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R. L. Klueh, P. J. Maziasz, and W. R. Corwin

Chromium-molybdenum ferritic (martensitic) steels are
leading candidates for the structural components for future
fusion reactors. However, irradiation of such steels in a fusion
enviromment will produce long-lived radiocactive isotopes that
will lead to difficult waste-disposal problems. Such problems
could be reduced by replacing the elements in the steels (i.e.,
Mo, Nb, Ni, N, and Cu) that lead to long-lived radiocactive
isotopes. We have proposed the development of ferritic steels
analogous to conventional Cr-Mo steels, vhich contain solybdemm
and niobium. It is proposed that molybdenum be replaced by
tungsten and niobium be replaced by tantalum.

Eight experimental steels were produced. Chromium concen-
trations of 2.25, 5, 9, and 12% were used (all concentrations
are in wt 8). Steels wvith these chromium compositions, each
containing 28 W and 0.25% V, vere produced. To determine the
effect of tungsten and vanadium, 2.25Cr steels were produced with
2% ¥ and no vanadium and with 0.258 V and O and 18 W. A 9Cr
steel containing Zs W, 0.25%V, and 0.07t Ta was also studied.

For all alloys, carbon vas maintained at 0_1s.

Tempering studies on the norsalized steels indicated that
the tempering behavior of the new Cr-W steels was simiiar to that
of the analogous Cr-Mo steels. Microscopy studies indicated that
2% tungsten was required in the 2.25Cr steels to produce 100%
bainite in 15.9-mm-thick plate during normalization. The 5Cr and
9Cr steels were 1008 martensite, but the 12Cr steel contained
about 75% martensite with the balame delta-ferrite.

Precipitate types in the alloys varied, depending on the
chromium content. For the 2.25Cr steels, M,C and M,C, vere the
primary precipitates; for the 9Cr and 12Cr steels, M,,C; was the
primary precipitate. The 5Cr steel contained M,C, and M,,C,.

All steels with vanadium slso contain:u KC.

Tensile studies indicated that the 2.25Cr-2VW-0.25V and 9Cr-
24-0.25V-0.07Ta steels had the highest strengths; they had
properties similar to those of the 9Cr-1MoVNb and 12Cr-1MoVWW
steels that are candidater cfor fusion reactor applications. The
S5Cr-24-0.25V and 9Cr-2W-0.25V-0.07Ta steels had the best impact
properties. The impact properties of these two steels as well as
those of the 9Cr-2W-0.25V and 12Cr-2W-0.25V steels were
comparable to the properties of similarly heat-treated Cr-Mo
steels that are candidates for fusion reactor applications.


http://2U-0.25V-0.07Ta
http://9Cr-2V-0.25V-0.07Ta

The safety and enviromsental concerns that can result from the
radiosctivity induced in the first wall and blanket structure of a fusion
reactor during its service lifetime have been discussed.! One protlem
involves the disposal of the highly radioactive blanket and first-wall
structures after service. To simplify the waste-disposal procedures, the
use of "low-ectivation” or "reduced-activation® steels (or other alloys) as
structural materials has been proposed.! Such alloys should meet the
guidelines issued by the U.S. Nuclear Regulatory Commission (10 CFR Part
61)2 for shallow land burial, instead of the much more expensive deep
geologic disposal. Decay to low levels for such alloys would occur in tens
of years instead of hundreds or thousands of years.

As stated sbove, steels with such radiocactivity decay characteristics
are often referred to as "low-activation” or "reduced-activation® steels.
Neither of these terms adequately describes the behavior of the steels
during or after irradiation. When irradiated in a fusion reactor, sll
steels will become highly radiocactive (i.e., activated). However, it is
the radioactive decay characteristics with time after irradiation that are
important for the steels under discussion.

The new steels to be developed to meet the above criteria will be
compositionally modified so they contain only elements that produce
radiocactive i{sotopes that decay to low levels in a reasonable time.
Therefore, we have chosen to call them "fast” induced-radioactivity decay
(FIRD) steels.? “"Fast" is a relative term taken to mean that the
radioactive transmutation products formed during irradiation in a fusion
reactor decay rapidly enough to qualify for the shallow land burial
techniques prescribed in 10 CFR Part 61 (see ref. 2).

Ferritic stcels now being considered in the United States for fusion
reactor applications are the following commercial Cr-Mo steels: 2,25Cr-
1Mo (2.25% Cr-1% Mo-0.1% C*), 9Cr-1MoVNb (9% Cr-1% Mo-0.2% V-0.06% Nb-0.1% C),

* Throughout this report, concentrations are given in weight percent.
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and 12Cr-1MoVW (12% Cr-1s Mo-0.25% V-0.5% W-0.5% Ni-0.2% C) steels.
Mclybdenum and niobium are the primary allcying elements that keep these
steels from meeting the criteria for near-surface burial, and these
elements would need to be elimina-ed. In fact, niobium would have to be
reduced to extremely low residual levels.! Other normal al’oying elements
that must be minimized include nickel, copper, and nitrogen,! none of which
play a significant role in determining the properties of the Ur-Mo steels
under discussion, although 0.5% Ni is added t0 12Cr-1MoVW steel to avoid
delta-ferrite.

Because tungsten behaves like molybdenum in simple steels,* it was
proposed as a replacement for molybdenum.® Vanadium has also been proposed
as a replacement.®~7 To replace the strengthening function of niobium, the
.use of vanadium, titanium, and especially tantalum,3 which has chemical
characteristics in common with niobium, have been suggested. Tantalum may
cause problems, however, because its transmutation products produce high
levels of radioactivity immediately after fission reactor irradiation,
which make such steels difficult to study (fission reactor irvadiation is
presently the principal means of studying pvoperty changes cauvsed by
irradiation).

A series of experimental steels was previously proposed (Table 1),3
and in this report the results of the initial studies on those alloys
will be presented. Designations to be used for the steels are given in
Table 1 (e.g., 2.25CrV is used to designate the steel with 2.25% Cr and
0.258 V, etc.).

Couwpositions for these new steels were based on variations of the
compositions of the three commercial ferritic steels currently of interest
in the fusion reactor materials program. A range of chromium comprsitions
from ~2.25 to 12% was proposed. An atom-for-atom replacement of molybdenum
by tungsten was chosen; this required ~2% W, since the atomic weight of
tungsten is approximately twice that of molybdenum. Vanadium was
maintained at 0.25%, similar to the amount used in the Cr-Mo steels.

Alloys with 2.25Cr and 0, 1, and 2% W were examined to determine the effect
of tungsten, and an alloy with tungsten and no vanadium was examined to

determine the effect of these elements on properties.



Table 1. Proposed nominal compositions for fast
induced-radioactivity decay steel development program

Nominal chemical composition? (wt %)

Alloy

Cr v v Ta c
2.25Crv 2.25 0.25 0.1
2.25Cr-1wv 2.25 1 0.25 0.1
2.25Cr-2W 2.25 2 0.1
2.25Cr-2uv 2.25 2 0.25 0.1
5Cr-2Wv 5 2 0.25 0.1
9Cr-2wv 9 2 0.25 0.1
9Cr-2WVTa 9 2 0.25 0.12 0.1
12Cr-2wv 12 2 0.25 0.1

4Balance iron.

Tantalum was added to a 9Cr-2WV steel to obtain a steel analogous to
the 9Cr-1MoVNb steel. A carbon level of 0.1 to 0.15% was proposed® for all
steels to help ensure weldability. Of the Cr-Mo steels presently in the
program, only the 12Cr-1MoVW steel has more carbon. That steel contains
0.2% C which, along with 0.5% Ni, is used to eliminate delta-ferrite in
this high-chromium alloy.

Programs to develop "reduced- or low-activation” ferritic steels are
in progress throughout the world.®"1° 1In most of those programs, tungsten
is used Lo replace molybdenum, although vanadium {s also being used.®"7
Most of the programs have limited their studies to only a few alloys with
compositions between 8 and 12% Cr 719

The objective of the alloy development program to be discussed here is
the production of steels with properties equivalent or superior to those of
the 2.25Cr-1Mo, 9Cr-1MoVNb, and 12Cr-1MoVW steels. This report describes



the first phase of the development of such steels, ana the information
presented here is expected to lead to further compositional improvements.
Although the initial compositions were chosen to obtain information on the
effect of chromium, tungsten, and vanadium on the properties of the FIRD
steels, such information from the Cr-W steels should also be helpful in
understanding the Cr-Mo steels. Likewise, the information presently being
developed on the Cr-Mo steels, especially on irradiated properties, should
also be helpful in the development of the FIRD steels.

YNPERINENTAL FROCEDURK

Eight heats of steel® with the proposed nominal compositions given in
Table 1 were prepared by Combustion Engineering, Inc., Chattancoga,
Tennecsee. Melt compositions are given in Table 2. In addition to the
elements of primary interest (Cr, V, W, C, and Ta), other elements such as
Mn, P, Si, etc., were adjusted to composition levels tyvically found in
commercial steels.

All of the heats were air melted and then electroslag remelted (ESR)
to obtain about 18 kg of usable material. The ESR ingot was hot rolled to
15.9- and 3.2-mm-thick plates. The 15.9-mm plates were heat treated and
used for making standard Charpy V-notch specimens to determine the impact
behavior. The 3.2-mm plate was furcher rolled into 0.76-mm sheet for the
fabrication of tensile specimens.

The steels are projected to be used as fusion first-wall and blanket
cosponents ir a normalized-and-tempered condition. By definition, a
normalized steel is one that is afir cooled after austenitization. The
15.9-mm-thick plate was given such a heat treatment. However, the heat

treatments of the 0.76-mm sheet material and tensile specimens were

*As a generic designation, the new class of steels will be
referred to as Cr-W steels. (The only exception is the 2.25CrV steel,
which contains no tungsten.) This follows the procedure used for the
Cr-Mo steels, after which these steels are patterned, even though both
types of steel may contain other alloying elements.



Table 2. Composition of fast induced-radicactivity
decay farritic steeals

Chemical composition® (wt %)

Element 2.25Cr-0.25V 2.25Cr-1¥-0.25V 2.25Cr-2W 2.25Cr-2W-0.25V S5Cr-2w-0.25V  6Cr-2W-0,25V  9Cr-2vW-0.25VTa 12Cr-2W-0.25V

heat 3785 heat 1786 heat 1787 heat 1788 heat 3789 heat 1790 heat 1791 Feat 3792
C 0.11 0.1v 0.1 0.11 0.13 0.12 0.10 0.10
n 0.40 0.3 0.39 0.42 0.47 0.51 0.4} 0.46
P 0.015 0.015 0.016 0.01¢ 0.01% 0.014 0.015 0.014
S 0.006 0.006 0.005 0 006 0.005 0.005% 0.00% 0.005
Si 0.17 0.13 0.15% 0.20 0.25 V.25 0.23 0.24
Ni 0.01 0.01 <0.01 <0,01
Cr 2.36 2.30 2.48 2.42 5.00 8.7) 8.72 11.49
Mo 0.01 <0.01 <0.01
\ 0.2% 0.25 0,009 0.24 0.2% 0.24 0.21 0.23
Nb <0.01 <0.01 <0.01
Ta <0.01 <0.01 <0,01 0.075
Ti <0.01 <0.01 <0.01
Co 0.005% 0.006 0,008
Cu .02 0.02% 0.01
Al Q.02 0.02 0.02 0.021 0.03 0.03 0.0} 0.028
B <0.001 <0.001 0.001

0.9} 1.99 1,98 2.0?7 2.09 2.09 2.12

ABalance iron.



carried out in a helium atmosphere and cooled by pulling the specimens into
the cold zonc of the tube fr:rmace. Because the cooling in helium is as
fast or faster than air cooling, this heat treatment will also be referred
te as normalizing.

