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Abstract
The Cr-Mo ferritic (mgr;ensitic),steels are candidates for the struc— >

tural-components of fusion reactors. Irradiation of sﬁch steels in a
fusion environment produces long—lived radioactive isotopes, which lead to
difficult radioactive waste disposal problems once the structure 1is
removed from serviée. Such problems could be reduced by using steels that
contain only elements that produce radioactive isotopes that decay to low
levels in a reasonable time (tens of years instead of hundreds or
thousands of years), The U.S. Department of Energy has a program to
develop'steels to meet the criteria for shallow land burial as opposed to
deep geologic storage. A review of the alloy development prograns indi-

cates that ferritic steels that meet these criteria can be developed.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the acturacy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency ihereof.
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‘1. Introduction

The nmost serious safety and environmental concerns for fusion reac-
tors involve the induced radioactivity iﬁlthe first-wall énd blanket struc-
tures [1]. If a "low-activation” material wera available for the structural
componants, such safety concerns would vanish. 1In addition, such a material
would éllow for contact maintenance and repair; it would alszo alleviate
the problem of special waste storage of the highly radioactive structures
after :arvice (they could be discarded as nonradioact.ive materials).

As pointad out in a report by a U.S. Department of Energy (DOE) panel
set up to study this subject, the technology for commercially producin
and fabricating material that would meet the low-activation criteriad is
not available and is unlikely to be available soon (high-purity silicon
carbide was the only material suggested) [1l]. Thié means that other
solutions must be sought for the safety and maintenance problems. However,
it does appear possible to simplify the disposal of radioactive reactor
components by developing materials in which the induced radioactivity
décays in a reasonable time to such a level that the waste o ionger
requires maintenance. Such materials could be disposcd of by shallow land
burial instead of the much more expensive deep geologic disposal.

The DOE panel called attention to the difficulty of defining low-
activation materials by defining four types of fusion reactors and
materials. It defined standard—activation, very-low-activation, low-
activation, and reference-activation reactors and materials. These were
defined according to the guidelines for tﬂe classification and disposal of

low-level nuclear wastes that have been issued by the U.S. Nuclear

Regulatory Commission (10 CFR Part 61) [2].



A standard-activation reactor would be constructed of a standard-
activation materfial such as type 316 stainless steel or 12Cr~1MoVW steel.
"For such reactors, all maintenance would be performed remotely. These‘
‘materials are not classified in 10 CFR Part 61, ad deep geologic bhurial
would be requirad for waste disposal, The very-low-activation and low-
activation materials would be classified as Class A and Class B, respec-—
.tively, in 10 CFR Part 61 and could be disposed of easily. They would
also allow certain hands-on maint :nance.

Finally, the reference-activation material (Class C of 10 CFR Part 61)
could be disposed of by land burial; limited hands—on maintenance would be
possible only outside the shield éfter two days of shutdown. Steels,
depending on the alloying elements, fall into the class of reference-
activation materials., The Alloy Development for Irradiation Perfoimance
task of the U.S. Department of Energy Office of Fusion Energy is funding
work to develop such steels. It is these materials that will be discussed
in this paper.

The term low-activation material is often used to describe alloys

that allow simplified waste disposal as well as those that would,allow
'_'fl LR

hands—-on maintenance. Materials that would allow hands-on mainfénance

have to have low activation (e.g., pure SiC) or would have to deqa( to

extremely low levels very rapidly. Thus the term reduced activation will

P,

be used in this paper to describe the materials under discussion. mthe“
steels that meet the reference-activation criteria have also been called

fast induced-radioactive decay (FIRD) steels [3], where fast is a relative

term that was taken to mean steels with radioactive decay rapid enough to

qualify at least for Class C waste disposal criteria.



The ferritic steels now being considered for fusion-reactor applica-
tions are ‘the Cr-Mo steelé: Zh%Cr;IMo, 9Cr-1MoVib, and 12Cr~1MoVW steels.
Molybdenum and aiobium are the primary alloying elements that keep these
steels from meeging the criteriu for near-surface burial, These elems ts
would need to be eliminated, and < particular, niobium would have to be
reducga to extremely low levels {1]. Other alloying elements that must be
minimized include nickel, copper, and nitrogen, nohé of which play a domi-
nant role in determining the properties of most of the r-Mo st=2cls.

About 0,5% Ni is added to 12Cr-1MoVW steel to avoid delta~ferrite [3] and
it would have to be replaced.

