. A large database of characteristics exists, but this type of material has worse 

properties than 9Cr-1MoVNb. 

There are next modifications of this alloy based on 12Cr, which have better properties 

than HT9. For example, HT12A has a good database and ASME, Code Case 2189 

allows its use up to temperature 649 °C for applications according to Sections I a VIII. 

The same material is marked as SAVE12 with good strength characteristics under high-

temperature in Japan.     

The 12YWT alloy type can be considered in the same material group. It is an dispersion 

strengthened material with oxides of the Y203 type 12Cr-3W-0,4Ti+0,2 Y203. This alloy 

has enhanced strength characteristics, as shown in Figure 3.11.  

 

 

 

Figure 3.11:  Comparison of the yield point thermal dependence of 12YWT and 9Cr-

2WTa material types 

 



 
This material shows considerably better resistance against fragile damage characterized 

by transient temperature of fracture toughness as can be seen in Figure 3.12. 

 

 

Figure 3.12: Temperature dependence of fracture toughness of materials F82H and 

12YWT. 

 

3.5.5 The 2.25Cr-1Mo TYPE 

This type of material is widely used and a large database of its mechanical 

characteristics exists. However, it would require reduction of the operational 

temperature, because its high-temperature strength characteristics are under previously 

mentioned materials. Materials of this type can be applied to reactor vessels operated 

under lower temperatures, as for example HTTR (High Temperature Test Reactor) in 

JAERI.   



 

3.5.6 CLASS OF AUSTENITIC MATERIALS  

A large database of material characteristics for this type of steels including behavior in 

helium environment with different impurities already exists. Strong experience also 

exists with fabrication and operation of these materials under different environment and 

radiation.   

Its strength properties are lower than at previous ferritic-martensitic steels, but they do 

not decrease rapidly with temperature increase. Its strength under the temperature 650 

°C is lower than it is required, but the advantage of these materials is their metallurgy 

stability under high temperatures including abnormal conditions.   

Generally, austenitic steels have great resistance against oxidation and corrosion in 

many environments, but they are not immune against degradation in some usual 

environments.   



 

4. Conclusion 

Present state of knowledge about project assumptions and project parameters of  

GEN IV reactor types supported the selection of candidate materials for particular main 

components of GEN IV reactors. 

Research and development of suitable materials will require strong effort to obtain 

sufficient database of high-temperature properties and to continue in the technological 

development – fabrication of big ingots and forgings, their consecutive welding and 

thermal processing. 

Overview of main parameters for particular reactor types and candidate materials is 

shown in following Table 5.1. 
 

Table 5.1:  Overview of requirements for components GEN IV 
 

REACTOR 
TYPE 

COOLANT 
TEMPERATURE 

Tin/Tout [°C] 

REPREZENTATIVE COMPONENTS AND 
CANDIDATE MATERIALS 

NGNP – 
VHTR 

650/1000 9Cr(9Cr-1Mo) or 12Cr steels for RPV, 
Ni-alloys for components with high temperature of gas 

GFR 490/850 9Cr or 12Cr martensitic steels or 2 ¼ Cr- 1Mo steels 
for RPV, 
Ni-alloys, AISI 316 or 9Cr ODS for components with 
high temperature of gas 

SCWR 280/500 SA508 Grade 3 or higher SA508 Grade 4N or 
developed 3Cr-3WV steels for RPVwith insulating 
vessel neck 
9Cr-1Mo steels or austenitic steels or their 
modifications for non-insulating vessels and for high-
temperature steam piping 

-/550 
(coolant Pb-Bi) 

 

LFR 

-/750-800 
(cooled by pure 

Pb) 

AISI 304  3126 austenitic steels or  their modifications 
for reactor vessels, 
2 ¼ Cr-1 Mo or 9Cr-1Mo for heat-exchangers,  
improved austenitic steels or ferritic-martensitic steels 
for inner parts of the reactor; 
high-temperature alloys for vessels and heat-
exchangers, possibly high-temperature metals or 
ceramics for inner parts of the reactor 
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