Microstructures and heat trea‘ment characteristics were determined on
specimens taken from both the 0.76-mm-thick sheet and from the
15.9-mm-thick plate.

To determine the optimum austenitization temperature, a series of
0.76-mm-thick specimens was normalized by austenitizing 0.5 h at 900, 950,
1000, and 1050°C and then cooling in flowing helium. These specimens were
subsequently annealed 2 h at 600, 650, 700, 750, and 780°C to determine the
tempering characteristics of the steels given the diflerent austenitizing
treatments. Changes due to the heat trestments were determined by hardness
measurements.

For tempering studies on the 15.9-mm-thick plate material, the
2.25Cr-2V steel was normalized by annealing 1 h at 900°C and air cooling.
The other seven heats were annealed 1 h at 1050°C and air cooled; the
nigher temperature was used for these steels to assure that any vanadiua
carbides present were dissolved during the austenitization. Hardness
determinations were made on each of the normalized steels and after pieces
of the plate were tempered for 2 h at 600, 650, 700, 750, and 780°C. The
hardness of each piece of steel was also determined after it was tempered
an additional 8 h at the temperature used for the 2-h anneal.

Tensile tests were made on specimens with a reduced gage section
20.3 mm long by 1.52 mm wide by 0.76 mm thick. All specimens were machined
vith gage lengths parallel to the rolling direction. Tests were made in
vacuum on a 120-kN-capacity Instron universal testing machine at a nominal
strain rate of 4.2 x 10°¢/s.

For the impact tests, full-size Charpy-V-notch specimens were used.
These were made from the 15.9-mm-thick plate in accordance with ASTM
specification E 23 with dimensions of 10 mm by 10 =m by 55 sm; the

specimens contained a 2-mm-deep, 45° V-notch with a 0.25-mm-root radius.



All specimens ‘ere taken along the rolling direc. .on with the notch rumning
transverse to the rolling direction (L-T orientsrion). Individual Charpy
data sets wer: fitted to a hyperbolic tangent f-.. ction for obtaining the
transition temperature and upper-shelf energy.

Similar normalizing and tempering treatmen:. were used on the tensile
specimens and the plates from which the impact -pecimens were taken. All
but the 2.25Cr-2V steel were austenitize: at ! 50°C; the 2.25Cr-2W steel
was austenitized at 900°C. The 15.9-mm plate: Jere austenitized for 1 h,
and the 0.76-mm tensile specimens were auster.’.ized for 0.5 h. Two
tempering treatments were tested: 1 h at 70°°C and 1 h at 750°C. The only
exception to these tempering temperatures w: - for the 2.25Cr-1WV steel,
vhich vas tempered for 1 h at 725°C and 1 h 1t 750°C. The plates were heat
treated in air, and the tensile specimens ':r:re heat treated in helfium.

Microstructures of the steels after /. ious heat treatments wvere
studied by optical microscopy, transmissi. a electron microscopy (TEM), and
analytical electron microscopy. Electror microscopy studies were conducted
on specimens cut from tested impact specimens (the portion unaffected by
the test). Thin foils and replicas were examined with a JEOL iOOC
microscope, and precipitate compositions were analyzed on a Philips EM 400T
microscope and/or a JEOL 2000FX microscope using X-ray energy-dispersive
spectroscopy (XEDS). The EM 400T was equipped with a field-emission gun
that allows a fine, high-intensity electron probe for analysis of the
smallest-detectable precipitates on the replicas (1-10 nm).

Precipitate phases were identified by a combination of electron
diffraction and characteristic XEDS compositional analysis. To avoid
matrix effects during XEDS analysis, precipitates were extracted on carbon-
coated copper or nylon grids. For identification by X-ray diffraction,
precipitates were electrolytically extracted from bulk samples with an
approximate mass of 0.3 g. Extraction was in a solution of 10s HC1-90%
methanol at 1.5 V for 5 h to determine their weight fraction. These
solutions ensured selective removal of the matrix without any dissolution
of carbides. Extracted precipitates were weighed to determine the percent

precipitate in the steel. The accuracy of the extraction results was



det rmined by a series c¢f multiple measurements on similar material. A

value for 2 sigma of about 0.2 wt % vas found.
RESULTS
OPTICAL MICROSCOPY

Specimens from the 15.¢-mm-thick plates were examined by optical
microscopy after normalizing (austenitized 1 h at 1050°C, except for the
2.25Cr-2¥, which vas austenii‘zed 1 h at 900°C) and after normalizing and
tempering at 700 and 750°C. Figures 1 and 7 show the microstructues after
being normalized and temperec for 2 h at 703°C. The only effect of the
tempering treatuent on the opZzical microstruccures was to produce visible
carbides in the structures. in this section. the carbides will be ignored,
since quantitative observatiorns of carbides were not possible by optical
microscopy.

Microstructures of the 2.25Cr steels contsined bainite and polygonal
or proeutectoid ferrite. The 2.25CrV alloy [Fig. 1(a)] had 30 to 35%
bainite, with the remainder being ferrite. For the composition with
1% W—the 2.25Cr-1WV steel—the microstructure contained ~55% bainite and
45% ferrite [Fig. 1(b)]). The 2.25Cr-2W [Fig. 1(c]) and 2.25Cr-2WV
[Fig. 1(d)] steels contained bainite with much less polygonal ferrite: the
2.25Cr-2W steel was essentially 100% bainite; the 2.25Cr-2WV steel
contained 15-20% polygonal ferrite.

The 5Cr-2wWV [Fig. 2(a)], 9Cxr-2WV [Fig. 2(b)]), and 9Cr-2WVTa
[Fig. 2(c)) steels were 100% martensite. However, the 12Cr-2WV steel con-
tained approximately 25% delta-ferrite, with the balance being martensite
[Fig. 2(d)]. The only major difference in the martensite of these four
steels vas that the 9Cr-2WVTs had a such finer prior austenite grain size
[Fig. 2(c)].

Optical microstructures were also examined for the 0.76-mm-thick

sheet after heat treatments similar to those used for the plates. All
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Fig. 1. Microstructure of low-chromius normal{zed-and-tempered
15.9-mw—thick plate: (&) 2.25CrV, (b) 2.25Cr-1WV, (c) 2.25Cr-2W, and
(d) 2.25Cr-2WV steels. .
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Yig. 2. Microstructure of high—chromium pormslized-and-tempered
15.9-wm-thick plate: (a8) SCr-2W, (b) 9Cr-2WV, (c) 9Cr-2WWTa, and
(d) 12Cr-2WV steel.
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four of the 2.25Cr steels were entirely bainitic under these conditions,
and the high-chromium steels had the same microstructures as found in the

heat-treated plates.

TRANSMISSION ELECTRON MICROSCOPY

Transaission electron microscopy of the foil specimens showed a range
of microstructures (Figs. 3 to 7). Figure 3 shows examples of fibrous
[Fig. 3(a)) and interphase [Fig. 3(b)] precipitates. Such precipitates
vwere observed in the polygonal ferrite regions of the 2.25CrV, 2.25Cr-1Wv,
and 2.25Cr-2WV steels and will be described more fully when the extraction
replica results are presented. Also shown in Fig. 3 is the bainitic
structure of the 2.25CrV [Fig. 3(a)] and the 2.25Cr-1WV [Fig. 3(b)] steels.
Bainitic structures of the 2.25Cr-2W and 2.25Cr-2WV are shown in Fig. 4.
These regions contained a high dislocation density, and some large
precipitates were visible within these regions.

Lath-martensite structures were observed in the 5 to 12% Cr steels.
The 5Cr steel appeared to contain considerable precipitate throughout the
matrix as well as lacth boundaries (Fig. 5). Microstructures of the
9Cr-2WV and 9Cr-2WVTa steels appeared to be quite similar (Fig. 6). The
lath size of the 9Cr-2WVTa was probably slightly smaller than that of the
9Cr-2WV, but there was no large difference. The lath structure of the
12Cr-2WV steel was relatively fine, while the delta-ferrite of this steel
contained a relatively high dislocation density and some precipitation
(Fig. 7).

For a more detailed examination of the carbide structure of the
normalized-and-tempered steel plate, carbide extraction replicas were
analyzed. Figures 8 to 14 show the different types of carbide microstruc-
tures that were observed.

The 2.25CrV and 2.25Cr-1WV steels ¢Fig. 8) showed the most diverse
microstructures. Both steels contained fibrous precipitates, interphase

precipitates, and large blocky precipitates. As discussed later, the
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Fig. 3. Transaission electron microscovy photomicrographs of (e) 2.25CxV and (b) 2.25Cr-1WV steels
showing examples of fibrous (a) and interphase (b) precipiration in the polygonal ferrite along with the
bainitic structure of each steel. The bainite is on the right side of each photograph.
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Fig. 4. Transmission electron microscopy photcmicrographs of the baimitic miciostructures of
(8) 2.25Cr-2W and (b) 2.25Cr-2WV steels.
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(a)
YE-13668

Fig. 6. Transmission electrom microscopy photomicrographs of the lath-martensite microstructure of
(a) 9Cxr-2WV and (b) 9Cr-2WVTa steels.
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(d)

Fig. 6.

Continued.

YE-13670

YE-13671



YE-13672 YE-13674

Fig. 7. Transmission electron microscopy photomicrographs of the lath-martensite and delta-ferrite
aicrostructure of 12Cr—-2WV steel.
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YE-13455

(a)

Fig. 8. Extraction replicas that show examples of the different
precipitates that occur in normalized-and-tempered (a) 2.25CrV and
(b) 2.25Cr-1WV steels.
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Fig. 9.

extraction replica of normalized-and-tempered 2.25CrV steel: (a) fine
fibers, (b) coarse fibers or "ribbons,” (c) interphase precipitates, and

Examples of different types of precipitate observed on the

(d) blocky precipitates,.



(b) | | o 0.25 pm

Fig. 10. Extraction replica of normalized-and-tempered 2.25Cr-2WV steel showing (&) the general
precipitate distribution and (b) the fine distribution of precipitates at higher magnification.
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YE-13460

(b)

Fig. 11. Extraction replica of normalized-and-tempered 2.25Cr-2WV steel showing (&) general
precipitate distribution and (») the distribution of fine precipitates at higher magnification.
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Fig. 12. Extraction replica of normalized-and-tempered 5Cr-2WV
steel,
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Fig. 13.

