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Abstract

Several compositions of austenitic manganese steels (Mn-steels) were investigated for in-vessel component materials
in D-T fueled fusion reactor with respect to radiation exposure and waste disposal management. The 24.5Mn-13.5Cr
steel was developed in which undesired impurities, such as Ni, Mo, Nb and Co, were controlled and C (~0.025wt%) and
N (~0.22wt%) contents were well adjusted for corrosion resistance and weldability. Experimental observation has
shown that this steel has a single y-phase structure and good properties for vacuum vessel almost the same grade as
Type 316 stainless steel (316SS), such as low permeability, good weldability, good mechanical properties of strength and
toughness and good corrosion resistance. Activation calculations were performed adopting this material for the JT-60
Super Upgrade (JT-60SU) vacuum vessel and the effectiveness of low activation was confirmed. © 1998 Elsevier

Science B.V. All rights reserved.

1. Introduction

The fusion research has advanced to an engineering
stage on which the D-T fueled experiments are per-
formed. The D-T reaction produces 14 MeV neutrons,
and the structural materials around the plasma are se-
verely irradiated by neutron and charged particle radi-
ation. This led to study of low activation materials for
fusion components from both aspects of radiation ex-
posure and waste disposal management. Type 316
stainless steel (316SS) is considered as an attractive
structural material for the vacuum vessels of various
fusion reactors, because of its excellent fabricability,
mechanical properties, weldability and corrosion resis-
tance, and so on. However, commercially available
316SS contains Ni, Mo and Co that cause such problem
as long-life activation. Therefore, adjustment of alloying
elements is required for vacuum vessel materials.

One of the attractive low activation steels is the
austenitic Mn-steel from the view point of waste dis-
posal because of few long-lived nuclides. Piatti et al.,
have investigated various types of low activation aus-
tenitic stainless steel based on Mn-Cr non-magnetic
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steels [1-4]. However, those alloys still have small
amounts of Ni, Mo etc. We have conducted studies on
high Mn-Cr steels to eliminate such undesirable ele-
ments and to develop lower activation austenitic stain-
less steels that meet the requirements for vacuum vessel
materials of fusion reactor, such as low permeability,
good mechanical weldability, good properties and good
corrosion resistance. The detailed results will be sepa-
rately reported [5].

In this paper, we describe the benefits of 24.5Mn—
13.5Cr steel with no Ni for use as in-vessel fusion ma-
terials. The chemical compositions and characteristics of
several Mn-steels are summarized in Section 2. The re-
sults of screening tests for these Mn-steels and the se-
lection of candidate material are discussed in Section 3.
In Section 4, activation characteristics of the 24.5Mn—
13.5Cr steel are examined through activation calcula-
tions when adopting this steel to the JT-60 Super Up-
grade (JT-60SU) vacuum vessel.

2. Chemical compositions and characteristics of candidate
Mn-steels

In order to meet the requirements for vacuum vessel
materials, adjustment of alloying elements in the stain-
less steels has been conducted as follows:
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1. Elements of long-life activation, such as Ni, Mo, Nb,
Al and Co, were eliminated. Since Ni is the strongest
austenite stabilizer, careful adjustment of other ele-
ments is required to stabilize the austenite structure.

2. Mn is an important element to stabilize the austenite
structure. However, an excess amount of Mn acceler-
ates the production of intermetallic compounds and
reduces ductility and corrosion resistance. Therefore,
Mn was limited between 15% and 25%.

3. Although C is useful as an austenite stabilize, it re-
duces corrosion resistance. C was limited up to 0.1%.

4. N also functions as an austenite stabilizer. But as it
reduces weldability, it was limited to less than 0.2%.

5. A content of more than 12% Cr improves corrosion
resistance and increases nitrogen solubility. On the
other hand, an excess amount of Cr destabilizes the
austenite structure; therefore, it was limited in the
range of 12-20%.

6. Reduction of strength caused by the decreased
amounts of C and N can be compensated by an addi-
tion of V, which serves as a grain refining element.
However, since an excess of V reduces weldability,
V was restricted to 0.3% or less.

The development of the Mn—Cr based stainless steels
was done considering the above factors. Five types of
steels are proposed and their compositions along with
those of the conventional 316SS are summarized in
Table 1.

Alloys No. A and B are steels based on conventional
18Mn-18Cr and 15Mn-17Cr austenitic stainless steels,
respectively, with reduced C and N contents to improve
corrosion resistance and weldability [6,7]. Mn was fur-
ther added to the No. B alloy to form No. C and D
alloys. Furthermore, V is added to No. D to compensate
the reduction in strength. For alloys No. E, the Cr
content was reduced than No. C alloy in order to sta-
bilize the austenite structure. Alloy No. F is a conven-

Table 1
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tional 316SS, which was provided for comparison with
these newly developed alloys. Ingots of about 50 kg of
each of these alloys were fabricated by the vacuum high
frequency induction furnace.