Because tungsten is found to behave like molysdenum in simple steels,
it is being preposed to replace molybdenum [3]. Vanadium is also being
proposed for this purpose [4]. It has been suégested that the
strengthening function of niobium could be replaced by a greater use of
vanadium and by titanium [3,4]; the use of tantalum is also being investi-
gated. However, one problem with tantalum is that its presence in alloys
ifradiated in_fission ?eactors results in rapidly decaying radionuclides
that make the study of such alloys after irradiation difficult.

In the United States, reduced—activation ferritic steels are being
developed at the Oak Ridge National Laboratory (ORNL), Hanford Engineering
Development Laboratory (HEDL), and GA Technologies, Inc. {GA). The alloys

being investigated will be described, and the initial results will be

reviewed.

Ze Alloys

The basis for replacing melybdenum and niobium in the Cr-Mo steels of

interest in the fusion reactor program has been discussed [3-5]. Tungsten,



vanadium, and»tantalum have been checsen to replace these elements in the
Cr-Mo steels of interest to provide the strengthening required. The
objective of the alloy development program is thé development of reduced-—
activation alloys with u..rradiated and irradiated properties as good as
or better than those of the Cr-Mo steels.

The 9Cr-1MoVNb and 12Cr-1MoVW steels were'chosen for fusion—reéctor
applications because of studies in the breeder reactor program that showed
the steels had excellent swelling resistance and high-temperature creep
resistance., However, the proposed breeder reactor applications involve
service conditions éonsiderably different from those envisioned for fusion
reactors. Because of those differences, it was recommended that 21/4Cr~1M0
steel should be strongly considered for fusion~reactor apblications [6].
This follows because of the lower operating temperatures of some proposed
fusion reactor designs, possible advantages in welding the low-chromium
steel, and conservation of a strategic material. In fon-irradiation
studies, the swelling resistance of 2Y/4Cr-1Mo steel was equivalent to that
of high-chromium steels [6]. The reduced-activation development progréms
consider chromium conceﬁtrations over the range 2174 to 12%.

The three alloy—development programs have taken slightly different
approaches to replace the molybdenum and niobium. The ORNL program is
considering a range of alloys based on the analogous Cr-Mo steels
(Table i) [3]. The HEDL program has concentrated on replacing molybdenum
with vanadium, although several alloys wit§ tungsten zre being investigated
(Table 2) [4]. The GA program is concentrated on a 9 Cr and a 12 Cr steel
with vanadium and tungsten (Table 3).[5]. “The three programs will be

discussed separately.



3. ORNL Program

The i:;tial consideration of possible rep;acements for molybdenum ai&
nicbium indicated thét the Cr-W sféels may offer the hest possibility as
replacemenﬁs for Cr-ido steels [3]. Tungsfen is In the same group of the
pericdic tabie-and displays similarities to molybdenum when it is used as
an alloying element in steels, This similarity suggested an initial steel
coaposition of 27 W.* This amount of tungsten 1s required to obtain an
atomic concentration similar to that for 1% Mo. It was decided to add
vanadium in an amount similar to that present in the Cr-o steels of
interest [3].

The alloys in Table 1 were selected as a first cut in developing what
were termed fast induced-radioactivity decay (FIRD) steels [3]. The steels
include Cr-Vv, Cr-W, Cr-W-V, and Cr-W-V-Ta steels. The chromium com—-
positions were chosen to allow a comparison with the 21/4Cr~I1Mo, 9Cr-~1MoVNb,
and 12Cr-iMoVW steels presently of interest., The tantalum was substituted
for the niobium, Tantalum is In the same group of the periodic table as
niobium and often displays properties analogous to those of niobium.

fhe compositional variation was chosen to develop information on the
effect of Cr, W, and V on the properties of this class of steelf From
such a.study, an optimized FIRD.steel is to be sought. Such a systematic
variation of these elements does not appear to have been conducted for the
Cr-Mo steels, and it 1is hoped that information obtained from these studies
will help not only in the development of an optimized FiIRD steel, but
will also aid in understanding the behavio? of the Cr~Mo steels {3]. The

existing irradiation studies on the Cr-Mo steels should also accelerate

the development of the IFIRD steels.

*a11 conpositions are in weight percent (wt X).
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‘A 15.9—mﬁ-thick'plate of each of the eight heats was normalized and
then'pieces.of rhe plate were tempered 2 h at 500, /50, 700, 750, and
730°C -{7]. -Microstructures’varied accordiag to the chemical composition.
The 2144 Cr alloys demonstrated the effect of the tungsten on hardenability
(as dztermined by amount of bainite in the microétructure) [Fig, 1(a)—(d)].
The 21/4 Cr alloy with 0.25% V (214 Crv) and that with 1% W and 0.25% V
(2Y4Cr-1Wv) had 30 to 35% baiaite, with the remainder polygonal ferrite.
The 21/4Cr-2% steel was alwcst entirely bainite {less than 1% ferrite) and
the 21/4Cr-2WV steel contained 8 to 10% polygonél ferrite. When these
steels were heat treated as 0.76;mm-thick sheet, the size of material from
which irradiation tensile specimens are generally machined, all of the
steels were entirely bainite.