Extraction replicas of normalized-and-tempered (&)

9Cr-2WV and (b) 9Cr-2WVTs steels.
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Fig. 14. Extraction replica of normalized-and-tempered 12Cr-2WV
steel.
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fibrous and interphase precipitates occurred in the polygonal ferrite.
Fibrous precipitates are quite obvious in the micrographs of Figs. 8, 9(a),
and 9(b). There were two types of fibers: the fine fibers that are
illustrated in Figs. 8 and 9(a) and coarser fibers or "ribbons,® as seen in
Fig. 9(b). A morphological characteristic of the interphase precipitation
is that it generally consists of rows of fine precipitates [Fig. 9(c)].
Large, blocky precipitates [Fig. 9(d)] appeared in two regions: along
prior austenite grain boundaries and within regions of the bainitic matrix
in which there were no fibrous or interphase precipitates. Fibrous
precipitate in the 2.25Cr-1WV was finer than that in the 2.25CrV steel.

The arrangement of the interphase precipitate into rows in the 2.25CrV
steel was usually quite easily recognized, although in some instances the
high density of precipitates made recognition difficult. Rows of
precipitates were quite difficult to recognize in the 2.25Cr-1WV steel,
where the precipitate was somewhat finer than that in the 2.25CrV steel.

As demonstrated in Fig. 9(c), the large precipitates in the bainitic
matrix regions appeared in various shapes. On average, the coarse
precipitates were smaller in the 2.25Cr-1WV steel than in the 2.25CrV
steel. In general, the regions that contained large precipitates also
contained a distribution of finer precipitate particles, although these
particles were generally not as small and less abundant than the interphase
precipitate particles. The 2.25Cr-1WV steel contained a higher density of
these finer particles in the bainitic regions than did the 2.25CrV steel.

No fibrous or ribbon precipitates were observed in the 2.25Cr-2¥
steel, which optical microscopy showed to be entirely bainitic. It con-
tained two types of precipitate: fine needlelike particles and large
blocky particles (Fig. 10).

Only a few fibrous precipitates were observed in the 2.25Cr-2WV steel,
which contained 15-20% polygonal ferrite. Some interphase precipitate
regions were detected, but the particles were much smaller than those
found in the 2.25CrV and 2.25Cr-1WV steels. The bainite of the 2.25Cr-2WV
steel, like that of the 2.25Cr-2W steel, contained two types of



precipitate: large blocky particles and a high density of fine particles
(Fig. 11). The blocky particles in the 2.25Cr-2WV were similar in
appearance to those in the 2.25Cr-2W steel, but the fine particles were
smaller and were present in much larger numbers. At high magnification
[Fig. 11(b)], the small particles appeared to be a mixture of needlelike
and rectangular (in two dimensions) morphologies.

As seen in Fig. 12, the size and spacial distributions of the pre-
cipitate particles in the 5Cr-2WV steel were different from those observed
in the 2.25Cr steels. Most of the particles in the 5Cr-2WV steel had a
blocky or rectangular morphology of quite uniform size. There were also
precipitates of a somewhat larger size, many of which formed along prior
austenite grain boundaries; others lay in fairly straight lines, indicating
that they had formed on lath boundaries. Although not obvious from
Fig. 12, fine particles could also be detected at higher magnification.

The 9Cr-2WV and 9Cr-2WVTa steels contained fairly large blocky
precipitates (Fig. 13). Many of these precipitates appeared to have formed
on lath boundaries or on prior austenite grain boundaries. At higher
magnification fine precipitates could be detected in the matrix regions
that appeared to be free of precipitates a: lover magnification. The
12Cr-2WV steel had a similar microstructure, except for some grains that
vere free of coarse precipitates (Fig. 14). These are the delta-ferrite
grains that constitute about 25% of the microstructure. It appeared that

these grains contained som: very fine precipitates.

PRECIPITATE IDENTIFICATION

By weighing the pracipitate obtained by bulk electrolytic extraction,
the amount ~{ precipitate was determined (Table 3). Crystal structures of
the extracted precipitates were analyzed by X-ray diffraction. The type of
precipitate fdentified by X-ray diffraction depended on the chromium
concentration of the steel. For the 9Cr and 12Cr steels, only M,,C, was
positively identified. 1In the 2.25Cr steels, the detected precipitate

appeared to depend on the vanadium and tungsten composition. When
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Table 3. Identification of precipitates by X-ra
diffraction® and analytical electron microscop

Steel Precipitate (wt )¢ Tentative identification
2.25Crv 0.926 M,C + M,C, + MC
2.25Cr-1WV 1.059 M,C + M,C, + MC
2.25Cc-2u 1.797 M,C + M,Cy + MpyCe + M,X
2.25Cr-2WV 1.946 M,C + M,C, + MC

5Cr-2Wv 2.299 M,,C¢ + M,C; + MC
9Cr-2uv 2.520 M,,C¢ + MC

9Cr-2WVTa 2.033 M,,Cs + MC

*2Cr-2WV 2.037 M,,C¢ + MC

4X-ray diffraction of the extracted precipitates.

bx—ray energy-dispersive spectroscopy (XEDS) on extraction
replicas.

€Obtained by weighing the extracted precipitates.

vanadium was present, the steels contained M,C,, M,C, and MC. The
2.25Cr-2W steel contained M;C and M,,C4. The 5Cr-2WV steel, which has an
intermediate chromium concentration, contained M,,Cs and M,C,, which is a
combination of the dominant chromium-rich phases found in the higher and
the lower chromium alloys, respectively.

One problem with X-ray diffraction is that fine precipitates are
difficult to positively identify. This caused unidentified X-ray
diffraction lines for some specimens. Further, the overlap of lines for
different compounds complicates positive identification. It became clear
from the replica analyses discussed below that there were fine precipitate

phases that were not identified by X-ray analysis.



To further identify the precipitates and to correlate rhem with
morphology, carbide-extraction replicas were examineé by XEDS. Analysis
of the complicated microstructures of the 2.25CrV and 2.25Cr-1UWV steels
(Figs. 8 and *) indicated that both the fine fibers and interphase
precipitates were vanadium rich and were presumably MC. Both types of MC
contained considerable amounts of chromium, with the fine fibers containing
the most chromium. The coarse fibers or ribbons were iron and chromium
rich, with slightly more iron than chromium. Presumabliy, chese are M,C,,
since this carbide can contain large amounts of both iron and chromium.
The large precipitates that formed in the bainite were mainly of two types:
chromium rich and iron rich (Fig. 15). A broad beam analysis over a field
of these precipitates revealed that the chromium-rich phase wvas probably
the M,C, phase, while the iron-rich particles were probably the M;C phase,
both of which were found by X-ray diffraction. A few large precipitates
vere found to be vanadium rich, presumably MC particles. Fine MC precip-
itates were also found.

The large precipitates in the bainite of the 2.25Cr-2¥ and 2.25Cr-2WV
steels vere similar to those in the 2.25CrV and 2.25Cr-1WV: M,C, and M,C.
No M,,C, was detected in the 2.25Cr-2VW, even though it was observed by
X-ray diffraction. The fine precipitates in the 2.25Cr-2W steel were
different from those in the 2.25Cr-2wWV steel (Fig. 16). In the 2.25Cr-2VW
steel, the fine needlelike precipitates were chromium and tungsten rich
and were probably M,C or M,X. The fine precipitates in the 2.25Cr-2wWV
steel were MC particles. However, instead of being only vanadium rich, as
was true for the 2.25CrV and 2.25Cr-1WV steels, the fine MC in this steel
was also rich in tungsten (Fig. 16). Some of the larger particles in this
steel were also vanadium- and tungsten-rich MC, and some were rich only in
vanadium.

XEDS analysis of the large precipitates in the 5Cr-24V steel showed
them to be mainly M,C,, while the very small particles were varadium-rich
MC. For the martensite of the 9Cr-2WV, 9Cr-2WVTa, and 12Cr-2WV, the
precipitates were either M;,Cs (large particles) or MC (small particles
and a few of the large particles). In the 9Cr-2WV and 1zCr-2WV steels,
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Fig. 16. A compa:ison of the fine precipitates in 2.25Cr-2wWV and
2.25Cr-2V steels as shown by foil specimens in (&) and (b), by extraction
replicas in (¢) and (d), and by XEDS in (e) and (f). (a), (c), and (e) are
the 2.25Cr-2wV and (b), (d), and (f) are the 2.25C:-2V.
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the MC was vanadium rich, with considerable chromium present (no large
amounts of tungsten as found in the 2.25Cr-2WV steel). The 9Cr-2WVTa
contained two types of MC: vanadium rich and tantalum rich, both of which
contained considerable chromium.

Table 3 summarizes the precipitates that i=re found by X-ray diffrac-

tion and analytical electron microscopy.

HEAT TREATMENT STUDIES

Austenitizing Behavior

Figure 17 shows the effect of different austenitizing temperatures on
the hardness of the normalized 0.76-mm-thick sheet. The hardnesses of the
2.25CrV and 2.25Cr-1WV steels increased with temperature and reached
similar maximum hardnesses. Maximum hardness for the 2.25Cr-2W steel was
reached with the 900°C anneal; a similar hardness was obtained after
annealing at 950 and 1000°C, but decreased after annealing at 1050°C. The
2.25Cr-2WV steel developed the highest hardness of the 2.25Cr steels. A
hardness peak was reached with the 1000°C anneal, although there was little
change between 1000 and 1050°C.

Hardness changes for the higher chromium steels fell into two
categories, with the 5Cr and 9Cr steels in one group, and the 12Cr steel in
the other. The first group developed a maximum hardness between 950 and
1000°C, although there was only a small decrease when annealed at 1050°C
(Fig. 17). A 950°C austenitizing treatment caused a large increase in the
hardness of the 12Cr-2WV steel relative to that observed at 900°C; however,
hardness increased only slightly at the higher temperatures.

Tempering Behavior

Tempering curves are given in Fig. 18 for the specimens taken from the
15.9-mm-thick plate and austenitized for 1 h at 900°C (the 2.25Cr-2W steel)
or for 1 h at 1050°C (the other seven heats) and then air cooled. Data are
for pileces of plate tempered 2 h at 600, 650, 700, 750, and 780°C; the

normalized hardness is also shown. Although several heats displayed
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secondary hardening peaks, all heats showed a continuous decrease in
hardness when tempered above 600°C.

Tempering behavior for the 2.25Cr steels was affected by the presence
of the tungsten and vanadium. Steels with 1 and 2% W and 0.25% V (2.25Cr-
1WV and 2.25Cr-2WV) displayed increasing hardness with increasing tungsten
content. The 2.25CrV steel (0.25% V without any tungsten) was clearly the
softest. On the other hand, the 2.25Cr-2W steel (2% W but no vanadium) had
higher hardness than either the 2.25CrV or the 2.25Cr-1WV steels after
normalizing and after tempering at 600 and 650°C. After tempering at 650°C
and above, the hardness of the 2.25Cr-2W was less than that of the 2.25Cr-
1WV steel and approached that of the 2.25CrV steel.

