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Clean Steels for Fusion

D. S. Gelles .
Pacific Northwest Laboratory
Richland, WA 99352 USA

Abstract

Fusion energy production has an inherent advantage over fission: a fuel supply
with reduced long term radioactivity. One of the leading candidate materials
for structural applications in a fusion reactor is a tungsten stabilized 9%
chromium Martensitic steel. This alloy class is being considered because it
offers the opportunity to maintain that advantage in the reactor structure as
well as provide good high temperature strength and radiation induced swelling
and embrittlement resistance. However, calculations indicate that to obtain
acceptable radioactivity levels within 500 years after service, clean steel
will be required because the niobium impurity levels must be kept below about
2 appm and nickel, molybdenum, nitrogen, copper, and aluminum must be
intentionally restricted. International efforts are addressing the problems
of clean steel production. Recently, a 5000 kg heat was vacuum induction
melted in Japan using high purity commercial raw materials giving niobium
levels less than 0.7 appm. This paper reviews the need for reduced long term
radioactivity, defines the advantageous properties of the tungsten stabilized
Martensitic steel class, and describes the international efforts to produce
acceptable clean steels. ‘

Introduction

Ever since mankind has Tearned to duplicate the nuclear reaction controlling
our sun, it has been a goal of society to harness that nuclear fusion process
to create limitless quantities of energy. This goal is not yet achievable,
and it is now apparent that immense finances will be needed because the
machines required must be very large, and the technical problems to be
overcome are very complicated. In an international effort to demonstrate the
practicality of fusion energy power production, a device called the
International Thermonuclear Experimental Reactor (ITER) is being designed. A
recent partial assembly sketch of the ITER design is shown in Figure 1.

In the quest to procure funds for the ITER and earlier machines, it was

apparent that fusion power needed to demonstrate advantages over other sources

of energy. One of the inherent advantages for fusion over fission energy .
production is a fuel supply with reduced long term radioactivity. This was

*Operated for the U.S. Department of Energy by Battelle Memorial Institute
under Contract DE-AC06-76RLO 1830.
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first emphasized in 1983 with the publication of the Report of the DOE Panel
on Low Activation Materials for Fusion Applications.! The panel recommended
that one of the goals of the fusion program should be a reference reactor that
meets the requirements for near surface disposal of radicactive waste. The
recommendation was tied to a United States regulation, 10 CFR 61,° requiring
that for shallow land burial of class C waste, radioactivity levels in waste
must decay to safe levels after 500 years.

To meet the requirement of safe radioactivity levels within 500 years, the
panel noted that reactor components that become radioactive must not contain
certain deleterious elements that produce radioactive isotopes with very long
half lives. The 1ist included nickel, nitrogen, copper, molybdenum, and
niobium, but the restriction on niobium was by far the most severe: 1 atom
part per million in the first wall structure. An early example of the
activation level and rate of decay for an austenitic stainless steel exposed
for 9 Mw-y/mzin the neutron flux at a first wall of a fusion reactor is shown




in Figure 2.3 Activity Tevels
vary with time as a function of
the half lives for the activated
isotopes and daughter products of
each element shown. High levels
of radioactivity are maintained in
the stainless steel first wall
component for very long times due
to nitrogen, niobium, and
molybdenum. Therefore, impurities
in reactor materials had to be

o)
strictly controlled to meet such a Mmmn .
goal. ' oo L WANOT

The materials development w r
community took this suggestion to 6" |- N,Q,"
heart in subsequent years, and
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efforts are now proceeding to wt 4g? td’ ' 10?
develop reduced -activation TINE AFTER SHUTDOWN (yeca)
structural material versions of Figure 2. Induced Radioactivity in the
the following alloy classes: First Wall of a Fusion Reactor Made From
silicon carbide/silicon carbide Austenitic Stainless Steel.?

composites, vanadium alloys

containing chromium and titanium,

and tungsten stabilized Martensitic steels. The purpose of this paper is to
provide further details concerning the development of reduced activation
tungsten stabilized Martensitic steels.