The 5Cr-2Wv, 9Cr-2WV, and 9Cr-2WVTa steels [Fig. 1(e)—(g); were 100%
ﬁartensite. However, the 12Cr-2WV steel [Fig. 1(h)] contained con-
siderable amounts of delta~ferrite (approximately 26%). This alloy was
patterned on the 12Cr-1MoVW steel with tungsten substituted for the molyb-
denum, The appearance of the delta—ferrite indicates that insufficient
amounts of austenite—stabilizing elements were present to form 100% austen-
ite during the austenitization treatment. The 12Cr-1IMoVW steel contains
approximately 0,5% Ni and 0.27 C, both austenite-stabilizing elements,
whereas the 12Cr-2WV steel contains approximately 0.1% € and no nickel.
Significant amounts of nickel are not allowed in a FIRD steel, and the
carbon content was restricted to 0.1% to promote good weldability.

Figure 2 shows the hardness as a funcEion of tempering temperatu-e
after the 2-h tempering treatments. Although it 1s‘expected that vanadium

carbide will play an iImportant role in the strength of these steels, there



is also apparently a synergistic effect of tungsten aAd vanadium, The
steels with 0, 1, and 2% W and 0.25% V display increas§ng hardness with
iﬁcreasing tungsten content. The 21/4Cr-2% steel is ha%der than the
21/4Cr-2WV steel as normalized; after tempering at highe% tempera;ureé, the
steel with vanadium is harder. The as-normalized hardne%s of the 2l/4Cr-2uv
steel is similar to the hardness of the 2l/4Cr-2W stenl déspite the fact
that it is not entirely bainite, The 21/4Cr-2WV steel has the highest hard-
ness of the 2l/4 Cr steels, regardless of the temperiry conditions.
Tempering for 2 h at 600°C gives rise to a hardness peak for this steel,
and for the highest tempering temperature, the hardness of this steel is
similar to that of the high—-chromium steels.

The hardness of the 5Cr-2WV steel approached the highest hardness
achieved for these steels — similar to that for the as—-normalized 9Cr-
2WVTa steel. The two 9 Cr steels showed little difference, both having
normalized hardnesses near R, 40, after which the hardnesses decreased
centinuously with tempering temperature.

The 12Cr-2WV steel contained 267 delta-ferrite (balance martensite),
and for that reason it would be expécted to have a lower hardness than the
steels mad: up entirely of martensite. This is the case in the normalized
condition and after tempering at 650 and 700°C. However, the tempering
resistance of the steel is such that, when tempered at the highest tem~-
peratﬁreé, the hardness approaches that of the 5 Cr and 9 Cr steels that
contained no ferrite, -

The tempering studies indicated that“for long tempering times or high

tempering temperatures, the Zb%Cr-ZHV, 5Cr-2wv, 9Cr-2Wv, 9Cr-2W¥Ta, and

12Cr-2WV steels behaved similarly. This occurred despite the fact that



the ZI/A.CL' staal was bainitic and the high-chromium steels were'mar:tensitic
[71. _Furthermore, the 12 Cr steel also developed hardnesses similar to

the b;he“ mar;ensitic steels after longer‘te;pering times or higher tem-
periang temperatures, This oécurred despite the fact that the steel con-
tained 267 delta-ferrite and was much softer than the other martensitic
steels after normalizing and after the low-temperature tempers.

The tempering behavior of the FIRD steels was compared to the 21/4Cr-
1Mo, 9Cr-1MoVNb, and 12Cr-1MoVW steels. The 21/4Cr-2W steel behaved . ' ke
the 21/4Cr-1Mo steel {7]. The 2l/4Cr-2Wv steel had a greater tempering
resistance than 21l/4Cr-1Mo steel, probably because of the vanadium. The
9Cr-2Wv and 9Cr-2iWWTa steels tempered quite similarly to 9Cr-1MoVNb and
12Cr-1MoVW steels. The 12Cr-2WV steel also behaved like these high-
chromium steels at long tempering times or higher tempering temperatures
(Fig. 3) [7].

