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Abstract

Fe±Cr±Mn steels have been considered as materials of structural components for fusion reactor because of their low

induced-radio-activity compared with SUS316 stainless steels. It has been expected to develop a non-magnetic steel with

a high stability of the austenitic phase and a strong resistance to irradiation environments. For these objectives, a series

of the Fe±Cr±Mn steels have been examined by tensile tests and simulation irradiation by electrons. The main alloying

compositions of the steels developed are; C:0.02±0.2 wt%, Mn: 15 wt%, Cr: 15±16 wt%, N: 0.2 wt%. These steels were

heat-treated at 1323 K for 1 h. The structure of the steels after the heat-treatment was austenite single phase. The yield

stress of the steels was 350±450 MPa and the elongation were 55±60%. When the steels of high C and N was electron-

irradiated at below 673 K, no voids were nucleated and only small dislocation loops were formed with high density. The

austenite phase was also stable during irradiation below 673 K. Thus, newly developed high manganese steels have

excellent mechanical proprieties and high irradiation resistance at relatively low temperature. Ó 1998 Elsevier Science

B.V. All rights reserved.

1. Introduction

Manganese steels are candidate materials for struc-

tural components of fusion reactors because of their low

induced long-term radioactivity compared to that of

typical Fe±Cr±Ni austenitic steels [1,2]. However, recent

studies on Fe±Cr±Mn steels have indicated that neutron

irradiations at high temperature lead to both degrada-

tion of the mechanical properties and phase instability

caused by manganese loss from the surface of the steel

[3,4]. Commercial Fe±Cr±Mn steels have been developed

for usage at low-temperature as non-magnetic structural

materials. However, Mn based steels used at elevated

temperature have not been developed up to now, be-

cause of their lesser oxidation resistance, mechanical

properties and phase stability [5±8], even though some

studies have tried to improve those properties by the

addition of alloying elements. For example, the addition

of aluminum can improve tensile properties and oxida-

tion resistance of these steels [9,10]. Recently, as a ma-

terial for the vacuum vessel of fusion reactor operated at

relatively low temperature and under low neutron dose,

the Fe±Cr±Mn steels have been considered because of

their non-magnetic properties. However, there is not

enough data on mechanical properties and phase sta-

bility of Fe±Cr±Mn steels under irradiation conditions.

The aims of this study is to ®nd the optimum com-

position of Fe±Cr±Mn steel for of stability under irradi-

ation at medium temperature between 373 and 673 K and

to develop steels with high irradiation resistance and ex-

cellent mechanical properties under the conditions where

steel will be used in vacuum vessel of fusion reactor.

2. Experiments

2.1. Materials

(1) Material preparation: Ten steels with di�erent

compositions were prepared. The compositions of these
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steels were given in Table 1. Steels VC1±VC6 are a series

of Mn based alloys with 0.02%C±15.2%Cr±0.2%N. VC8

and V9 steels contain high C levels.

(2) Fabrication techniques: The steels were prepared

by the following fabrication process. The steel ingots

were melted by a high frequency furnace. After that the

ingots were heat-treated at 1423 K for 10 h, and then

forged and rolled to plates with 50 mm thickness. After

forging and rolling, heat treatment of the plates was

further performed at 1323 K ´ 1 h followed by

quenching in water.

2.2. Material characterization

Microstructure and grain size of these steels were

observed by optical microscopy. Mechanical properties

were examined by tensile and Vickers hardness tests at

room temperature. Tensile specimens of 10 mm in di-

ameter with 50 mm gauge were prepared from the plate.

Magnetic permeability of the steels was measured for the

specimen fractured by tensile test.

2.3. Irradiation test

Electron irradiations were performed for VC0, VC3,

VC8 and VC9 steels at 1000 KV using a H-1300HVEM

at a mean dose rate of 2 ´ 10ÿ3 dpa sÿ1 at the temper-

ature range between 473 and 673 K.

3. Results

3.1. Phase stability of the materials

The microstructure and permeability of as-cast steel

were observed to classify the phases after heat-treat-

ments. The results were summarized in Table 2. d, d + c
phase or d + c + M (martensite) structures were ob-

served in VC0±VC7 steels with high permeability. The

VC8 and VC9 steels were composed of the c single

phase. In the case of VC1 steel with large amount of d

phase and/or other second phase (8.2%), lower perme-

ability was exhibited.