Despite the fact that the 2.25Cr-2WV steel was not entirely bainite,
the as-normalized hardness of the steel was similar to the hardness of the
2.25Cr-2V steel. After tempering, the 2.25Cr-2WV steel had the highest
hardness of the 2.25Cr steels, regardless of the tempering conditions.
Tempering for 2 h at 600°C produced maximum hardness for this steel,
vhereas, at the highest tempering temperature, this steel had a hardness
similar to that of the high-chromium steels comparably tempered (Fig. 18).

The tempering behavior of the 5Cr-2WV steel was interesting, because
after 2 h at 600°C the hardness approached the highest hardness achieved
for any of these steels—similar to that for the as-normalized 9Cr-2WVTa
steel. The two 9Cr steels showed little difference in tempering behavior:
both had normalized hardnesses near R¢ 40, but then the hardnesses
decreased continuously with tempering temperature.

After tempering at 600 and 700°C, the 12Cr-2WV steel with only 75%
martensite (balance delta-ferrite) had a lower hardness than the ot’ er
steels that were entirely martensite. However, the tempering res s;tance of
this steel was such that when tempered at 750 and 780°C the hardness
approached that of the 5Cr and 9Cr steels, which contained no delta-
ferrite.

In Fig. 19, the Rockwell hardness is plotted against the empirical
Hollomon-Jaffee parameter, which attempts to account for the effect of both

the time and the temperature used during the tempering treatment.
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The parameter is defined as T(20 + log t), where T is the absolute temper-
ature in K and t is tempering time in h. Hardnesses were determined for
all the steels after 2 h at the five tempering temperatures and after being
tempered for another 8 h at the same tempering temperature. Relative
changes in hardness after a 10-h temper were consistent with those observed
after 2 h but at different tempering temperatures (Fig. 18). After
tempering to a parameter of -~2J0 x 10%, there was relatively little hardness
difference between the 2.25Cr-2WV, the 5Cr-2WV, the two 9Cr steels, and the
12Cr-2WV. For the larger values of the Hollomon-Jaffee parameter, the
hardness of the 2.25Cr-2WV steel decreased somewhat faster than that of the
high-chromiua steels.

Microhardness measurements were made on metallography specimens of the
15.9-ma-thick plates tempered 2 h at each temperature and are plotted
against tempering temperature in Fig. 20. As expected, the relative
behavior was similar to that obs.rved for Rockwell-hardness measurements
(Fig. 18).

Pieces of the 0.76-mm-thick sheet given the different normalizing heat
treatments shown in Fig. 17 were tempered for 2 h at 600, 650, 700, 750,
and 780°C. Generally, for any given tempering treatment, the tempered
hardness of a steel given a normalizing treatment that yielded a maximum
hardness remained greater than that for the same steel given other
normalizing treatments. The tempering behavior of the 5Cr, 9Cr, and 12Cr
sheet material was similar to that observed on the thicker plate material
(Fig. 18), when compared for similar normalizing treatments. The tempering
behavior of the 2.25Cr steels was affected by section size: the plate
material contained considerable amounts of proeutectoid ferrite that was
not present in the normalized sheet material. Thus, the normalized sheet
was harder, especially at lower tempering temperatures.

In this study, no Cr-Mo steels were heat treated for comparison,
However, some tempering data for 2.25Cr-1Mo steel obtained under
similar circumstances were & ailable, and these data are shown in
Fig. 19. 1t can be seen that the hardness of the 2.25Cr-1Mo steel is
similar to the presently studied alloys--especially the 2.25Cr-2W steel at
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the higher tempering parameters. The 2.25Cr-1WV and 2.25Cr-2WV steels were
more resistant to tempering than 2.25Cr-1Mo steel.

The only tempering studies made on the 9Cr-1MoVNb and 12Cr-1MoVW
steels being studied in the fusion program were microhardness measurements
on 0.76-mm-thick sheet.!! These steels were entirely martensitic when
normalized. Because cooling rate has little eftect on the hardness of
mortensite,!? a comparison can be made between the 9Cr and 12Cr Cr-Mo and
Cr-W steels (Fig. 21). The 9Cr-2WV and 9Cr-2WVTa steels behaved like the
9Cr-1MoVNb steel. The 12Cr-2WV steel had a lower hardness at the lowest
tempering parameter, but at long times it approached the values of the 9Cr
steels. If the hardness values of the 2.25Cr-2WV and 5Cr-2WV steels were
plotted on this curve, they would also compare favorably with the 9Cr
steels. The 12Cr-1MoVW steel was harder than the 9Cr steels, presumably

because it contained 0.2% C, compared to 0.1% C for the other steels.

ELIMINATION OF DELTA-FERRITE FROM 12Cr-2WV STEEL

When the 12Cr-1MoVW steel is normalized and tempered, it is essen-
tially 100% martensite.!! Because chromium, molybdenum, and tungsten
promote the formation of delta-ferrite, 0.2% C and 0.58% Ni{ are used to
offset the effect of these elements and promote austenite formation during
austenitization. The 12Cr-2WV steel was produced with no nickel, because
nickel must be minimized in FIRD steels. Carbon was maintained at 0.1s for
good weldability. To eliminate delta-ferrite in a FIRD 12Cr steel,
additional carbon can be added and manganese, an austenite stabilizer, can
be used as a replacement for nickel.?

With the 12Cr-2WV steel as the base composition, three 400-g button
heats were produced with 2.8% Mn, 5.6% Mn, and 0.2% C (the base composition
contained ~0.5% Mn and 0.1% C). As opposed to the 0.5% Ni in the 12Cr-
1MoVW steel, higher manganese concentrations were required because
manganese is not as strong an austenite former as nickel.

Specimens ~6.4 mm thick were normalized by austenitizing for 0.5 h at
1050°C and then cooling in flowing helium. After that treatment, the
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2.8% Mn and 5.6% Mn steels contained ~10% aid <1l% delta-ferrite,
respectively; the steel with 0.2% C contained -5% delta ferrite. These
values were considerably less than the 25% delta-ferrite in the base
12Cr-2UV steel.

To determine the tempering characteristics of the modified 12Cr-2WV
steels, normalized (austenitized 0.5 h at 1050°C) 0.76-mm-thick sheet was
tempered for 2 h at 600, 650, 700, 750, and 780°C. Hardness results are
shown in Fig. 22, along with the results for the 12Cr-2wV steel. Results
indicated that the steel with 0.2% C had the highest hardness at the low
tempering temperatures. The hardnesses of the steels with 2.8 and 5.6% Mn
went through a minimum--the first near 750°C and the second near 700°C.
The steel with the 0.2% C had a higher hardness than either of the
manganese-modified steels up to the temperature at which the minimum is
reached. The hardness of the 12Cr-2WV steel approached that of the steel
with 0.2% C and the one with 2.8% Mn at an intermediate tempering
temperature (-700°C).

TENSILE PROPERTIES

Tensile tests were conducted over the temperature range from room
temperature to 600°C on the 0.76-mm-thick specimens that were normalized
and tempered. Normalizing involved austenitizing for 0.5 h at 1050°C,
except for the 2.25Cr-2W steel, which was austenitized for 0.5 h at 900°C;
steels were tested after tempering for 1 h at 700°C and for 1 h at 750°C.
Tensile properties are given in Tables 4 and 5.

Data for the low-chromium (2.25% Cr) steels tempered at 700 and 750°C
(Table 4) are plotted in Figs. 23 and 24, respectively, and data for the
high-chromium (5 to 12% Cr) steels (Table 5) are plotted in Figs. 20 and
21, respectively. For all of the steels, the strength was substantially
lower after tempering at 750°C than after tempering at 700°C. In general,
the relative strengths of the different steels were the same after the two

different tempering treatments.
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Table 4. Tensile properties of normalized-and-tesmpered
low-chromium steels”®

Tempered for 1 h at 700°C Tempered for 1 h at 750°C
Test Strength (MPa) Elongation (%) Test Strength (MPa) Elongation (%)
temperature temperature
o Yield Ultimate Uniform Total °C) Yield Ult mate Uniform Total
2.25 crv 2.25 Crv
22 674 133 4.4 1.6 22 557 640 5.9 9.4
200 639 698 3.6 6.4 200 500 571 4.1 7.3
300 621 697 3.1 6.0 300 496 582 5.1 8.1
400 619 677 3.0 5.8 400 471 5%1 4.0 5.9
$00 599 658 2.6 5.6 500 472 552 3.0 6.4
600 520 539 1.1 4.9 600 394 413 1.1 6.0
2.25 Cr-1W 2,25 Cr-1WV
22 727 763 4.3 6.3 22 579 653 6.6 8 8
200 731 79% 4.3 7.3 200 . . . .
300 694 155 3.3 5.8 300 527 608 4.8 7.9
400 660 131 3.5 6.3 400 540 624 4.3 6.9
500 659 726 2.9 5.9 500 504 589 33 6.4
600 588 620 1.5 5.1 600 401 421 1.3 5.0
2.25 Cr-2W 2,25 Cr-2W
22 594 668 6.1 9.5 22 $54 618 9.6 13.5
200 588 654 5.9 9.3 200 542 581 8.1 12.0
300 573 628 5.3 8.0 300 $31 570 7.1 10.0
400 526 631 4.8 7.8 400 474 555 6.9 9.9
500 509 635 5.5 8.6 500 430 609 7.4 10.4
600 501 576 3.6 7.6 600 372 484 4.6 9.1
2.25 Cr-2WV 2,25 Cr-2W
22 904 L LT .3 8.5 22 649 719 6.3 10.0
200 860 925 5.0 8.0 200 625 692 5.8 9.1
300 848 911 4.1 7.0 300 620 698 5.0 7.9
400 803 882 3.6 6.6 400 583 671 4.9 8.0
500 789 871 1.5 6.4 500 571 674 4.6 8.0
600 708 160 1.9 5.6 600 528 588 2.8 6.4

4511 but the 2.25Cr-2W steel were austenitized for 0.5 h at 1050°C; the 2,25Cr-2W was austenitized
for 1 h at %00°C.
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Table S. Tensile properties of normalized-and-tempered
high-chromium steels®

Tempered for 1 h at 700°C Tempered for 1 h at 750°C
Test Strength (MPa) Elongation (%) Test Strength (MPa) Elongation (%)
temperature temperature
(9 Yield Ultimate Uniform Total (*C) Yield Ultuimate Uniform Total
SCr-2wv 5Cr-2WV
22 715 811 4.5 8.0 22 37 703 6.0 9.9
200 695 784 3.6 6.8 200 551 664 4.9 8.8
300 673 156 ) 6.6 300 524 635 4.5 8.1
400 676 753 2.8 5.8 400 517 611 3.8 7.0
500 - 629 706 2.0 4.6 500 484 583 .4 6.3
600 538 565 1.2 5.6 600 440 497 2.5 7.3
9Cr-2uWV 9Cr-2WV
22 790 910 4.4 7.5 22 597 725 5.9 9.0
200 760 865 3.4 6.5 200 573 699 4. 4 7.8
300 710 825 3.3 6.1 300 675 67% 4,1 1.4
400 711 797 2.6 5.6 400 540 621 33 6.1
500 660 734 1.9 4.1 500 531 626 2.4 5.1
600 599 644 1.6 6.3 600 463 530 2.1 6.0
9Cr-2WVTa 9Cr-2UVTa
22 823 942 1.8 6.6 22 645 774 3.3 7.9
200 - - - . 200 611 727 1.8 6.9
300 782 873 2.8 5.0 300 606 709 3.4 6.5
400 761 840 2.} 5.0 400 585 682 2.9 5.9
500 70?7 779 1.6 4.1 500 538 615 2.1 h.6
600 651 696 1.4 4.8 600 489 526 1.6 5.9
12Cr-2w 12Cr-2wv
22 708 859 5.4 8.4 22 606 157 5.8 9.0
200 668 804 4.5 7.5 200 589 724 5.0 8.3
300 649 777 4.4 7.4 300 557 688 4.3 7.4
400 650 703 3.4 6.1 400 524 646 3.6 6.4
500 601 698 2.5 5.0 500 506 601 2,6 5.1
600 500 528 2.3 6.6 600 427 488 2.5 6.1

JAl1l steels were austenitized for 0.5 h at 1050°C.