An attempt was made to eliminate the 267% delta~ferrite In the
i2Cr=-2WV steel by adding more manganese and carbon. With the 12Cr-2uWv
(0.1% C, 0.5% Mn) steel as the base composition, alloys with 2,87 Mn,
5.6% Mn, and 0.2% C were produced [8]; Manganese is used in place of the
nickel (not allewed in a FIRD steel) used for this purpose in the 12Cr-
1MoVW steel; higher manganese concentrations are required because manga;
nese is not asg strong‘an austenite former as nickel, After a normalizing
heat treatment, the 2.8% Mn and 5.6% Mn steels contained 20% and <1
delta-ferrite, respectively; the steel with 0.2% C contained about 5%
delta-ferrite,

When tempered, the steel with 0.2% Cbhad the highest hardness at the

low tempering temperatures [8]. Although the steels witk 0.2X C and
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5.6% Mn had higher hardnesseswthan theLZ.SZ Mn and ;pe hase composigion
for the highest temperiag temperature, ‘the differgnces were small [8].
Therefore, all of the cbmpositions ﬁight he expected to develop similar
strengths after long service times.,

As pointed out above, the steel‘with 26% delta—ferrite’had hardness
values after long tempering times or high tempering temparatures similar
to the values for the all-aa}tensitic steels with 5 and 9% Cr. Thus, it
appears that it might be pqssible to consider a duplex stcel»for a’ fusion
reactor first wall. Because of their better welding characteristics, the
9Cr-2Mo duplex steels are being considered by the Japanese fusion program
as first—wall candidates. One problem with such steels 1s that the
presence of delta-ferrite increases the ductile~brittle transition tem—
perature (DBTT).

The tensile behavior was determined for the eight heats of steel in
the normalized—and~tempered condition. The preliminary data verified the
stfengthening effect of vanadium and tungsten that was observed in the
tempering studies [8]. They also revealed that the 2L@c:—2ﬁv steel had
tensile properties similar to or slightly better than those of the 5 Cr,
9 Cr, and 12 Cr steels when the steels were given similar heat treatments.

In addition to further tensile property determinations, impact
properties of the unirradiated steels will also be determined. Tensile,
impact, and TEM specimens are being irradiated in FFTF to obtain the first

information on the effect of irradiation on these steels.

4, HEDL Program

The alloys being investigated by HEDL (Table 2) are based on chromium

compositions used in the Cr-Mo steels [4,9]. The choice of4alloying elenents
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- was based on a pseudo-barbide.pﬁase diagram (Fig. 4) derived from the Worik
in the literature on Fe-Cr-V-C alloys [10,17]. The emphasis ia this
1prdgram was’on replacing the molybdenum‘with vanadiun rather than with
tungstea, although some tungsted .8 alsombeing used (1 wt % W was used).
There has been some discussion about wheﬁher 1 or ZZ W should be used [4].
Less tungstea would minimize the possibility of forming intermetallic
phases duriag irradiation, which céuld lead to embrittlement. Manganese
was used in the hi-ihi~chromium alloys to avoid delta-ferrite‘formation.

The 21/4Cr-9.5 Vv, 2l/4Cr-1v, and 21/4Cr-1.5V-0.31n were used to determine
an optimum level of vénadium for sgch dn alloy. The fact that the 9Cr-~
0.5V steel includes virtually no manganese means that the addition of
vanadium must be kept below 0.5% (based on Fig. 4) in order to eliminate
delta-ferrite. The 9Cr-0,5V-2.5Mn and 1.3V-1Mn steels examine the effect
of ﬁaaganese and vanadium. In the latter steel, the vanadium level was
increased with a compensating increase in the carbon level., The 9Cr-0.3V-
1W=-2,5Mn steel was intended to investigate the effect of tungsten. The
12Cr-1V-6 .5Mn and 12Cr~0.3V-1W-6.5Mn steels were similar to 12Cr—-1MoVW
steel, except that molybdenum was excluded and carbon levels reduced. In
order to compensate for the lower carbon levels, the manganese content was
increased significantly. These steels also were used to examine the
effects of tungsten and vanadium.

A series of tensile specimens and transmission electron microscopy
(TEM) disks were either quenched and tempered or normalized and tempered.
The tensile specimens were taken from 0.76;mm-thick sheet and ﬁhe TEM

disks from 0.02-mm—-thick sheet. The 21/ Cr steels were water quenched and



12

then tempered 2.h at 650°C. The high-chremium steels were normalized and
.then~temPered 2 h at 700°C.

