
The investigation of material selection and 
performance for Gas-cooled micro-reactor 

pressure vessel(RPV)

JIAO Shaoyang
2024.3.20



Content Outline

I. Background

II. Material selection analysis；

III. Material property tests；

IV. Conclusion；



I. BACKGROUND-the advantage of  GCMR

High inherent safety；

miniaturization；

Low nuclear safety requirements；

High power generation rate；

Multiple application scenarios。



The design input of RPV

Design temperature: 550℃；

Design pressure: 2MPa；

The accumulated fast neutron fluence at EOF： ≤ 1× 1020n/cm2;

Service environment: helium;

Design code: ASME III-D5。



RPV material selection principle

Specification compliance requirement: use permitted material; 

Service environment requirement: corrosion/ irridiation, etc；

Maturity and accessibility: best to have engineering experience;

Fabrication requirement: convenient to process;

Light weight: facilitate transporation。



II. Material selection analysis
------Material grade of different type RPV

Reactor type Design 
temperature（ ℃）

Design pressure
（ MPa）

Fast neutron fluence
（ E＞ 1Mev） Material grade

AP1000 343 17 ~9× 1019（ 60a） SA-508 Gr.3 Cl.1

M310 343 17 ~7× 1019（ 40a） SA-508 Gr.3 Cl.1

HTR 350 8 2.42× 1018（ 60a） SA-508 Gr.3 Cl.1

PBMR-DPP
（ South Africa） 280 9 - SA-508 Gr.3 Cl.1

GT-MHR 495 7 - 9Cr-1Mo-V（ concept design）

HTTR
(High temperature 

test reactor)
440 4.7 ~1× 1017（ 20a） 2.25Cr-1Mo

Sodium-cooled fast 
reactor 440 0.06 2.02× 1017（ 40a） 316H

Thorium-based
molten salt reactor 650 0.25 UNS N10003

GCMR 550 2 1× 1020 ？？



The permissible material grade for RPV
in ASME-III-D5



Maximum allowable stress intensity for design condition 
calculations



2.1 Weight effect
2.25Cr-1Mo 9Cr-1Mo-V 304H 316H 800H

Allowable stress/S0
（550℃）

48 102 74 88 89

Thickness of 
cylindrical shell（mm）

83.7 38.8 53.7 45.0 44.5

Thickness of spherical 
shell（mm）

41.9 19.4 26.8 22.5 22.2

weight（ton） 42.3 19.1 26.7 22.3 22.0

Note: calculate the minimum wall thickness as specified in ASME-III-NB3324. 

91 is the lightest, 22 material is heaviest, 304/316/800H close；



2.2 Irradated degradation effect
For ferritic material ,when the fast neutron 

fluence exceeds 1*1017n/cm2, the reactor vessel 

need to design a surveillance program, due to 

the fast neutron irradiation damage; 

where as for the austenitic stainless steel, 

what’s the effect and critical value of fast 

neutron irradiation?



Effect of neutron irradiation on the mechanical 
properties of 304 

Property
Test 

temperatu
re

Irradiation 
conditions

Irradiated 
specimen

Unirradiate
d specimen %Change Reference

（ specimen number)

Offset yield 
strength， Rp0.2

1100℉
（ 593℃）

1.4× 1022n/c
m2

E＞ 0.1MeV
1004℉

（ 540℃）

36ksi 15ksi +140 10

Ultimate tensile 
strength， Rm

46ksi 47ksi -2 10

8% 55% -85 Unirradiated ,10;
Unirradiated, 11;Total elongation

1.4× 1022n/c
m2 72h 110h -35 12Rupture time for 

30-ksi stress

1.6× 1022n/c
m2

E＞ 0.1MeV
1100℉

（ 593℃）

1× 10-4h-1 4.8× 10-4h-1 -72 13
Minimum creep 

rate for 30ksi 
stress



Fluence limit for 304 stainless steel at different temperature

Fluence limit for type 304 stainless steel

the cirtial fast neutron fluence
at 550℃ is approximately 
1.5× 1022n/cm2.



The effect of neutron irraidation on material selection

(1)According to the material service experience in PWR and 《 Reactor material science》 , it’s 

generally believed that austenitic stainless steel has obvious irradiation effect after 1021 n/cm2

irradiation fluence, and the ferritic steel is about 1018n/cm2.