%9
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For the low-chromium steels, an effect of vanadium and tungsten was
observed (Figs. 23 and 24). After tempering at 700°C, the etfect of
vanadium on the 0.2% yield stress (YS) and ultimate tensile strength (UTS)
was evident [(Figs. 23(a) and 23(b)]. Except for the UTS at the highest
test temperature (600°C), the 2.25CrV steel was stronger than the 2.25Cr-
2V steel. The vanadium effect was evident when the 2.25Cr-:W steel was
compared to the 2.25Cr-2WV steel. An effect of tungsten in the presence
of vanadium was also evident for these test conditions: the 2.25Cr-2WV
steel was substantially stronger than the 2.25Cr-1WV steel, which was, in
turn, stronger than the 2.25CrV steel. A somewhat similar relationship
applied to these steels after tempering at 750°C [Figs. 24(a) and 24(b)],
although the difference in the strengths of the 2.25CrV, 2.25Cr-2wW, and
2.25Cr-1WV steels was much smaller. Even after tempering at 750°C,
however, the 2.25Cr-2WV steel remained substantially stronger than the
other steels. Total elongation results [Figs. 23(c) and 24(c)]
demonstiated a favorable effect of tungsten on ductility. The 2.25Cr-2vW
steel, which was often the weakest, had the highest elongation for all
test conditions. However, the 2.25Cr-2WV steel, which was always the
strongest, had a total elongation thar was as great as or greater than the
values for the weaker 2.25CrV and 2.25Cr-1WV steels.

A comparison of the -:trength behavior for the high-chromium steels
(5 to 12% Cr) demonstrated that the 9Cr steels were superior [Figs. 25(a),
25(b), 26(a), and 26(b)]. The small tantalum addition to the 9Cr-2wV
steel gave the 9Cr-2WVTa steel the best YS and UTS behavior. The only
exception was for the steel tempered at 750°C, where the UTS of the 9Cr-
2WV steel was similar to that of the 9Cr-2WVTa steel for the 500 and 600°C
tests., From the tempering curves (Figs. 18-20), the 5Cr-2WV steel was
expected to be one of the strongest steels. It turned out to be the
weakest steel for most conditions. Based on the tempering curves and the
large amount of delta-ferrite in the microstructure (Fig. 2), the 12Cr-2wv
steel was expected to be among the weakest. This was the case when the

steel was tempered at 700°C. It had somewhat better relative strength
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vhen tempered at 750°C, although the strength deteriorated substantially
at the highest test temperature [Figs. 25(b) and 26(b)], where it was
again the weakest.

Ductilities for the high-chromium steels reflected the inverse of the
strength behavior, with the strongest material having the lowest total
elongation [Figs. 25(c) and 26(c)].

To compare the behavior of the strongest steels, Figs. 27 and 28 show
the properties of the 2.25Cr-2WV, 9Cr-2WV, and 9Cr-2WVTa steels after
tempering at 700 and 750°C, respectively. Under most test conditions, the
2.25Cr-2WV steel not only had the best strength properties, but also the
best ductility. The only exception in strength was the UTS behavior after
the 750°C tempering treatment. In this case, the 9Cr-2WVTa steel was the
strongest up to a test temperature of 400°C, but at higher temperatures
the 2.25Cr-2UV was again strongest. The only instance where the 2.25Cr-
2WV steel did not have the highest ductility occurred when the steel was
tempered at 700°C and tested at 600°C. Here the 9Cr-2WV steel had a
slightly greater total elongation.

The tensile properties of the 2.25Cr steels tempered at 700°C were
compared with 2.25Cr-IMo steel tempered at 700°C after being normalized
exactly the same way as the 2.25Cr-2W (Fig. 29). The YS (Fig. 29(a)] and
total elongation [Fig. 29(c)] of the 2.25Cr-1Mo steel were similar to
those of the 2.25Cr-2W steel, which is consistent with the initial reason
for replacing molybdenum with tungsten. However, the UTS of the 2.25Cr-
1Mo was somewhat larger than that for the 2.25Cr-2W steel. In all cases,
the strength of the 2.25Cr-2WV steel was substantially better than the
strength of 2.25Cr-1Mo steel.

In Fig. 30, the properties of 2.25Cr-2WV and 9Cr-2WVTa—the two
strongest heats of FIRD steel—are compared with the 9Cr-1MoVNb and
12Cr-1MoVW steels, the strongest conventional Cr-Mo steels presently being
investigated in the fusion reactor materials program. All steels were
tempered at 750°C. The reduced-activation Cr-W steels compared favorably
with 9Cr-1MoVNb and 12Cr-1MoVW steels. Although the room-temperature UTS

values for the Cr-Mo steels were slightly greater than those for the
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2.25Cr-2WV steel, at the elevated temperatures the strengths (YS and UTS)
of the 2.25Cr-2WV and the 9Cr-2WVTa steels were similar to the strengths
of the Cr-Mo steels.

In general, the ductility of the Cr-W steels as measured by total
elongation exceeded that of the two Cr-Mo steels [Fig. 30(c)]. The 9Cr-
IMoVNb steel had the lowest total elongation at all test temperatures. By
contrast the 12Cr-1MoVW steel had the highest total elongation at room
temperature, but then it decreased to values as low or lower than most of
the Cr-W steels at higher temperatures. The 2.25Cr-2WV steel had the

highest total elongation at all temperatures above room temperature.

IMPACT PROPERTIES

Charpy V-notch impact specimens were machined from the normalized-
and-tempered 15.9-mm-thick plates with the microstructures shown in
Fig. 1. That means v:at all of the 2.25Cr steels except the 2.25Cr-2v
contained polygonal ferrite, and the 12Cr-2WV steel contained 25% delta
ferrite. Tests were made after tempering at 700 and 750°C, with the
exception of the 2.25Cr-1WV steel, which was tempered at 725 and 750°C.

A summary of the data is given in Table 6, where the ductile-brittle
transition temperature (DBTT) and the upper-shelf energy (USE) are given
for each steel. A DBIT was determined at the 41- and 68-J level and from
lateral-expansion measurements.

Impact curves are shown in Fig. 31 for the 2.25Cr steels tempered at
750°C. The 2.25Cr-2W steel had the lowest DBTT and highest USE. For the
vanadium-containing 2.25Cr steels, the 2.25Cr-1WV, and 2.25Cr-2WV steels
had similar DBTTs, and they were lower than the DBTT of the 2.25CrV steel.
Data scatter was quite large for the 2.25Cr-1WV steel, and the one high
point away from the trend of the other data points caused this curve fit
to have a lower DBTT than would have been the case i{f this point had not
been included. The 2.25Cr-2WV steel had a lower USE than the other two
vanadium-containing steels, which had USE values similar to that of the
2.25Cr-2W steel. When tempered at 700°C (Table 6), the 2.25Cr-2v steel
again had the best combination of DBTT and USE. The 2.25Cr-2WV steel had
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Table 6. Impact properties of fast
induced-radioactivity decay steels

Impact properties?

Tempering
Steel temperature TT413 TTg8y T g USE
<) (*c) (*c) (*c) )
2.25CrV 700 85 86 85 240
750 66 69 70 318
2.25Cr-1Wwv 725 52 53 52 220
750 8 23 38 340
2.25Cr-2W 700 24 24 12 260
750 -41 -30 -31 324
2.25Cr-2wv 700 85 110 112 131
750 31 31 31 265
5Cr-2wv 700 -61 -46 -46 219
750 -97 -76 -83 259
9Cr-2wv 700 7 26 i3 157
750 -69 -49 -42 217
9Cr-2WVTa 700 -47 -24 -20 181
750 -95 -78 -82 258
12Cr-2wv 700 11 20 19 168
750 -13 -2 -24 193
9Cr - 1MoVNDb 700 56 68 68 161
750 27 41 41 199
12Cr- 1MoVW 700 33 68 64 99
750 4 29 26 115

4TT41y is 41-J (30 ft-1b) transition temperature; TTggy is
68-J (50 ftr-1b) transition temperature; TT{g is lateral expan-
sion transition temperature as determined by 0.889-mm expansion;
USE is upper-shelf energy.

bA11 steels were tempered for 1 h; before tempering all
steels but the 2.25Cr-2VW were normalized at 1050°C; the
2.25Cr-2W was normslized at 900°C.



57

ORNL-DWG 87-1932
‘aa v v A T ¥ v ¥ ]’ v T v '7 L v L4 ‘ L4 v ¥

350 ¢

300

250 | TEMPERED 750°C

200 -

AL
150 } ... b

ENERGY (J)

100 | / ]

100 200 300
TEMPERATURE (°C)

Fig. 31. The Charpy V-notch impact curves for 2.25CrV, 2.25Cr-1wvV,
2.25Cr-2W, and 2.25Cr-2WV steels; all steels were tempered 1 h at 750°C.
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the vorst properties for these tempering conditions. However, the DBTT
values of all four steels were considerably above those obtained after
tempering at 750°C.

In Fig. 32, the impact curves are shown for the high-chromium steels
tempered at 750°C. All of the steels had DBIT values well below room
temperature. The superior properties of the 5Cr-2WV and 9Cr-2WVTa are
seen; these two steels had similar properties. The 9Cr-2WV steel also had
good properties after the 750°C temper. Although the 12Cr-2WV steel
contained 25% delta-ferrite, it also had a quite low DBIT and a reasonably
high USE. After tempering at 700°C, the relative behavior of the
properties of the different steels remained the same (Table 6), but the
DBIT is higher and the USE loweyr than after tempering at 750°C.