The micros?ructures of the as~heat-treated steels were Iound ro be
typical of baiznitic (low-chromium steels) and martensitic (high-chro.;uﬁ
steels) steels (Fig. 5). However, differences between the alloys could be
found, and in the 12Cr-1V-6.5Mn steel, the améunt of delta-ferrite present
was excessive,

Alloys in the 21f4 Cr range showed structures typical of tempered
bainife,_wheraas structures typical of tempered martensite were found in 9
and 12 Cr alloys. - Careful examination of the 12Cr-1V-6.5Mn steel across
fhe thickness of the billet revealed that there was more delta-fe' ~ite at
the edge of the billet than at the.center, indicatiﬁg a composition
gradient; the exact nature of the gradient was not determined. From
Fig. 5, the delta~-ferrite content in the 12Cr-1V-6.5Mn steel was estimated
to be 5%. Therefore, it is appafent that the compositional specification
fpr this alloy requires more austenite stabilizer if a martensitic sééel

is to be produced. To achieve this, it was proposed that the carboﬁgcon—
v .

tent could be increased by 0.025%, the manganese content increased ﬁy
0.75%, or the chromium content decreased by 0.35% [9].

The tensile properties of the as-heat~treated reduced—activation
‘steels were in most cases comparable to their commercialfalloy counter-
parts, Exceptions were found for the bainitic alloys and the 12 Cr steel.
The  low-vanadium bainitic alloy (ZMMCr-O.§V) was 657 stronger than 21/4Cr-lMo,
but the other bainitic alloys were weaker, having nuch lower yield
strengths, slightly lower ultimate tensiié strengths, and much higher

elongations. The 12 Cr martensitic alloys had significantly higher
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strength prbperties with comparable elongation response iz comparison with
’12Cn—1MoVW steél. " This may be due in part to differences in heat treat-
rnen., The properties for the commercial alloys were taken from the
literature " 2],

The allby response following irradiation at 420°C.to between 6 an
10 dpa 'ould be divided into two types. The béinitic alloys all showed
increases in strength and decreases i elongation, but the 21/4Cr~0.5V and
21/4Cr-1V si.:els were considerably stroager than ZMZCp—IMo after irradiatioz
at 420°C. 1In comparison, the 9 Cr and 12 Cr martensitic steels showed
only a moderate increaée in strength. This is quite different from the
behavior of 9Cr-1MoVNb and 12Cr-1MoVW steels, where significant hardening
occurred following irradiation at 400°C [13]. However, in all cases,
elongation values for the reduced-activation alloys do not appear to be as
good as those of their commercial counterparts., It should be pointed out
- that differences 1n heat treatment may account for some of the differences
obgerved. |

Figure 6(a) and (b) precvides a comparison of yleld strength response
as a function of irradiation temperature. For the bainitic alloys
[Fig. 6(a)], the yield strength increased 200 MPa when irradiated at
420°C, but followlng irradiation at 585°C, the strength decreased.
Hardening at 420°C was much less in the martensitic alloys [Fig. 6(b)] and
reductions in strength for the 9 Cr alloys after irradiation at 585°C were
not as large as those for the bainitic allqys. However, the strength
remained ﬁigh for the 12 Cr alloys after 1fradiation at 585°C. Figure G(C)

demonstrates that the elongation was reduced from the unirradiated values
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more in the baiaitic alloys than the marténsitic alloys follcﬁing irra~-
diation at 420°C, hut the lower elongation levels were still satisfactory.

Electren microscopy studies of the as-heat-treated steels showed that
the microstructures of the reduced-activ-£ion steels were characteristic
of bainitic and martensitic steels. The bainitic alloys were found tu be
much nmore heterogeneous than the martensitic ailoys with regard to carbide
distributions. Also, recovery was more complete i the 9 Cr martensitic
alloys than the 12 Cr all.uvs. Coarse vanadiun carbides were observed in
the bainitic steels., Dislocation structures in the 9 Cr steels were
relaxed and formed well-defined cell walls; carbide particles had diameters
on the order of 130 nm., The 12 Cr stz2els had similar structures, except
the djﬁlocaticn structures that formed during the.martensitic transfor-
mation recovered iess'dﬁring‘tempering.

Afaar irradiation, TEM observations of specimens irradiated at 420
and 520°C indicated thaé the effect of irradiation was similar to that
observed on the Cr-Mo stéels irradiated to these levels. At 420°C, most
'xof.the alloys developed perfec*t dislocation loops. A few scattered voids
were found iIn several of the steels, but swellirg was negligible., All of
the alloys develocped -considerable precipitation. Although no decailed
precipitation identification was carried out, evidence for a” precipita-
tion was detected in the 12 Cr steels.

