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ABSTRACT: S;eels are being developed for fusion-reactor'app]ications
that cbntain-ohly elemeﬁtg thaf produce radicactive isotopes that decay
to low levels in a reasonable time. These reduced-activation or fast
induced-radioactivity decay ferritic steels are being developed to be
analogous to the Cr-Mo steels presently in the fusion prgram, but with
molybdenum replaced by tungsten. In this paper, steels with 24% Cr will
be discussed. To determine the effect of tungsten and vanadium on these
steels, heats were produced with 2% W, with 0.25% V, with 1% W and 0.25%
V, and with 2% W and 0.25% V. Tempering and microstructural studieg
were made and tens1ie and impact tests were conducted. Preliminary
results indicate that it shouid be possible to develop a low-chromium
Cr-W steel without molybdenum or niobium. Such stéels should have
properties as good as or better than the three Cr-Mo steels presently

being considered as candidates for fusion-reactor applications.
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Irradiation of alloys that contain molybdenum, nickel, or niobium
in a fusion environment produces long-lived radioactive i§otopes. This
leads to difficult radioactive waste-d1§posal problems once the struc-
ture is removed from service. Such problems can be reduced by develop-
ing stegls that COntaiﬁ only é]ement§ that produce fadioactive isotopes
that decay to l&w levels in a reasonable time (tens of years.inStead of
hundreds or thousands of years) [1]. We are developing reduced-
activation or "fast induced-radioactivity decay" (FIRD) steels similar
to the ferritic steels presently in the fusion program [2].

Ferritic steels now being considered in the United States for
fusion-reactor appiications are the following commercial Cr-Mo steels:
2UCr-1Mo (2.25%Cr-1%Mo-0.1%C*), 9Cr-1MoVNb (9%Cr-1%Mo-0.2%V-0.06%Nb-
0.1%C), and 12Cr-1MoVW (12X%Cr-1%Mo-0.25%V-0.5%W-0.5%Ni-0.2%C) steels.
Molybdenum and niobium are important alloying elements added to give
these steels strength, but they a::o0 are the primary alloying elements
that keep these steels from meeting the criteria for near-surface
burial. It is therefore necessary to eliminate these elements in any
alloys used for fusion applications. 1In fact, residual nifobium would
have to be reduced to extremely low levels [1]. Other normal ;lloying
elements that must be minimized include Eickel, copper, and nitrogen
(1], none of which play a significant role in determining the properties
of the Cr-Mo steels under discussion, although 0.5% Ni is added to
12Cr-1MoVW steel to avoid delta-ferrite.

Because tungsten often behaves 1ike molybdenum in simple steels [3],

it was proposed as a replacement for molybdenum [2]. To replace the

*A11 compositions are in weight percent.



strengthening function of niobium, the use of other reactive/refractory
elements such as vanadium, titanium, and especially'tantalum [2], whicﬁ
has many‘sim%larities to niobium, has been suggested.

Programs to develop reduced-activation ferritic steels are in
progress throughout the world [4-9]. In most of those programs,
tungsien is used to replace molybdenum, although vanadium is also being
used [4-6]: Most of the programs have limited their studies to only a -
few alloys with compositions between 8 and 12% Cr [6,7-9].

Most of the work on the conventional Cr-Mo ferritic steels in the
fusion program is directed toward the 9Cr-1MoVNb and 12Cr-1MoVW steels.
However, there are also possible advantages of a low-chromium steel
{10]. Therefore, we proposed to investigate the wider range of com-
positions given in Table 1.

Compositions for these new steels, referred to hére as Cr-W steetls,
were based on variations of the base compositions of the three commer-
cial ferritic stee. . currently of interest in the fusion-reactor
materials program. A range of chromium compositions from ~2.25 to 12%
was proposed [2]. An atom-for-atom replacement of molybdenum by
tungsten was chosen; this reaquired ~2% W, since the &tomic_we1ght of -
tungsten is approximately twice that of molybdenum. Vanadium was main-
tained at 0.25%, similar to the normal amount used in the Cr-Mo steels.
A carb?n level of 0.1% was maintained for ali stee[s to help ensure
weldability.