Figs. 1 and 2 show d ferrite formation (and other

second phase) and permeability after heat-treatment of

the as-casted steels at elevated temperature. Phase

transformation to the d and increasing permeability in

VC0±VC7 steels were recognized at the temperature of

1423 and 1473 K. This suggests that the transformation

of c to d phase occurs in this temperatures range. Phase

stabilities of VC8 and VC9 steels, composed of c single

phase are tested at the temperature range.

Phase stability and permeability of as-forged/rolled,

and after heat treatment at 1283±1363 K, are given in

Table 3. From these results, it is obvious that d phase in

VC0±VC4 steels is not formed and tended to transfor-

mation to c single phase after hot forging and rolling.

However, it may be very hard to the achieve phase

transformation to c single phase in VC5±VC7 steels

composed of d phase more than 5% or M phase by hot-

forging and rolling treatment.

3.2. Mechanical properties of the materials

Fig. 3 showed the mechanical properties of the Fe±

Cr±Mn steels and SUS316. High strength and higher

ductility were recognized for VC0±VC4 and VC8±VC9

Table 1

Chemical compositions of Fe±Cr±Mn steels used in this experiment

Mn Cr C N Si

VC0 24.5 13.5 0.02 0.20 0.50

VC1 24.5 15.2 0.02 0.20 0.30

VC2 18.5 15.2 0.02 0.20 0.30

VC3 15.5 15.2 0.02 0.20 0.30

VC4 12.5 15.2 0.02 0.20 0.30

VC5 9.5 15.2 0.02 0.20 0.30

VC6 6.5 15.2 0.02 0.20 0.30

VC7 6.5 16.5 0.02 0.20 0.30

VC8 15.5 15.2 0.20 0.20 0.30

VC9 15.5 16.0 0.20 0.20 0.30

Table 2

Phases of as-casted Fe±Cr±Mn steels after heat treatment

Steels Phases

VC0 c + d
VC1 c + d
VC2 c + d
VC3 c + d
VC4 c + d
VC5 c + d + martensite (M)

VC6 c + d + martensite (M)

VC7 c + d + martensite (M)

VC8 c
VC9 c
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steels were compared with SUS316 steel. The tensile

strength increased with decreasing manganese content

for VC0±VC4 except VC8±VC9 steel with higher carbon

content. Fractured specimens showed increasing per-

meability of the VC2±VC4 steels.

3.3. Irradiation damage

Fig. 4 shows the microstructures of voids formed

during electron-irradiation of VC0,VC3,VC8 and VC9

steels at 473, 573 and 673 K to 3 dpa. Voids were ob-

served at the temperature range of 473 and 673 K for

VC0, which is a higher Mn-containing steel. In the steel

of VC3, no voids were formed at 473 K, and for VC8

voids were nucleated only at 673 K. In the VC9 steel, no

voids were observed over the entire temperature range

between 473 and 673 K. From these results, it is obvious

that void nucleation is retarded with increasing Cr and C

contents.

4. Discussion

4.1. Phase stability of the materials

In order to obtain the steels composed of c single

phase, it is important to make clear the e�ect of C, N,

Mn and Cr content on phase stability. The data for the

Fig. 1. Amount of d-ferrite after heat-treatment of steels.

Fig. 2. Permeability of steels after heat-treatment.
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as-casted steels tested were plotted in the Hull diagram

[11,12] as shown in Fig. 5. In this ®gure, data obtained

in this experiment can be divided into the c single phase

region and the c + d complex phase region. This dia-

gram indicates that steels with lower Nieq and higher

Creq value yield large amounts of d phase, whereas the

steels of higher Nieq value and lower Creq lead to small

amount of d. Thus, in order to minimize the formation

of d ferrite, it is more e�ective to decrease the Mn con-

tent as far as possible, whereas the content of other al-

loying elements except Mn appears to be constant.

However, it must be noticed that there may be critical

compositions to minimize Mn content, because the

martensite phase is formed in lower Mn-containing

steels such as VC5±VC7.