The alloys irradiated at 520°C to 14 dpa were found to be relatively
unaffected by irradiation. No void swelling was observed, and only a few
examples of irradiation—-induced dislocation loops were found. It was
found that the dislocation and subgrain stfﬁctutes had relaxed and that

precipitate coarsening had occurred. Similar changes were expected to be
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respoaxsible for the reducti~as is étrengtb found after irrﬁdiation at
585°C. The better strength proper;iés found in the 12C:-0.3V-1W-6.5!1n
stéel can be traced to more limited subgrain growth and the formation of
new small precipitate particles.‘ In general, the precipitate structire
afte; irradiation at 520°C was similar to the preirradiaﬁion structure.
However, conmpositional analysis of extracted particlas revealed that
phases other than those expected (based on the carbide diagram) were
observed. A precipitate tentaﬁively identified as M:.,3 was found, which
does not agree with the carbide phase diagrams. An intermetallic phase

rich in iron was also observed in the 12Cr-0.3V-1W-6.5n steel.

5. GA Program

The GA Technologies program has focused on a 9Cr~2 .5W=0.3V-0.15C
(GA3X) and a 11Cr=2.5W~0,3V~0.15C (GA4X) steel with basically similar
" nominal concentrations of carben (0.15%), tungsten (é.SZ), and vanadiuﬁ
(0,3%) (4,14,15]. The first attempt to produce the alloys resulted in
qompositions that did not reach the proposed nominal compositions
(Table 3). Because of the low.carbon content of GA4X (0.018% vs. nominal
0.15%), the alloy contained large amounts of delta-ferrite; no further
work was carried out on thaf heat. Heat—ﬁreatment studies were carried
out on heat GA3X, and tensile and impact properties were determined.
Heat~tireatment studies on the steel indicated that an optimum heat-
treatment condition was a 1000°C austenitization temperature and a 700°C
tempering temperature., After this heat treatment, the microstructure was

essentially 100% tempered martensite. The mechanical properties tests
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were carried out cn steel that was austenitized 1 h at 1000°C and then
waéer quenched. 1t was tempered ! h at 700°C.

The precipifate phases were extracted from the quenchéd-and—tempered
steel and found to be exclusively M.:Cg. Similarly, after aging for 100
and 1000 h at 600°C, the precipitates were essentially all M;3C;, although
the weight percent of the ?recipitates increased from 2.0 to approximately
3% after the 100 h aging treatment. Littlevfurther change occurred between
100 and 1000 b [14].

Replicas and foils were examined by TEM. Analysis of the carbides on
the replicas indicated that the precipitates were predominantly M,3C;; as
opposed to the x-ray analysis of extracted precipitates, a few MC par-—
ticles were tentatively identified. The scarcity of the latter carbides
was attributed to the small amount of vanadium present (0,017% vs. the
neminal 0.3%7 aimed for during melting). The TEM studies indicated that
the structure was é{lﬁth martensite, similér to that obtained for a
9Cr~1MoVNDb steel. When aged, large precipitates formed, primarily along
the former austenite boundaries and along lath boundaries.

Tensile tests on the steel over the range room temperature to 650°C
showed that the steel had st;engths slightly above the average properties
for modified 9Cr~1Mo and similar to those for one heat of 9Cr-1MoVNb steel
that has been tested in the fusion program (Fig. 7). However, it should
be noted that GA3X was queﬁched and tempered at 700°C, whereas the 9Cr~1Mo
steels were normalized and then tempered at 760°C. Nevertheless, the fact
that the sfeel achieved these strengths with the lower vanadium con-
centrations indicated properties similar to 9Cr~-1MoVNDL should be achieved

with an alloy with a higher vanadium concentration after simllar heat
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treatments. The total elongation of the reduced~-activation steel was
abéut SDZiléss thas the 9Cf—1MoVNb steels'tFig. 8). The uniform elonga-
tigﬁvwas élso less at temﬁératureg up to 456;C, after which similar values
we~e observed,

Charpy impact tests were conducted on the steel. A DBTT valn2 of
—25°C was observed, which compares favorably with 9Cr-1MoVNDb steel.

The results were taken to provide some clues concerning an optimum
alloy composition [15]. It was felt that significant strengthening in
GA3X was provided by the 0.17Z C. A lower carbon level may be desirable
to ensure weldability and ductility [15]. A carbon content of 0.15% or
less was proposed. Higher chromium, vanadium, and titanium was also
suggested. The possibility of degradation of the aged~and-irradiated
steel by the formation of Fej W was suggested [15]. However, no such
precipltate was observed, and thus the advisability of using less than

2.5%2 W i3 yet to be determined.
6. Summary and Conclusions

Alloy development programs are in progress at three U.S. DOE
installations to devélop4reduced~activation ferri-*~ steels to minimize
the impact of the radioactive waste generated when the first wall and
blanket structures of fusion reactors are discarded after service. The
programs seek to develop the alloys by modifying the Cr-Mo steels that are
presently of intere;t in the fusion program. The modifications require

the removal of molybdenum and niobium from the Cr-Mo compositions of

interest.
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The replacement-of molybdenum is most crucial. Tungsten and vanadium
are being used as replacements., Alloys with chromium councentratioas
between 2l/4 and 12% are being evaluated. Tungsten concentrations of 1 to

2% are being used, and vanadium 1s being varied between 0.25 to 1.5%. The

selected use of tantalum as a replacement for niobium is also being
investigated.