INDUCED ACTIVATION {Cisern™)

Low activation Guidelines

Since 1983, the list of elements contributing to unacceptable long term
radioactivity has come under further scrutlny 47 The criterion has been
expanded to consider not only shallow land burial, but also direct handling
(or “hands on” applications), and recycling of materials. The 1list of
elements that can make an irradiated material unacceptable for shallow land
burial is now considerably longer, as provided in Table 1. (Differences in
~ the composition 1imits given in Table 1 are partly a measure of the assumed
irradiation conditions used and partly calculational procedures.) Table 1
also includes two estimates of required composition limits for hands on
applications. However, for the purposes of steel production, niobium levels
on the order of 1 wppm for disposal, or 0.01 to 0.2 wppm for hands on
applications, are expected to provide the greatest restriction.




Table 1. Low Activation Guidelines Based on Waste Disposal Criteria.

Element Nb Mo Cu N Ni Pb Al Ho Tb Ir Gd Bi Re Hf .
Waste disposal | 1983’ 1 3650 | 2400 | 3650 | 20000
criterion (appm)
1984* 29 30 1200 | 3300 9100 31000 36000
(wppm)
19885 10 500 | 5000 | 1000 | 20000 | 500000 5000 | 1 2 10 20 100 1000 | 1000
(wppm)
Hands on 19928 .18 31 651 355 900 184 .057 .021 .32 .39 .13 72 .30
criterion (ppm) '
19957 0141 | 1.67 14800 5.24 .00608 | 0.0134 1.66 0.118 | 0.119 | 4.75
(wppm)

Element m Cd K Sm Tm Pd Ag Eu Lu Dy Yb Os Co Er

————T——-——’—-—————_——?———————-—r—'—————_—
3000 100

3000 5000 20000 1000 100000

Waste disposal

criterion (wppm)
Hands on 19926 .72 011 074 .22 .54 .63 1.2 1.7 3.1
criterion (ppm)
19957 0.212 .00494 .585 .0048 517 119 | 0.196
(wppm) ‘




Developmeht of Steels for Fusion

Super 12 chrome steels are found to be viable for fusion structural
applications. Interest in this alloy class first evolved from materials
development for liquid metal fast fission breeder reactors, where it was shown
that ferritic steels had inherent resistance to irradiation induced swelling, -
a process whereby materials expand in volume due to the accumulation of
vacancies in internal cavities.®? The combination of high temperature
strength, good thermal conductivity, and good resistance to irradiation
induced swelling and creep in these Martensitic steels has been demonstrated
to provide an engineering window for fusion reactor des1gn 014 The high
temperature Timit may be restricted to temperatures as low as 450°C as a
result of design specific details such as 1iquid Tithium compatibility, but
the swelling resistance of this class of materials appears to provide a stable
structural material to very high irradiation doses, avoiding the need for
component replacement. Precipitation of chrom1um rich a’ results in
irradiation induced hardening and embrittlement,’ 5 which can be avoided by
lower chromium levels in the range 7 to 9%.

Composition specifications were possible for super 12 chrome low activation
steel by restricting the additions of niobium, molybdenum, nitrogen, and
nickel. A Targe number of a]]oys have been designed, manufactured, and tested
at laboratories around the world,'® and it has been shown that tungsten can be
directly substituted for molybdenum on an atom for atom basis and that
tantalum can be used for niobium, providing alloys with high temperature
strength on a par with 9Cr-1Mo and 12Cr-1Mo steels. Lower chromium Tevels
avoided the need for a nickel substitute or for higher carbon levels to
maintain a fully Martensitic structure, as well as preventing @’ precipitation
hardening. In fact, the tungsten stabilized Martensitic steel class is found
to have excellent impact resistance, with ductile to brittle transition
temperatures (DBTT) below -60°C, and excellent resistance to irradiation
embrittlement.!

Studies on Clean Stee]

Two papers have addressed the question of the practicality of producing clean
Tow activation tungsten stabilized steels.®!” Butterworth and Keown®
concluded in 1991 that state of the art residual levels are generally in the
range 10 to 100 ppm for high-integrity steels used for aerospace, military,
and other demanding applications and therefore did not meet the more exacting
requirements for hands on limits. They proposed that the route used for
producing nickel-based superalloys for aerospace components where
specifications were possible for some impurities to the sub-ppm Tevel might be
more successful. Careful selection of starting materials was required to
exclude specific high activation elements from the feedstock.