For comparison, Charpy impact tests were conducted on the 9Cr-1MoVNb
and 12Cr-1MoVW steels (Table 6). Full-size Charpy specimens were machined
from 15.9-mm-thick plates that had been austenitized for 1 h at 1050°C,
air cooled, and tempered for 1 h at 700°C and for 1 h at 750°C--the
idencical procedures used for the Cr-W impact specimens. A tempered
martensite microstructure resulted for both of the Cr-Mo steels after
these heat treatments.

A comparison of the properties for the Cr-Mo steels and the high-
chromium Cr-W steels indicated that the Cr-W steel values were better than
those for the Cr-Mo steels (Table 6). In Fig. 33, a comparison is shown
after the 750°C temper for the two Cr-Mo steels and their Cr-W analogs--
the 9Cr-2WVTa and 12Cr-2WV stecls. The 9Cr-2WVTa had the best properties,
and, despite contain’‘ng 25% delta-ferrite, the 12Cr-2WV steel had better
properties than those of the 9Cr-1MoVNb and 12Cr-1MoVW steels.

DISCUSSION
OPTICAL MICROSCOPY
The microstructures of the plate specimens varied according to the

chemical composition. The 2.25Cr alloys showed the effect of the tungsten

on hardenability; the steel without tungsten contained the most polygonal
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ferrite, followed by the steel with only 1% W. Since no ferrite was
detected in the 2.25Cr-2V steel, the appearance of ferrite in the 2.25Cr-
2WV steel was unexpected. One possible explanation is that the vanadium
carbide present when the 2.25Cr-2WV steel was austenitized did not
completely dissolve. The lower concentration of carbon in solution could
then lower the hardenability. This possibility was anticipated, and,
therefore, 1050°C was chosen as the austenitization temperature for the
2.25Cr-2WV steel and only 900°C for the 2.25Cr-2VW steel. The 1050°C
temperature was considered high enough to dissolve the vanadium carbide,
and the austenitization tests tended to confirm that conclusion (Fig. 17),
because the maximum hardness was reached after austenitization at 1000°C.
With the increase in chromium to 5% or more, the hardenability becomes
great enough to form martensite instead of bainite.

Although the 12Cr-2WV steel was patterned after the 12Cr-1MoVW steel
that is ~100% martensite when normalized, the appearance of 25% delta-
ferrite in the microstructure indicated that insufficient amounts of
austenite-stabilizing elements were present to completely austenitize the
steel. The 12Cr-1MoVW steel contains approximately 0.5% Ni and 0.2% C,
both austenite-stabilizing elements, whereas the 12Cr-2WV steel contains
approximately 0.1%C and no nickel. Significant amounts of nickel are
intentionally omitted in a FIRD steel,® and the carbon content was
restricted to 0.1% to ensure good weldability. As discussed below,

a 100% martensitic alloy is again possible if more carbon and manganese

are added.

TRANSMISSION ELECTRON MICROSCOPY AND PRECIPITATE IDENTIFICATION

The bainite of the low-chromium steel was of the granular type
typical of that in 2.25Cr-1Mo steel that occurs under certain heat-
treatment conditions. The martensite of the 9Cr and 12Cr steels was the
lath type that is observed in the 9Cr-1MoVNb and 12Cr-1MoVW steels.!!

Precipitate morphology observed in the 2.25Cr steels was charac-
teristic of the precipitation that accompanies the austenite-to-polygonal-

ferrite transformation in alloy steels. Because the eutectoi{d composition
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in such steels occurs at lower carbon concentrations and higher
temperatures than in the Fe-C system, classical pearlite does not
appear.!? Three different types of ferrite-carbide microstructures are
observed: fibrous carbides, interphase precipitates, and carbides that
form within the supersaturated ferrite during tempering, often forming on
dislocations.!? The first two types of precipitation occur at a moving
austenite-ferrite interface. Fibrous precipitates are analogous to
pearlite and occur at an incoherent phase boundary; they are much closer
to equilibrium than the interphase precipitates. Fibers are associated
with a high transformation temperature and a slowly moving interface.
Interphase precipitates form at lower temperatures at a low-energy
interface by the movement of steps along the boundary.!3

Fibrous and interphase morphologies were present in large quantities
in the 2.25CrV and 2.25Cr-1WV steels because they contained large amounts
of polygonal ferrite. The large blocky types of precipitate observed in
the matrix of these steels occurred in the bainitic regions of the steels.
Most of the precipitates in the 2.25Cr-2W steel were of the blocky type,
because this steel contained essentially no polygonal ferrite.

Considerable research has been conducted on Fe-V-C alloys in an
effort to use the interphase precipitates for dispersion strengthening.!3
(The effect of the fibrous precipitates on strength is unknown, although
the properties are not expected to be as favorable as are those of a fine
interphase precipitate.) Steels containing a uniform dispersion of
interphase precipitates have been developed that have properties superior
to those of tempered martensite.!* Such a distribution of interphase
precipitates is most easily obtained by an isothermal transformation.!3:1¢4
However, an isothermal heat treatment is generally not practical in
commercial practice. Studies have been made to determine how interphase
precipitates could be developed during a continuous cool from the
austenitizing temperature. One proposal for accomplishing this (and
maintain the FIRD characteristics of the steel) is to add menganese to the
steel.!* Considerable research would be required to develop such alloys
for commercfial production, and at present only continuous cooling of FIRD

steels is being investigat-d.
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The observations on fibrous and interphase precipitates in the
2.25CrV and 2.25Cr-1WV steels were consistent with the above discussion.
Both the chromium and vanadium carbides were observed to form as fibers,
although the chromium-rich fibers were much coa:ser and appeared ribbon-
like. This observation agrees with previous work that showed that
chromium carbides form coarser fibers than do vanadium carbides.* The
observation that fibers and interphase precipitates form in a finer
distribution in the 2.25Cr-1WV can be attributed to the difference in the
transformation characteristics for these two steels. Because of the
higher hardenability of the steel with tungsten, the transformation in
this steel must occur at a lower temperature. A much finer precipitate
distribution of all the carbide morphologies was evident in the steel
with 18 W. Also, in the 2.25Cr-1WV steel, none of the ribbon structures
were evident. Similarly, the small amount of fibrous and interphase
precipitate that formed in the 2.25Cr-2WV steel was finer than found in
the 2.25Cr-1WV steel.

A synergistic effect of tungsten and vanadium was evident in the
microstructures and tensile properties of the 2.25Cr steels. The overall
carbide distribution of the 2.25Cr-2W steel was coarser than the carbide
distributions in the steels containing vanadium, including the steel
without tungsten. The tensile properties reflected this coarser
precipitate distribution, because the 2.25Cr-2W steel was generally the
weakest or had properties approaching those of the 2.25CrV (Fig. 29).

With the exception of the MC phase, the carbides in the 2.25Cr steels
were similar to those observed in 2.25Cr-1Mo steel.!® The carbides
detected by X-ray diffraction—M,C, M,C,, and M,,C, —are also observed in
2.25Cr-1Mo steel; M,C and M C have beer sbserved as well.'® The carbides
present in the 2.25Cr-1Mo steel depend on the heat treatment the steel
is given.!®

The precipitates in the 2,25Cr-2W steel were quite similar to those
in 2.25Cr-1Mo steel. Although M,C was not detected by X-ray diffraction
in the 2.25Cr-2W steel, TEM confirmed the presence of many fine needles,
which would constitute only a small fraction of the total precipitate and
could be undetectable above background by X-ray diffraction. XEDS
analysis indicated that the needles in the 2.25Cr-2W steel are probably
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M,C (or M;X). Those needles were chromium and tungsten rich, but
contained more chromium thaa tungsten. The needles that form in 2.25Cr-
1Mo steel have been generally concluded to be molybdenum-rich M,C,
containing about 80% Mo and lesser amounts cf Fe, Cr, and Si (refs. 15 and
16). However, in other work on 2.25Cr-1Mo steel, the needles have been
identified as M,X, which was chromium rich with relatively large amounts
of molybdenum.!? This is similar to the observations in the present work
on the 2.25Cr-2W, with the molybdenum being replaced by tungsten.

For the 9Cr and 12Cr steels, the coarser carbides were primsrily
M,;Cq, although TEM detected finer particles that could be identified as
MC from XEDS analysis. Similar carbides were found in the 9Cr-1MoVNb and
12Cr-1MoVW steel.!!:!® The coarse carbides in the 5Cr-2WV steel were a
mixture of the chromium-rich carbides found in both the low- and high-
chromium steels. Both M,C, and M,,C, were observed, indicating how the
matrix chromium concentration governs the transition from ome type of
carbide to another.

The large amount of precipitation that occurred on prior austenite
grain boundaries and lath boundaries in the microstructures of the 5Cr,
9Cr, and 12Cr steels was similar to that observed in the 9Cr-1MoVNb steel.!®’
Much more precipitate was observed in the 12Cr-1MoVW steel,!! but this
steel contained 0.2% C, twice as much carbon as the 9Cr-1MoVNb steel, and
the steels of the present study.

Compositions of the M,,C; precipitates in the 9Cr-2WV and 9Cr-2WVTa
steels are analogous to those found in 9Cr-1MoVNb steel (Fig. 34).11.18
The relative amounts of Cr, Fe, and V are similar; the only difference is
that the molybdenum in the 9Cr-1MoVNb {s replaced by tungsten.

Finally, it is important to note the compositional behavior of the
MC phase in the various alloys (Fig. 35). The fine distribution and
small volume fraction of MC particles make their study difficult by bulk
extraction and X-ray diffraction techniques, but they are easily studied
with modern microanalytical techniques. Two types of MC were observed
in the 9Cr-2WVTa steel: one was vanadium rich and similar to that
found in the 9Cr-2WV (Fig. 35(b)]), while the second was tatalum rich
(Fig. 35(c)].
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A similar dual precipitate composition was observed for the 9Cr-1MoVNb,
vhere vanadium-rich and niobium-rich carbides were observed [Fig. 35(d)].
From a comparison of Figs. 35(c) and 35(d), it can be seen that the
tantalum-rich and niobium-rich carbides are analogous with the interchange
of tantalum and niobium.

The data in Fig. 35(a) reveal an important synergistic effect between
vanadj'za and tungsten in forming the fine MC needle carbides in the 2.25Cr
alloys that is not observed for the higher chromium steels containing
vanadium and tungsten. Tungsten is erriched only in the MC formed in the
2.25Cr-2WV steels. It also suggests an important difference between
tungsten and molybdenum that is influenced by the chromium content of the
alloy. Molybdenum is never found to concentrate significantly in the
vanadium-rich MC formed in various martensitic steels.!!:!® The synergism
between vanadium and tungsten is also unique relative to the other MC-
forming elements. In most cases, there is not as much solubility of
vanadium in MC carbides that are rich in niobium or tantalum (Fig. 35).
The formation of a mixed vanadium-tungsten MC carb’de may be a key to the
fine and uniform distribution of needles that results in the superior
strength of the 2.25Cr-2WV steel.

