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SUMMARY

I. Project title

Characterization of Liquid Metal Reactor Materials

n. Objective and Importance of the Project

Liquid metal reactor (LMR) has been taken an attention as the

advanced reactor in 21st century since the LMR has the advantages of

utilization of uranium resource by 60 times or more than PWR, and the

inherent security. The material database of the LMR technology has

been growing as a significant factor to increase the operating

temperature and to confirm the structural integrity.

Austenitic stainless steel is used for the structural material of

(LMR) because of good mechanical properties at high temperature. In

order to operate the LMR at higher temperature stainless steel has

been developed to achieve more resistance to temperature by adding

minor element. Of many elements, nitrogen is a prospective element to

modify type 316L stainless steel because nitrogen is the most effective

element for solid solution and because nitrogen retards the precipitation

of carbide at grain boundary.

LMR heat transfer tube materials are subjected to contact with

liquid sodium and water. Therefore the materials are required to be

resistant against the corrosion and stress corrosion cracking in liquid

sodium and water. 9Cr-lMo steels are recommended beacause of its

high resistance against stress corrosion cracking and decarburization in

liquid sodium. It is, however, necessary to improve the high

temperature mechanical properties of the 9Cr-lMo steels in order to

use for a practical heat transfer tube material.

LMR core materials are operated under the more severe environment

than that of PWR core materials. LMR core conditions are described as
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follows : subjected to the higher operating temperature, the high fast

neutron flux region, and the liquid sodium coolant. Thus it is necessary

to ensure the performance of materials in those environments.

Microstructure, creep rupture strength and swelling behavior are

changed by irradiation of fast neutron. In the early stage of LMR

development, type 316 austenitic stainless steel was chosen as core

material due to the good high temperature mechanical properties,

corrosion resistance, and weldability. But void swelling of type 316

austenitic stainless steel turns out to be the critical factor in using

LMR core materials. So new materials have been developed to ensure

the integrity of LMR. Many researches were made with the BCC

structure materials because these materials have better void swelling

resistance. The martensitic/ferritic stainless steels have good void

swelling resistance, but bad mechanical properties in high temperature.

Therefore further research is needed to improve the high temperature

mechanical properties.

The objectives of this project are to assess the material

requirements for LMR environment, to select the optimum material

candidates for KALIMER components, to characterize the high

temperature properties for establishing a database of the materials, and

to develop the basic material technologies for localization of the

advanced materials.

HI. Scope and Contents of Project

Stainless steel ingots were melted by VIM and hot-rolled to plate

with the thickness of 15mm. The plate was solution-treated for 1 hr at

1100 °C and then water-quenched. Specimens were taken parallel to the

rolling direction of the plate. The effects of nitrogen and phosphorus

were tested on the high temperature mechanical properties of 316MRP

(liquid Metal Reactor, Primary candidate material) stainless steels with
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the different nitrogen contents from 0.04 to 0.15% and with the

different phosphorus content from 0.002 to 0.02%.

Heat treatment was performed to investigate the changes in

microstructure and mechanical properties of Cr-Mo steels for LMR

heat transfer tube materials and core materials. The Cr-Mo steels were

normalized at the temperatures between 900°C and 1200°C for lhrs and

tempered at the temperatures between 500°C and 800°C for 2hrs.

Conventional optical and electron micrographic studies were carried out

to investigate the martensite lath structure, carbide identification and

carbide shapes.

Vickers microhardness properties was measured at room

temperature using lOg load. Tensile properties were performed at high

temperature. Charpy V-notch impact tests were also tested at

temperature between -120°C and +180°C.

IV. Results of Project

Tensile tests were conducted in the temperature range between

room temperature and 800 °C with a strain rate of 2xi0"3/s to evaluate

the effect of nitrogen on tensile properties in nitrogen and phosphorus

added type 316L stainless steels. Yield and tensile strength increased

without reduction of elongation with adding nitrogen in the all

temperature range. Phosphorus did not affect tensile strength and

elongation.

Creep is the major damage mechanism in reactor vessel of

KALIMER. Type 316LN stainless steel is a candidate for structural

components such as the reactor vessel and pipes of KALIMER. The

effect of nitrogen on the creep properties of type 316L(N) stainless

steel was investigated to determine the optimum nitrogen content.