After hot forging, the amount of d phase in the VC0,

VC2±VC4 steels decreased. In particular, no d phase was

formed in VC0 and VC3 steels. On the other hand, d
phase still remained in the VC2 and VC3 steels with high

permeability. Decreasing permeability in VC2 and VC3

steels was recognized after heat treatment at 1323 K,

There was no change in permeability for the rolled VC0,

VC4, VC8 and VC9 steels with very lower permeability,

even after heat treatment.

Table 3

Amount of d ferrite (second phase) and permeability of as-forged, as-rolled, and after heat treatment

Steels As-forged As-rolled 1283 K 1323 K 1363 K

Amount of d ferrite (second phase) (%)

VC0 0 0 0 0 0

VC2 0.6 0 0 0 0

VC3 0.7 0.1 0 0 0

VC4 0 0 0 0 0

VC8 0 0 0 0 0

VC9 0 0 0 0 0

Permeability

VC0 1.003 1.002 1.003 1.003 1.003

VC2 1.040 1.018 1.009 1.007 1.015

VC3 1.064 1.019 1.014 1.011 1.019

VC4 1.008 1.004 1.004 1.004 1.003

VC8 ) 1.005 1.003 1.003 1.003

VC9 ) 1.004 1.003 1.003 1.003

Fig. 3. Mechanical properties of Fe±Cr±Mn Steels and SUS316 at room temperature.
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From these results, it can be concluded that a rea-

sonable heat-treatment temperature to obtain non-

magnetic c single phase austenite is 1323 K.

4.2. Characterization of materials

High strengthened steel was obtained in present ex-

periment. It is suggested that the high strength of steels

such as VC8 and VC9 was caused by the higher carbon

content.

A remarkable improvement of tensile test results

was observed in the VC3 and VC4 steels. This is caused

by deformation-induced martensite formation, because

these steels showed very high permeability after the

tensile test. There are well known indicies for marten-

site formation with chemical composition, such as Md30

[3] and Nieq value [14]. The relationship between these

indicies and the permeability obtained in the tensile test

is shown in Figs. 6 and 7. It is clear that with in-

creasing Nieq or decreasing Md30, martensite formation

Fig. 4. Microstructures observed during electron-irradiation.
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is restrained so that the c phase is stabilized as pro-

posed by Angle [13] and Hirayama [14]. From the

minimum value of Nieq or maximum value of Md30 for

VC4, this steel is easily transformed to the martensite

phase under deformation so that higher yield stress and

tensile strength can be reached. Therefore it is sug-

gested that Cr and Mn contribute to c phase stability,

but, have an inverse e�ect to restrain d ferrite forma-

tion. Therefore, further improvement is needed to op-

timize the composition as a non-magnetic high

manganese austenitic steel, even though the steels de-

veloped in the present study were relatively stable

during irradiation.

4.3. Irradiation damage

As shown in Fig. 4, voids formation was retarded at

473 K with decreasing Mn and increasing Cr for the steel

containing 0.02 wt%C and 0.2 wt%N. Furthermore, in

the steels with the same levels of Cr and Mn, the tem-

perature to nucleate void shifted to higher temperature

side of 673 K with increasing C content. With further

increasing of Cr content from 15.2 to 16 wt%, the void

formation was restrained at temperature range between

473 and 673 K.

Thus, Cr and C are e�ective to restrain void nucle-

ation even in Fe±Cr±Mn steels with c single phase.

Fig. 6. Relationship between Md30 and Permeability of Fe±Cr±Mn steels used in this study.

Fig. 5. Classi®cation of austenitic c and �c� d� phases based on Nieq and Creq for Fe±Cr±Mn steels used in this study.
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5. Conclusions

The results obtained in present study are as follows:

1. c single phase in the lower Mn containing steels

can be obtained by controlling the Cr, C and N content

besides heat-treatment conditions.

2. The steels with 15±16 wt%Cr±15.5Mn-(0.02±

0.2)wt%C±0.2wt%N, developed in this study gave me-

chanical properties with the highest strength and largest

elongation

3. Void formation was suppressed with increasing Cr

and C content in the steels with 15.5 wt%Mn±0.2wt%N.

No voids were nucleated in the steel of Fe±16wt%Cr±

15.5wt%Mn±0.2wt%N±0, 2wt%C.
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