3. Screening tests for application to in-vessel materials

Screening tests of chemical composition, micro-
structure, and permeability etc. have been conducted on
the fabricated alloys to identify the alloys with a single
phase austenite structure. In addition, optimal condi-
tions for solution heat-treatment were evaluated.

Examination of microstructures revealed that an
austenitic single phase structure was obtained for alloys
No. E and F. Fig. 1 shows the microstructure of alloy
No. E for solution treated at 1050°C. Alloys No. A-D
showed duplex structure with austenite phase, and
mainly intermetallic compounds (such as oc-phase),
carbide and d-ferrite phase.

Permeability and §-ferrite content were measured for
alloys No. A-F to examine their magnetic properties.
No ferrite was found in alloys No. E and F, confirming
that they are fully austenite. High permeability and
ferrite content were observed in alloys No. A-D.

The screening tests showed that only No. E alloy was
a suitable candidate for non-magnetic stainless steels. To
investigate the applicability of the alloy for vacuum
vessel materials, a wide range of material tests have been
conducted, including those of mechanical, thermal and
magnetic properties, as well as characteristics of corro-
sion resistance. In addition, welded joints of the alloy
have been evaluated. The material properties of the
developed alloy were compared with those of 316SS
(No. F).

Tensile properties, i.e., 0.2% yield strength, ultimate
tensile strength and elongation of the alloy were mea-

Designed/evaluated chemical composition and microstructure of the alloys

No Composition C Si Mn P S Ni Cr Mo V N Co Micro-structure

A Nominal 0.02 040 195 0.025 0.003 - 195 - - 0.20 <0.03 v+ X
Effective 0.021 030 19.33 0.027 0.007 0.02 1943 0.01 <0.01 0.212  0.002

B Nominal 0.02 050 155 0.025 0.003 - 170 - - 0.20 <0.03 v+ X
Effective 0.023 0.47 1530 0.025 0.007 0.01 1693 0.01 0.01 0.202 <0.005

C Nominal 0.02 050 245 0.025 0.003 - 170 - - 0.20  <0.03 y+ X
Effective 0.026 0.47 24.67 0.027 0.010 0.01 17.10 0.01 <0.01 0.209  0.003

D Nominal 0.02 050 245 0.025 0.003 - 170 - 0.20 020 <0.03 v+ X
Effective 0.024 0.48 2450 0.027 0.006 0.01 17.09 0.01 0.20 0.209  0.002

E Nominal 0.02 050 245 0.025 0.003 - 135 - - 0.20 <0.03 Y
Effective 0.025 0.51 24.60 0.025 0.007 0.03 1340 0.01 <0.10 0.219  0.003

F (316SS) Nominal 0.05 050 1.4 0.015 0.003 125 170 25 - 0.04 <0.03 Y
Effective 0.039 050 1.49 0.017 0.006 12.57 1749 256 <0.01 0.0432 <0.01

Note: Chemical compositions were evaluated as mass’ from the forged ingot. Microstructure was observed after the 1050°C solution

heat treatment. y: Austenite phase, X: Other phases except for y.
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Fig. 1. Microstructure of alloy No. E (24.5Mn-13.5Cr with no Ni steel) at the solution treatment temperature of 1050°C. No ferrite

was found and a single y-phase structure was observed.

sured at a room temperature of 20°C and at an elevated
temperature of 300°C. Results are summarized in Fig. 2.
The tensile and yield strengths for No. E alloy and
316SS show an inverse temperature dependence. Al-
though both of the alloys have similar levels of tensile
properties at each temperature, ultimate tensile strength
of No. E is larger than that of 316SS at room temper-
ature.

The soundness of the welded joints of the alloy No. E
and F has been evaluated using the electron beam (EB)
welding method. No defects, such as cracks and cavities,
were found in the welded joints of either alloy.

Tensile properties obtained for the welded joints are
shown in Fig. 2. The 0.2% yield strength of the welded
joints for No. E and F alloys was slightly increased. The
ductility of the weld metals at room temperature was
somewhat reduced for No. F alloy.

Various types of corrosion tests have been conduct-
ed. The results of general corrosion tests showed that,
although the newly developed alloy had a good resis-
tance against intergranular corrosion, its resistance
against general and pitting corrosion was not as high as
that of 316SS as shown in Table 2. However, the above
corrosion tests were conducted under an extremely
corrosive environment compared with the actual envi-
ronment in a fusion reactor vacuum vessel. To further
investigate the applicability of the developed alloy for
fusion reactors, test specimens were exposed to a 19.1%
H;BO; water that was pressurized at 0.5MPa at 80°C
for a month in order to simulate actual environmental
conditions found in a vacuum vessel, which is cooled by
H;BO; water. The general and crevice corrosion rates
were measured. In addition, susceptibility of the alloy to
SCC was examined using a double U-bend test speci-
men. The developed alloy has a corrosion rate as low as
that of 316SS. Also, no crack was observed in the two
alloys after SCC tests. It is concluded that no significant

inferiority in corrosion resistance exists in the developed
alloy when compared with 316SS in an actual environ-
ment.