Feasibility has in fact been demonstrated in Japan. The Nippon Kokan
Corporation (NKK) has been actively developing an alloy designated F-82H for
fusion reactor app1ications.1rf0 This alloy’s approximate composition is
Fe-8Cr-2W-0.2V-0.04Ta (in wt%) with carbon levels of about 0.1%. As part of
that effort, an attempt was made to reduce the content of activating elements
below the guidelines of reduced activation.17 A 5000 kg ingot was vacuum
induction melted from high purity commercial raw materials using commercial
practices. The chemical analysis for the starting materials is given in Table
2, and the composition of the mill product is given in Table 3. Given the
tight requirement needed to satisfy activation requirements, only niobium was
‘analyzed in the raw materials. From Table 2, it can be shown that the major
source of niobium is from iron and chromium, with lesser amounts from
tungsten, tantalum, and vanadium. Mill product chemical analysis shows that
the niobium content is quite uniform, varying from 0.5 wppm in the center to
0.07 wppm at both ends, and that silver and cobalt levels are 50 wppm. It can
therefore be concluded from comparison with Table 1 that the NKK 5000 kg heat
would satisfy the waste disposal criterion, but would not meet hands on
criteria based on silver and niobium impurities, and cobalt levels may be too
high, depending on the irradiation conditions and calculation procedures used
to define the hands on low activation limit.

Table 2. Chemical analysis of raw materials?®

Element | Raw materials Nb Mass of melting | Nominal content | Calculated Nb content
[ppm] [kal [wt.%] in F-82H [ppm]

C carbonet - 5 0. -

Si metallic silicon <1.0 5 , 0.1 <0.001

Mn | metallic manganese <10 5 0.1 © <0.001

Cr high pUrity metallic chromium 10 385 : 7.7 0.15
metallic tungsten 2.0 100 2.0 0.04

\' metallic vanadium 10.0 10 0.2 0.02

Ta metallic tantalum 85.0 1 0.04 0.034

Ti sponge titanium 1.1 1 0.02 <0.0004

Fe converter steel . <0.5 4487 bal. <0.45

total 5000 ' 100 <0.7

® The dash means not analyzed. : -




Table 3. Chemical Composition of Mill Product F-82H (wt.%).°

Impurity | Ladle Plates ‘ l Impurity Ladle Plates
top .| middle | bottom l top middle | bottom
c 0.086 | 0.097 0.110 0.094 0.008 0.007 0.007 0.007
Si 0.10 0.09 0.09 0.09 <0.0005 | 0.00007 { 0.00005 | 0.00007
‘Mn 0.15 0.07 0.07 0.07 Sol.Al 0.005 0.007 0.007 0.008
0.003 0.002 0.003 0.003 2.1 2.1 2.1 2.1
S 0.003 0.0032 0.0029 0.0027 0.04 0.03 0.03 0.03
Cu 0.0t <0.01 <0.01 <0.01 B - 0.0004 0.0003 0.0004
Ni <0.1 0.03 | 0.03 0.03 T.N 0.0043 0.0043 0.0044 0.0047
Cr 7.71 7.46 7.46 7.46 TO 0.0028 0.0033 0.0049 0.0037
Mo <0.01 <0.001 <0.001 <0.001 Ag - - <0.005 -
\ 0.18 0.18 0.18 0.18 Co - _c 0.005 -

? The dash means not analyzed.

Discussion

The ITER development and testing program is expected to continue well into the
next century and is presently not being designed within low activation
guidelines. The first commercial fusion reactor is not expected to be
constructed before 2025. A commercial reactor would be expected to follow low
activation guidelines, but it is not yet clear that a Martensitic steel will
be selected as the structural material. Therefore, commercial production of a
clean steel for fusion will not be needed in the immediate future; we have 30
years in which to develop the technology.

Conclusions

Fusion power systems will be required to use low activation structural
materials to allow shallow land burial of waste and possibly hands on or
recycling options. This will mean that certain elements will be restricted
from structural materials specifications. In particular, niobium must be kept
below about 2 appm for shallow-land burial and 0.01 to 0.1 wppm for hands on
and recyling options. A tungsten stabilized Martensitic steel appears to be a
good choice for fusion structural materials applications, and therefore clean
steels may be selected. However, commercial production of such steels will




not be needed for another thirty years, giving ample time to advance steel
making to the levels needed.
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