Creep test were carried out in air using constant-load single-lever

machines in the initial stress range from 120 to 380 MPa at 550, 600
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and 650 °C. The time to rupture, minimum creep rate, and rupture

elongation were examined as functions of temperature, applied stress,

nitrogen content, and phosphorus content. Microstructures, precipitates

and fracture surfaces of crept specimens were investigated by OM,

SEM and TEM.

The time to rupture increased and the minimum creep rate

decreased with addition of nitrogen and phosphorus. On the other hand,

the rupture elongation and fracture mode was not strongly influenced

by nitrogen content or phosphorus. The effect of nitrogen content on

the creep properties was more pronounced at higher temperatures. The

intergranular fracture was found in all specimens and the fraction of

intergranular increased with decreasing applied stress.

Strain controlled low cycle fatigue tests have been conducted with

the hold time of 10 minutes at maximum tensile strain at 600 °C and 2

xiO'Vsec in air for type 316L stainless steels containing different

nitrogen content. Fatigue life decreased with the hold time but

creep-fatigue life increased with the addition of nitrogen. Intergranular

fracture modes were found in both type 316L and nitrogen alloyed type

316L stainless steels., Dislocation structures were found to change from

cell to planar with the addition of nitrogen. Carbides (M23C6) were

precipitated at grain boundary with decrease of strain range in both

steels. Carbides were continuous in type 316L stainless steel but

discontinuous in nitrogen alloyed type 316L stainless steel. The

increase of creep-fatigue life with the addition of nitrogen is attributed

to the distribution of carbides at grain boundary.

Microstructure and mechanical properties of Mod.9Cr-lMo and W

added T92 steels were investigated for LMR heat transfer tube

materials. The microhardness was not changed with normalizing

temperature because carbides in Mod.9Cr-lMo steel were completely

dissolved after normalizing at 900°C. Microhardness sharply decreased
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in Mod.9Cr-lMo and T92 steels with increasing tempering temperature.

However the degree of decrement was small in T92 steel. The

tempering temperatures at which cell structure was formed in

Mod.9Cr-lMo steel were found to be 700°C, and 750°C in W added

T92 steel. The cell structure in T92 steel was formed at higher

temperature because the recovery of dislocation was delayed by the

addition of W. Microhardness, ultimate tensile strength and yield

strength of T92 steel were higher than those of Mod.9Cr-lMo steel.

But toughness of Mod.9Cr-lMo steel was superior to that of T92 steel.

Corrosion test results of Cr-Mo steels showed that weight gain in

water and steam conditions was lower in high Cr steels. Corrosion

behaviors of the steels except 2.25Cr-lMo steel were similar in air

condition.

HT9, HT9M and PNC-FMS steels have been studied for LMR core

materials to identify the change of microstructure and mechanical

properties with normalizing and tempering temperatures. After

tempering at temperature above 600°C, the majority of the precipitates

was found to be M23C6. In addition to M23C6, spherical NbC precipitates

were found in HT9 steel as a minor phase. The minor phases in

HT9M steel were NbC and needle-like V(C,N). Needle-like Cr2N as

well as NbC and V(C,N) was found in PNC-FMS steel. PNC-FMS

steel exhibited the highest high temperature strength and HT9M steel

showed the lowest high temperature strength. DBTT of HT9M and

HT9 steels were about -80°C and 0°C respectively. Upper shelf energy

of HT9M and HT9 steels were about 230J and 120J respectively. Thus

toughness of HT9M steel was superior to that of HT9 steel.

Investigation was also made to martensitic/ferritic steels which were

modified by the addition of W and N in HT9M steel to increase the

high temperature creep rupture strength. The formation of cell

structure was not delayed by the addition of W and N. But hardness
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and strength were increased by the addition of W and N. It is pointed

the necessity to evaluate the effect of W and N on creep rupture

strength through high temperature creep test in the future.

V. Proposal for Applications

These results can be used as data base for the material selection

and for the integrity analysis of the reactor vessel, pipes, core and heat

transfer tube in design of the Korea Advanced LMR (KALIMER).
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