HEAT TREATMENT STUDIES

Austenitizing Studies

Results from the austenitization studies on 0.76-mm-thick sheet
showed that tungsten plays an important role in the hardening of these
steels, since the steels with 2% W were considerably harder than the
steels with O and 18 W (Fig. 17). Vanadium had little effect on the
normalized hardness. The relative hardnesses of the normalized steels
also demonstrated the difference between untempered bainite and untempered
martensite, The 5Cr and 9Cr steels were expected to be entirely
martensite, and the 2.25Cr steels, when heat treated in the sheet form,
were entirely bainite. As seen in Fig. 17, the hardness of the martensite
does not depend on the chromium content. The 12Cr steel with a duplex

martensite and delta-ferrite microstructure had a maximum hardness that
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fell between that of the martensitic and bainitic steels. The difference
between the 9Cr and 12Cr steels can be attributed to the delta-ferrite in
the 12Cr steel. The low hardness value after the 900°C austenitization
for the 12Cr-2WV is an indication that larger amounts of ferrite were
present in this steel after austenitizing at 900°C than after the higher
temperature anneals.

From Fig. 17, it appears that for the thin sheet specimens it is not
necessary to austenitize at the highest temperature (1050°C) to achieve
the maximum hardness. Only the 2.25CrV steel developed its maximum
hardness at 1050°C. All of the other steels approached the maximum
hardness at 1000°C and, in many cases, at 950°C. The steel without
vanadium (2.25Cr-2W) reached its maximum hardness with the 900°C anneal.
The hardness decrease for this steel when austenitized at higher
temperatures could be caused by the increased austenite grain size that
results at higher austenitization temperatures for a steel without a

st:'ong carbide former (e.g., vanadium).

Tempering Studies

Although vanadium carbide is expected to play an important role in
the strengthening of these steels, for the 2.25Cr steels there was appar-
ently a synergistic effect from the tungsten and vanadium. The hardness
of the 2.25Cr-2WV steel exceeded that for the 2.25Cr-1WV steel, and both
of these steels exceeded the hardness of the 2.25Cr-2W after tempering at
650°C and above. The greater hardness of the 2.25Cr-2W steel after
normalizing and after tempering at 600°C was probably because this steel
is entirely bainitic, whereas the 2.25Cr-1WV steel contained significant
amounts of polygonal ferrite. Early precipitation of abundant M,C or M,X
may also have played a role in the 2.25Cr-2V steel’s achieving its greater
hardness at the lower tempering temperatures. At the higher tempering
temperatures, the presence of MC in the vanadium-containing steels with
tungsten presumably caused these steels to have the higher hardness
values. The fact that the 2.25CrV and 2.25Cr-2V steels have similar
hardnesses at 650°C and above is an indication that neither the vanadium

nor tungsten slong provides the tempering resistance. Likewise, this
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shows that the 100% bainitic structure is not inherently the strongest
(the 2.25Cr-2¥ steel wa. the only steel with a 100% bainitic
microstructure).

Because of the high hardenability of steels with 9 and 12% Cr, such
steels are expected to transform from austenite to martensite when
normalized (the delta-ferrite in the 12Cr steel does not transform).

For the low-chromium steels, the lower hardenability makes an entirely
martensitic or bainitic structure difficult to obtain. Furthermore, it

is often difficult to differentiate between martensite and bainite. The
hardness of martensite in such steels depends almost entirely on the
carbon content, and for a steel with approximately 0.1% C, the R¢ hardness
of martensite is expected to be about 38 (ref. 12). This {s very close tc
the hardness of the normalized SCr and 9Cr steels, which were concluded to
be 100% martensitic.

The acicular-appearing constituent in the 2.25Cr steels (Fig. 1) was
assumed to be bainite, which agrees with the normalized hardness. This
microstructure was also expected from observations on 2.25Cr-1Mo steel,
since it was expected that the hardenability of the 2.25Cr-2W steel should
be similar to 2.25Cr-1Mo steel. Extremely rapid cooling rates after
austenitizing (e.g., a water quench or the air cooling of a thin section)
are required to produce martensite in steels with smaller amounts of
alloying elements.

The 2.25Cr-1WV and 2.25Cr-2WV steels were more resistant to tempering
than 2.25Cr-1Mo steel (Fig. 19), probably because they contained vanadium.
Tempering resistance for the 2.25Cr-2W steel was comparable to that of
2.25Cr-1Mo steel. Since the 2.25Cr-2W steel was taken as analogous to
2.25Cr-1Mo steel, the equivalent tempering response indicates that, on an
atom-for-atom basis, molybdenum and tungsten play similar roles in these
steels—vwhich was the objective in replacing the molybdenum with tungsten.

The teapering studies indicated that for long tempering times or high
tempering temperatures, the 2.25Cr-2WwV, 5Cr-2wV, 9Cr-2WV, 9Cr-2WVTa, and
12Cr-2WV steels belhaved similarly. This occurred despite the fact that
the 2.25Cr-2WV steel was bainitic with 15-20% polygonal ferrite and the
high-chromium steels were entirely martensitic. Furthermore, the 12Cr-2wv

steel, which contained 25% delta-ferrite and was much softer than the
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other martensitic steels after the normalizing and low-temperature
tempering treatments, developed hardnesses similar to the other
martensitic steels after longer tempering times or higher tempering
temperatures. The excellent tempering behavior of these five Cr-W steels
along with the favorable comparisons to the tempering behavior of the
Cr-Mo steels points to a range of compcsitions that may be available for
the FIRD steels.

ELIMINATION OF DELTA-FERRITE FROM 12Cr-2WV STEEL

It was possible to eliminate much of the delta-ferrite from the 12Cr-
2WV by adding manganese and carbon. When tempered, the two steels with
manganese added showed the effect of manganese on lowering the Ac;
temperature. Because of the lower A, temperature, austenite formed
during tempering at the higher temperatures, and when the specimen was
cooled from the tempering temperature, martensite formed. A minimum in
the tempering curves occurred because the formation of increasing amounts
of untempered martensite with increasing tempering temperature caused the
hardness to increase with tempering temperature. With 5.6% Mn, the Ac,
temperature was between 650 and 700°C, and, with 2.8% Mn, it was between
750 and 7B0°C (Fig. 22). Thus, a high-manganese steel would require a
maximum tempering temperature below 700°C to avoid a microstructure that
contained untempered martensite.

If all of the modified steels were tempered at temperatures below the
Ac; of the 5.6% Mn steel, the 0.2% C steel would probably show the best
tempering resistance. However, when the 0.2% C steel was compared to the
base composition (0.1% C) after tempering at 700°C, little difference in
hardness was observed between these two steels or with the steel
containing 2.88% Mn (Fig. 22). Furthermore, the duplex steel with 25%
delta ferrite had hardness values (after long tempering times or high
tempering temperatures) similar to the values for the martensitic steels
with 5 and 9% Cr. Thus, it might be possible to consider a duplex stevel

for a fusion reactor first wall., Because of its hetter welding
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characteristics, a 9Cr-2Mo duplex steel is being considered as a first-
wall candidate for the Japanese fusion program.!® However, a problem with
such steels is that the presence of delta-ferrite is believed to cause an
increase in DBTT. This will be discussed in a later section. Finally,
there is concern that ferrite will not be as radiation resistant

(swelling resistant) as bainite or martensite. Definitive studies have
yet to be done on this question.

Although the results of adding manganese and carbon to the base
composition of the 12Cr-2WV steel demonstrated that it is possible to
eliminate much of the delta-ferrite, there are other considerations that
must be taken into account. If lithium is to be used as the coolant for
the first wall of a fusion reactor, the manganese concentration would have
to be minimized, since manganese is highly soluble in lithium. It may
therefore be preferable to use 0.2% C plus the minimum manganese required
to retard delta-ferrite formation (probably about 1.5% in the presence
of 0.2% C).

TENSILE PROPERTIES

The tensile properties of the 2.25Cr steels were affected by the
combination of tungsten and vanadium. The steel with 0.25% V and no
tungsten had strength properties similar to the steel with 2% W and no
vanadium. The steel with 28 W had excellent ductility. With the combi-
nation of tungsten and vanadium, an additive effect occurred to give a
steel with excellent strength and ductility.

When the tensile data for the steels with 2.25%, 5%, and 9% chromium
with 0.25% V and 28 W were compared, it appeared that the chromium had a
nonlinear effect on the strength. The strength went through a minimum
between 2.25% Cr and 9% Cr, making the 5Cr-2WV steel weaker than either
the 2.25Cr-2WV or the 9Cr-2WV steels. A minimum in strength near 5% Cr
has also been observed for Cr -Mo steels with chromium compositions between
2.25 and 9%.7° This minimum must be associated with the difference in
precipitates that formed in the S5Cr steel. The chromium-rich carbides
were different in these steels~ the 5Cr steel contained a mixture of M,C,

and M,,C,, vhereas the 2.25Cr steel contained M,C, and the 9Cr steel
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contained M;,C;. In addition, a much finer distribution of vanadium-rich
MC seemed to form in th2 2.25Cr-2WV and the 9Cr-2WV steels than in the
5Cr-2WV steel.

Except for the YS of the steels tempered at 700°C, the strength of
the SCr-2WV steel was less than that for 12Cr-2WV, which contained 25%
delta ferrite. The large delta-ferrite content resulted in the lower
strength for this latter steel. Tensile results for the high-chromium
steels (Figs. 25 and 26) demonstrated the benefit of the addition of
tantalum to the 9Cr-2WV steel. Just as niobium improves the strength in
the 9Cr-1MoVNb steel, tantalum can be used to improve the strength of a
Cr-V steel,

The observation that the 2.25Cr-2WV steel generally had the highest
strength of the eight steels investigated was not totally unexpected, if
we accept the assumption that 2% W will play the same role as 1% Mo does
in the Cr-Mo steels. It is known that the major effect of chromium above
2.25% is to increase the hardenability and corrosion resistance.?! Such
observations of equivalent strength are made when appropriate micro-
structures are compared (i.e., tempered bainite in the 2.25Cr steel is
compared to tempered martensite in the high-chromium steel).?!  Such
results would not be expected if the 2.25Cr steel contained large amounts
of polygonal ferrite.

The high strength of the 2.25Cr-2WV steel must be the result of the
fine HC that formed in this alloy. A unique feature of that precipitate
wag that it was both vanadium and tungsten rich. This contrasted with the
MC in the other Cr-W alloys and for some of the large particles in the
2.25Cr-2WV; these MC particles were mainly vanadium and chromium rich. An
exception to this was the 9Cr-2WVTa steel, where a tantalum-rich MC was
present, in addition to the vanadium-rich MC. It should be noted that the
tencile preoperties of the 2.25Cr-2WV gteel were not affected by polygonal
ferrite, since the tensile specimens were taken from 0.76-mm sheet that
was entirely bainite. .