The preliminary test results on unirradiated and irradiated experi-
mental alloys indicate that a reduced-activation ferritic steel can be
developed thatlwill have unirradiated properties similar to 21/4Cr-1Mo,
9Cr~1MoVNb, and 12Cr-1MoVW steels. Tempering studies 1dentified a
21/4Cr-2WV steel with long-term tempering properties similar to those of a
9Cr-2WV steel. The tempering characteristics of both were similar to
those of 9Cr-1MoVNb and 12Cr~1MoVW steels. The 21/4Cr-2W steel behaved
similarly to 2}/4Cr-1Mo steel. The results indicated the effectiveness of
tungsten as a replacement for uwolybdenum and the effect of vanadium in
steels that also contained tungsten.

The development of a Cr-W martensitic steel with 12% Cr as a replace-
ment for 12Cr-1MoVW steel will require the use of‘manganese or carbon con-
centrations above the values generally used in these martensitic steels.
Without the addition of carbon or manganese, the microstructure will con—-
tain considerable amounts of delté-ferrite. A 12Cr-19-0.3V-6 .5Mn steel
had excellent unirradiated and irradiated tensile properties. quever,
the use of this much manganese may degrade the corrosion properties of
such a steel in a lithium coolant. v

The preliminary studies on the experipental alloys that have been

produced to date indicate than an optimized reduced-activation ferritic
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steel is possible. 1%t should be possible to develop steels with proper-—

ties at least as good as those of the Cr-Mo steels, A systematic study of

these steels i conjunctinn with the continued study of the Cr—-Mo steels .

should lead to such an optimized steel; an improved underscanding of the

Cr-Yo steels may also be a product of this work.
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Table 1, Chemlcal composition of experimental reduced-~
activation steels iu ORNL progran

Chenical composition@sb (wt %)

Alloy Cr W v - Ta c Mn Si
2 1/4 Cov - 2.3% 0.25 0.11 0.40 0.17
2 1/4 Cr-1 W 2.30 0.93 0.25 0.10 0.34 0.13
2 1/4 Cr-2 W 2.48 1,99  0.009 0.11 0.39 0.15
2 1/4 Cr=2 WV 2,42 1,98 0.24 0.11 0.42 0.20
5 Cr-2 W 5.00 2.07 0.25 0}13 0.47 0.25
9 Cr-2 Wv 8.73 2.09 0.24 0.12 0.51 0.25
9Cr-2 WVTa 8.72 2.09 0.23 0,075 0.10 0.43 0.23
12 Cr=2 WV 11.49 2.12  0.23 0.10 0.46 0.24

ap = 0,014 to 0.016, S = 0.005 to 0.006, Ni <0.01,

Mo < 0.01, Nb < 0.01, TL < 0.01, Co = 0.005 to 0.008,
Cu = 0.02 to 0.03, AL = 0.02 to 0.03, B < 0.001.

bpalance iron.



Table 2. Chemical composition of experimental reduced-
activation steels in HEDL program
Composition (wt %)

Heat -

Number cr ¢ v W Mn si N P ‘s .
2 1/4 Cr=0.,5 ¥ 2,32 0.086 0.50 <0.01 <0.01 0.08 0.004 <0.005 0.003
2 1/4 cx~1 Vv 2.38 0,093 1.01 <0.01 <0.01 0.08 0.003 <0.005 0.002
2 1/4 C-'.5 V= 2,46 0.11 1.50 ~—= 0.30 0.30 0,015 0.007 0.015
0.3 Mn
9 Cr-0,5V 9,13 0.096 0.52 0.0l 0.02 0.09 0.003 <0.005 0.003
9 Cr-1.3 V- 9.02 0,097 0,51 0.01 2.68 0.09 0.003 <0.005 0.003
i Mn
9 Cr~0.5 V- 9.14 0,197 1.23 0.02 1.08 0.09 0.003 <0.005 0.003
2Mn
1 W=2.5 Mn
12 Cr-1 V-€.5 Mn 8.82 0.101 0.27 0.89 2 .44 0.10 0.002 <n.005 0.004
12 Cr-0.3 V- 12,19 0.089 1.05 <0.01 6 .47 0.10 0.003 <0.005 0.005