（ 2） The effect of fast neutron irradiation on ferritic material (2.25Cr-1Mo, 9Cr-1Mo-V)need to 

be considered, the effect of fast neutron irradiation on austenitic stainless steel material on 

(304/316) can be ignored, the effect of fast neutron irradiation on 800H need to be studied. 



2.3 Fabrication effect
Material Fabrication difficulty Welding difficulty

2.25Cr-1Mo easy easy

9Cr-1Mo-V Diffcult for big forging diffcult

304 easy easy

316 easy easy

800H easy easy



2.4 Service experience

2.25Cr-1Mo used as RPV in HTTR；

9Cr-1Mo-V, no service experience；

316H, used as RPV in Sodium-cooled fast reactor;

304, no service experience;

800H, no service experience.



2.5 Advantages for 316H for RPV of GCMR-316H 

Good high-temperature property, and mature service experience as RPV;

The neutron irradiation damage can be ignorable;

It’s light with less weight and helpful for vehicle transportation;

It’s relatively simple to manufacture and weld. 



III. Verification of material performance as required in 
ASME code

Creep rupture verification test；

Thermal aging effect；

Irradiation simulation test with 

ion injection ；

Corrosion performance in the 

helium with impurities；



Test material composition(wt%)-316H

C Si Mn P S Cr

0.04-0.06 ≤0.60 1.0-2.0 ≤0.030 ≤0.020 17.0-18.0

Ni Mo Al Sb B Co

11.0-12.5 2.5-3.0 ≤0.05 ≤0.02 ≤0.003 0.02

Pb Se Sn V Zn N

≤0.003 ≤0.015 ≤0.015 ≤0.05 ≤0.01 0.04-0.07

As reruired in HBB-U-I, the melt method shall be AOD OR AOD/ESR.



3.1 Creep property in ASME-III-D5



Stress rupture test results
number Temperature

（ ℃）
Test stress in the 

code（ MPa）
Stress to

rupture time
（ h）

Test stress in
the code

（ MPa）

Stress to
rupture time

（ h）

Test stress in
the code

（ MPa）

Stress to
rupture time

（ h）

1 550 268
（ 1000h）

1717

230（ 3000h）

3419
203

(10000h)

＞ 8000

1577 3358 ＞ 8000

1629 3505 ＞ 8000

2 575 223
(1000h)

1300

194
(3000h)

4042

169
(10000h)

＞ 8000

1242 3794 ＞ 8000

1148 4071 ＞ 8000

3 600 185
(1000h)

1505

159
（ 3000h)

4251

136
(10000h)

＞ 8000

1417 4010 ＞ 8000

1573 4328 ＞ 8000



3.2 Thermal aging test

After thermal aging at 550℃/7000h, the hardness of the sample 
did not change much, and the carbide precipitated along the grain 
boundary. 



3.3 Irradiation damage simulation

The neutron fluence was converted to dpa, which is about 0.01dpa; Fen+ was used to 
simulate neutron inrradiation at a depth of 1-1.5μm， and there is none damage 
phenomenon. 



3.4 The corrosion test in helium with impurities

Impurity
Volume 

concentraton
(ppm,10-6)

10xVolume 
concentration

(vol%,10-2)

100xVolume 
concentration

(vol%,10-2)

1000xVolume 
concentration

(vol%,10-2)

CO2 6 0.006 0.06 0.6

H2 30 0.03 0.3 3.0

CO 30 0.03 0.3 3.0

CH4 5 0.05 0.5 0.5

N2 2 0.02 0.2 0.2

O2 2 0.02 0.2 0.2

He Bal Bal Bal Bal



Corrosion test results

The corrosion phenomenon at 10 times volume concentration at 550 ℃ 

The corrosion phenomenon at 1000 times volume concentration at 550 ℃ 

optical

SEM



Corrosion products along GB

Corrosion products  at surface

Matrix

SEM cross-section  corrosion test results after 1000h at 550℃ with 1000 times volume concentration



4. Conclusion
The stress-rupture of 316H with specific melting method was higher than the values 

stipulated in the code;

The carbide precipitated along grain boundary after 7000h at 550℃, whereas no 

brittle phase precipitated, thus the thermal aging effect is not sensitive;

The irradiation damage at the required fast neutron fluence (0.01dpa) can be 

negligible;

The corrosion effect in the helium with impurities in certain range can be negligible;

It can be determined that 316H can be used as GCMR-RPV material.  



Thanks for your attention!
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