The corrosion test using 19.1% H;BO; pressurized
water was also performed for a month to the welded
joints. The results are also presented in Table 2. It was
found that both alloys had low corrosion rates for
general corrosion and crevice corrosion. Susceptibility
of the alloys to SCC was also shown to be negligible.

4. Activation calculations of 24.5Mn—-13.5Cr steel

The low activity characteristics of the 24.5Mn-—
13.5Cr steel was examined for use with the JT-60SU
vacuum vessel. The JT-60SU, which is proposed by
JAERYI, is designed utilizing as much construction of the
existing JT-60U facility as possible [8,9]. The maximum
neutron production rate is about 1 x 10'® s~! and ap-
proximately 4 x 10*> D-D fusion neutrons per year are
expected in JT-60SU [10]. The D-D neutron flux reaches
about 1 x 10'® s'cm™2 on the vacuum vessel surface. In
this device, 10 years of D-D fueled experiment will be
performed in its first stage of operation. At the second
stage, 2 years of D-T operation is optionally planned.

The vacuum vessel is of double thin-wall water tank
type construction, filled with shielding water within the
tank. This concept was devised for the vacuum vessel of
SSTR [11] and also planned to apply to that of ITER.
For D-T optional operation, the additional shielding
structures protecting the super-conducting magnet
(SCM) are installed inside the vacuum vessel after 10-
year D-D operation and 1-year cooling down period.
This minor upgrade will have to be conducted inside the
vacuum vessel under radioactive circumstances. Allow-
able limits of the biological shielding are designed as
follows: (1) in vessel, about 100 uSv/h at 1 year after
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Fig. 2. Tensile properties of alloys.

shutdown; (2) in cryostat, about 20 uSv/h at 1 month
after shutdown. For the nuclear heating rate in the
SCM, an allowable limit of about 0.2 mW/cc is applied
in the operation phase. The tungsten-shielding blocks
are installed on the inner surface of the vacuum vessel as
the internal liners for achievement of these requirements.

A one-dimensional activity calculation using THI-
DA-2 code system [12] was performed to calculate the
induced radioactivity and the dose rate during the ma-
chine shutdown. Neutron and y-ray transports and nu-
clear heating during operation were calculated by
ANISN code [13]. The adopted nuclear group constant
set was FUSION-40 [14]. The results of activation cal-

culations for commercially available 316 SS (Case A: Co
content is approximately 0.2 wt%), 316 SS with low-Co
(Case B: 0.05 wt%) and 24.5Mn-13.5Cr steel (Case C)
are shown in Fig. 3(a)—(c), respectively. In Case A, the
maximum dose rate inside the vessel reached about 700
uSv/h, which was not allowable for human accessibility.
In spite of the reduction of Co content in 316 SS, in Case
B, the maximum dose rate inside the vessel was about
twice of the allowable limit. The radioactive cooling time
over 5 years was required to satisfy the condition. By
adopting the 24.5Mn-13.5Cr steel for the vacuum vessel,
in Case C, the y-ray dose rate inside the vessel was below
100 puSv/h with 1 year cooling time after 10 years of D-D
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operation as shown in Fig. 3(c). This amount of activity
is acceptable for the accessibility into the vacuum vessel.
At the same location, the y-ray dose rate after 2 years of
D-T operation will become less than 100 puSv/h for 20
years of cooling time. These results showed the superior
low-activation property of this steel and found beneficial
to waste disposal implications. The nuclear heating rate
in the SCM is below 0.2 mW/cc in all cases.

5. Conclusions

We have investigated several compositions of aus-
tenitic manganese steels for use with the in-vessel com-
ponents with respect to radiation exposure and waste
disposal management. The major results in this work are
summarized as follows:

1. From the results of the screening tests, we have devel-
oped the 24.5Mn-13.5Cr steel in which undesired el-
ements for activation such as Ni, Mo, Nb and Co
have been eliminated and C (~0.025 wt%) and N
(~0.22 wt%) contents have been reduced for improv-
ing corrosion resistance and weldability.

2. This steel has a single y-phase structure and good
properties for use with the in-vessel components al-
most the same grade as 316SS, such as low permeabil-
ity, good weldability, good mechanical properties of
strength and toughness and good corrosion resis-
tance.

3. From the activation calculations, in which this steel
was used as the vacuum vessel material of JT-60SU,
we confirmed that the y-ray dose rate inside the vessel
was below 100 pSv/h for the both case of 1 year cool-
ing after 10 years of D-D operation and 20 years
cooling after 2 years of D-T operation.

4. In conclusion, the 24.5Mn-13.5Cr steel developed in
this work, appears to be effective candidate material
for in-vessel materials in a fusion reactor considering
that it is an extremely low activation structural mate-
rial with comparable material properties to those of
316SS. To confirm its applicability, further investiga-
tions will be required, including the production on a
plant scale. In addition, finer adjustment of the alloy-
ing elements and impurity control could further re-
duce the radioactivity and improve the physical and
mechanical properties and corrosion resistance.
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