Table 3. The nominal and actual chemical compositions of
reduced~activacion steels in GA program

W

Ti

Heat
Number
GA3X Melt composition
Nominal@® composition
GA4X Melt compositicn

Nominal compositiond

1.95

1.1
2.5

(=N

o O

4The nominal composition
meet these sperifications for

is the value specified; the melt compositions did not
some elements.
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Fig. 1. Microstructures of normalize

activation steels:

(e}:SCr-zwv, (£) 9Cr-2wv, (g) 9Cr-2WvTa, and (h) 12Ce-2W steels,

(a) 2l crv, (b) 2M4Cr-2wv,

d-and-tempered ORNL reduced-

(c) 2i/4Cr-2w, (d) 21/4Cr-2wv,
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" Fig. 2. Rockwell hardness plotted against tempering temperature for
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were tempered 2 h at 600, 650, 700, 750, and 780°C.



400 T ] | |
T _
5 300 —
[75]
[7p]
wl
2
(=}
vy
<
5 o 39 Cr-2WV
© | A 9 Cr-2WVTa -
g 200 0 12 Cr-2wV
o 9 Cr-1MoVNb
v 12 Cr-1MovW
100 | | | { | \
16 17 18 19 20 21 22x10
T(20+10g 1)

Fig. 3. Microchardness plotted against the Holloman-Jaffee tempering
parameter for 9Cr-2WV, 9Cr-2wVTa, 12Cr-2wV, 9Cr-1MoVNb, and 12Cr-1MoVW

steels,



wt%

1.5}

DELTA FERRITE

T ] T 1 T !
PHASE STABILITY

FOR CARBIDES AND S

+ N\
DELTA \
FERRITE

2C

/
" MyC3
_ {
2 4

BAINITIC MARTENSITIC

Fig. 4. Carbide phase diagram for Fe-Cr-V system after 1000 h at

700°C.

The solid lines are for 0.12% C and the dashed lines for 0.2% C.

14



[y

R

Theat

3Mn,

.
QO »
[ ]
T o=
QN
[C I ]
87
S B
.mc.l
X
o~
jv) ]
HZO-
355
Tr..\%
[}
2. s~ o
mvgs
S s
- [ 1]
I 5% o @
T O £
CE WV
R
—
< vm
[ TNy BTy
f N o o
LA OO
ovdy — 0§
iy O~ X
."«\\.w.? m D p
G ach 8
4 o > >
N5ﬂ..|l3
- L ]
Y- O~rO
[« 2 | ]
| S
Nnw oo
U E NS
L = -
33— 1
- D~
O N o
- LR g
$e M~ p—
P o sO
N~ % £
[o] [0
. (=2
) se L
e N
s 00X
QU ~—LO
[ ) .
add A
tnn> |1
w0y >
« L e p—
o000 1
e | Sm
w4 e
cSON
>0 r—
o
4 e~
[ B = N —
0 S



YIELO STRESS, MPa

1400

1200

1000

a

b .

2 1/4Cr Steels

L 4
2 1/4Cr-0.57

2 1/4Cr-1v

-~

2 1/4Cr-1,5V-
0.3t

:UNIRRADIATED
400 500 600

-

>

9 ana 12 br.
Steels

12Cr-0,3V-14-6.5Mn

e, //
LY
LY
N

BEHAVIOR OF
FOUR 9 Cr ALLOYS

400 500

IARADIATION TEMPERATURE, *C

Fig, 6.

.1

TOTAL ELONGATION, %

c

d

2 1/4Cr Steels;

2 1/4Cr-1¥

/

2 174Cr-
1.5v-0.34n

9 and 12 Cr -
Steels

SCr-1.3v-1tin

. 9Cr-0.5v-
14-2, 5in

’
’ﬂ\
4 ¥ \d2r-0.3v-1-5.5m
UNIRRADIATED
_/\, ] .1 1 1.
400 500 00 400 500 08

IRRADIATION TEMPERATURE, *C

Uniaxial tensile test results for HEDL reduced—activation
alloys for room-temperature tests.

»

9Cr-0.5¢-2Mn




700 |-

0
00 AVERAGE CURVE OF
MODIFIED 3Cr-1Ms

500

400

. AVERAGE
300 CURVE OF
9Cr-1Mo °
200 - NOMINAL COMPOSITION:

0.2% OFFSET YIELD STRENGTH, MPa

® 9Cr-2.5W-0.3V-015C

A 9Cr-1MoV Kb (REF. f)
] 1 1 1 1 1 1.
0 100 200 300 400 500 60O 700

TEST TEMPERATURE, °C

100 |-
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