The strength of 9Cr-1MoVNb and 12Cr-1MoVW steels have often been
compared to the strength of 2.25Cr-1Mo steel and found superior.??
However, such a comparison ignores the presence of the strong carbide-
forming elements like vanadium and niobium in 9Cr-1MoVNb and 12Cr-1MoVW
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and the important role these elements play in determining the strength.

It has been pointed out that the additiou of a strong carbide former to
2.25Cr-1Mo steel should also result in improved properties relative to the
higher chromium steels.?3 The present results confirm this. The use of a
lower chromium ferritic steel for first walls of future fusion reactors
has been shown to have advantages.?3 As shown in the present study, not
only is the development of such steels possible, they could have a
strength similar to the strength of higher-chromium steels. Presumably
this would apply to Cr-Mo steels as well as Cr-W steels.

It is not possible to adequately compare the properties of the steels
examined in the present work with the reduced-activation steels being
developed elsewhere.5 1% This is true because different heat treatments
are used by the different investigators, not allowing for a common
comparison.

The objective in the development of the Cr-W steels was to achieve
properties comparable o the Cr-Mo steels presently in the fusion reactor
program. This objective would be met for the 2.25Cr steels if the 2.25Cr-
2W steel has properties comparable to the analogous 2.25Cr-1Mo steel.

This was the case depicted in Fig. 29, showing that the replacement of
molybdenum by tungsten can result in steels with comparable tensile
properties. An addition of vanadium then results in steels with improved
properties over those for 2.25Cr-1Mo steel. Likewise, the 9Cr-2WVTa steel
had tensile properties comparable to those for 9Cr-1MoVNb, after which it
was patterned (Fig. 30). The strength properties of the 12Cr-2WV ste:l
were not equivalent to those of the 12Cr-1MoVW steel. However, this was
caused by the large amount of delta ferrite in the 12Cr-2WV steel
microstructure.

These preliminary tests indicated that the 2.25Cr-2WV and 9Cr-2WVTa
steels have tensile pr-jperties comparable to the strongest Cr-Mo steels in
the fusion program—9Cr-1MoVNb and 12Cr-1MoVW steels. With more
developmer.t work, it should be possible to further improve on the
properties. Note al.o that the 2.25Cr-2W steel has properties similar to
those of 2.25Cr-1Mo steel. 1In commercial practice, the 2.25Cr-1Mo steel

is used for elevated-temperature applications up to 550 to 600°C.
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IMPACT PROPERTIES

For fusion reactor applications, impact properties are expected to be
crucial. When irradiated by neutrons, the DBIT of the 12Cr-1MoVW steel
can increase by over 200°C.2?4:25 Therefore, it may be desirable that any
steel used for such applications have as low a DBIT as possible in the
unirradiated condition.

When the results for the Cr-W steels were compared against the
results for 9Cr-1MoVNb and 12Cr-1MoVW steels for similar heat treatments
(Table 6), the properties of the 5Cr-2WV, 9Cr-2WV, 9Zr-2WVTa, and 12Cr-2wv
steels vere superior to those for 9Cr-IMoVNb and 12Cr-1MoVW steels.
However, the results in Table 6 for the Cr-Mo steels are not the optimum
for these hea . of steel.2?5:28 A DBTT of ~-50°C and a USE of ~255 J were
obtained for the 9Cr-1MoVNb heat when it was austenitized for 1 h at
1038°C and tempered for 1 h at 760°C.25 For the 12Cr-1MoVW heat
austenitized for 1 h at 1050°C and tempered for 2.5 h at 780°C, a DBTT of
-2.4°C and & USE of 115 J were obtained.?® These values are similar to
the values obtained for the 12Cr-2WV steel in the present work, even
though the 12Cr-2WV steel contained 25% delta-ferrite. For other heats of
12Cr-1MoVW steel, somewhat better values were obtained.?® It should be
noted, howvever, that heat-treatment variations for the Cr-W steels could
also lead to an improvement of the properties of these strels.

Investigators have concluded that small amounts of delta-ferrite?7:2®
and such ferrite accompanied by carbides at the ferrite-martensite
boundaries?® cause an increase in the DBTT and a decrease in the USE in
12Cr-1MoVW steel. An increase in the DBTT of about 25°C was observed for
1% delta-ferrite?’ and an increase of 30 to 50°C was observed when about
58 delta-ferrite was present in the microstructure.?® Although the impact
properties of the 12Cr-2WV steel containing 25% delta-ferrite were not as
good as those of the 5Cr and 9Cr steels that were entirely martensitic
(Fig. 32), they were superior to the Cr-Mo steels similarly heat treated
(Fig. 33). When the results for the 12Cr-2WV steel are compared with
those for the 12Cr-1MoVW, the indication is that it must be more than the
delta-ferrite in the 12Cr-1MoVW steel that causes the deterioration in
properties of 12Cr-1MoVW steel.?7:28 This conclusion is supported by
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impact data on 9Cr-2MoVNb that contained about 20% delta-ferrite.29:3°
This steel also had superior properties to those of 12Cr-1MoVW steel.
These results indicate that the inferior properties of the 12Cr-1MoVW
steel zre not caused by the delta-ferrite but may be due to the higher-
carbon content (the 12 Cr-1MoVW steel contains 0.2% C against -0.1% C for
the 12Cr-2WV steel), which is known to affect impact properties.3! The
higher carbon content leads to larger amounts of precipitate,!! which
could degrade the impact properties.?2®

From these results, it appears that the use of a duplex structure of
martensite and delta-ferrite should not be ruled out on the basis of
impact properties. However, the 12Cr-2WV steel must be ruled out at
present because its strength was not as good as the strength of the 9Cr
steels and the 2.25Cr-2WV steel.

Although these steels are still at an early stage of development, the
impact properties of the 2.25Cr-2WV steel were somewhat disappointing, in
view of the excellent tensile properties of this steel. A mixed structure
of tempered bainite and polygonal ferrite (the microstructure of the
2.25Cr-2WV) is known to have an inferior impact behavior compared to a
steel with a microstructure made up of a single constituent.3? This may
explain why the 2.25Cr-2W steel had the best impact behavior of the 2.25Cr
stesls (Table 6 and Fig. 32).

The observation that the impact behavior of a 1008 bainitic steel is
superior to one containing polygonal ferrite means that it should be
possible to improve the impact properties of the 2.25Cr-2WV steel by heat
treatment and by increasing the hardenability. By proper alloying, the
hardenability of the steel can be increased and the ferrite eliminated.
Finally, the type of bainite that forms can also affect the impact
properties;3? the type of bainite, in turn, depends on the hardenability.

SUMMARY AND CONCLUSIONS

By eliminating Mo, Nb, N, Ni, and Cu from steels used for fusion

reactor structural components, induced radioactivity levels will more
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rapidly decay to lower levels, which will allow simpler radioactive waste-
disposal techniques for these reactor components when they are discarded
after service. Such FIRD austenitic and ferritic steels (sometimes
referred to as low-activation or reduced-activation steels) are being
developed, and, in this report, preliminary work on developing ferritic
steels was presented. Developmental steels were patterned on the
conventional ferritic steels being considered as candidates for fusion-
reactor applications--2.25Cr-1Mo, 9Cr-1MoVNb, and 12Cr-1MoVW steels.
Tungsten was used as a replacement for molybdenum, and tantalum was
substituted for niobium. Microstructures were examined, tempering
behavior was determined, and tensile and impact tests were conducted on
experimental steels in the normalized-and-tempered condition.

To determine the effect of Cr, W, V, and Ta, eight heats of steel
were obtained. Alloys containing 2% W (an atom-for-atom replacement of
molybdenum in the Cr-Mo steels) and 0.25% V were produced for chromium
levels of 2.25, 5, 9, and 12% (designated 2.25Cr-2WV, 5Cr-2wV, 9Cr-2wv,
and 12Cr-2WV). A 9Cr-2WV steel with 0.07% Ta (9Cr-2WVTa) was also
produced, along with 2.25Cr steels with 0.25% V and O and 1% W (2.25CrV,
and 2.25Cr-1WV) and with 2% W and no vanadium (2.25Cr-2W). Carbon was
maintained at 0.1% for all of the steels.

Optical microstructures of the normalized-and-tempered steels showed
an effect of tungsten on hardenability. The 2.25CxV and 2.25Cr-1WV
contained 70% and 45% polygonal ferrite, respectively, the balance
bainite, while the 2.25Cr-2WV steel contained 15-20% ferrite, the balance
bainite. The 2.25Cr-2VW steel was 1008 bainite. The 5Cr and 9Cr steels
were entirely martensitic, but the 12Cr-2WV steel contained approximately
25% delta-ferrite. Additions of manganese and/or carbon to the base
12Cr-2WV would be needed to eliminate the delta ferrite. A combination of
0.2% C and 1.5% Mn should yield a fully martensitic structure.

Hardness measurements as a function of different tempering treatments
indicated that the tempering resistance of the 2,25Cr-2WV, 5Cr-2Wv,
9Cr-2WV, and 12Cr-2WV were similar for long tempering times and/or high
tempering temperatures. These steels had tempering resistances similar to
those for the 9Cr-1MoVNb and 12Cr-1MoVW steels.
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Tensile studies indicated that an atom-for-atom replacement of
molybdenum by tungsten resulted in a steel with properties sizilar to
those of the analogous Cr-Mo steel, when both were heat treated similarly.
The properties of the 2.25Cr-2W steel were similar to those of 2.25Cr-1Mo
steel. Likewise, the properties of 9Cr-2WVTa steel were similar to those
for the 9Cr-1MoVNb, indicating that tantalum could replace niobium.
Tensile properties for the 12Cr-2WV were inferior to those of the 12Cr-
1MoVW steel, because of the large amount of delta-ferrite in the Cr-Ww
steel. Of the eight experimental steels, the 2.25Cr-2WV and the 9Cr-2WVTa
steels were the strongest. Both had properties similar to the strongest
Cr-Mo steels, when all steels were heat treated similarly.

Impact properties of the 5Cr-2WV, 9Cr-2uv, 9Cr-2WVTa, and 12Cr-2wv
steels were superior to those for 9Cr-1MoVNb and 12Cr-1MoVW steels, when
all steels were given similar heat treatments. The excellent impact
properties of the 12Cr-2WV steel occurred despite the 25% delta-ferrite in
the microstructure. Impact properties of the 2.25Cr-2WV steel, which had
excellent tensile properties relative to the other Cr-W steels, were
inferior to those of the high-chromium (5-12% Cr) steels. This difference
was attributed to microstructure, and the development of a low-chromium
FIRD steel with good strength and impact behavior should be pnssible with
further alloying and proper heat treatment.

Results from these preliminary tests indicate that it should be
possible to develop FIRD ferritic steels with properties similar to the
ferritic steels presently being considered in the fusion program. In
the future, we propose further alloying to improve on the properties of
the steels presented in this report. We feel that FIRD ferritic steels
can be developed with better properties than those of the Cr-Mo steels
presently in the program. Furthermore, such improved steels should be
possible over a range of chromium concentrations, from as low as 2.25% to
as high as 12%.
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