The behavior of Cr-W steels that contain 9 and 12% chromium have
been discussed [11]. This paper will focus on the 2% Cr steels and com-

pare them with 24Cr-1Mo, 9Cr-1MoVNb, and 12 Cr-1MoVW steels. Alloys



with 2%% Cr and 0% W (designated 24CrV), 1% W and 0.25% V (24Cr-1¥),
2% W and 0.25% V (2KCr-2wWv), and with 2% W and 0% V (2%9r—2W) were exa-

mined to determine the effect of vanadium and tungsten on properties.
EXPERIMENTAL PROCEDURE

The four.ZK Cr steeis given in Table 1 were electroslﬁg remelted
(ESR) by Combustion Engineering, Inc., Chattanooga, Tennessee. Meilt
compositions are given in Table 2. In addition to the elements of pri-
mary interest (Cr, V, W, C, and Ta), other elements such as Ma, P, Si,
2%¢., were adjusted to composition levels typically found in commercial
staz}s, Product forms obtained included 15.9-mm plate and 0.25- and
0.76-mm sheet.

Tensile tests were made on specimens taken from the 0.76-mm-thick
sheet with a reduced gage section 20.3-nm long by 1.52-mm wide.

Specimens were machined with gage lengths parallel to thebrolling direc-
tion. Tests were made in vacuum on a 120-kN-capacity Instron universal
testing machine at a trosshead speed of 8.5 ym/s, which results in a
nominal strain rate of 4.2 x 10~%/s.

Full-size Charpy Y-notch specimens were made from the £5.9-mm-thick
plate in accordance with ASTM spec1f1é;t1on E 23 with dimensions of 10 by
10 by 55 mm; the specimens contained a 2-mm-deep, 45-degree V-notch with
a 0.25-mm-root radius. Specimens were taken along the rolling direction ”
with the notch running transverse to the rolling direction (L-T orienta-
tion). Each individual Charpy data set was fitted to a hyperbolic
tangent function for obtaining the transition temperature and upper-

shelf energy.



Steels were tested in the normalized-and-tempered condition. All
but the 24Cr-2W steel were austenitized at 1050°C; the austenitization
temperature for the 24Cr-2W steel was 900°C. The 15.9-mm plates were
austenitized 1 h in air and air cooled, and the 0.76-mm tensile speci-
mens were austenitized for 0.5 h in a helium atmosphere and then cooled
in flowing he]%um. (By'dgfinition.'a normalized steel is air cooled
after austenitization; when pulled into the flowing helium in the cold
zone of the tube furnace, rapid cooling occurs, and this heat treatment
will here be referred to as normalizing.) Two temperin§ treatments were
tested: 1 h at 700°C and 1 h at 750°C. The only exception to these

tempering temperatures was for the 24Cr-1WV steel, which was tempered

1 h at 725°C and 1 h at 759°C.
RESULTS

Microstructures

Detailed results from microstructural studies and precipfiate phase
identification were previously published [12], and they will be only
briefly described here. Phases were identified on extraction replica
films using both X-ray diffraction analysis of bulk precipitate extrac-
tions and X-ray energy-dispgrsive spectroscopy (XzDS) studies in an
analyt1c§1 electron microscope.

Specimens from the 15.9-mm-thick plates were examined by optical
microscopy (Fig. 1) after normalizing and after normalizing and tem-
pering at 700 and 750°C [12]. Microstructures contained bainite and
polygonal (proeutectoid) ferrite. The 24CrV alloy had 30 to 35%

bainite, with the remainder being ferrite. For the 24Cr-1WV steel, the



microstructure contained ~55% bainite and 45% ferrite. The 24Cr-2W
steel was essehtially 100% bainite; the 24Cr-2WV steel contained bainite .
plus 15 to 20% polygonal ferrite. Optical microstructures of the
normalized-and-tempered 0.76-mm-thick sheet from which the tensile speci-
mens were mahe indicated that all four of the steels were entirely
bainitic [12].. .

Transmission electron microscopy (TEM) of thin-foil specimens
showed a range of microstructures. Figure 2 shows examples of fibrous
[Fig. 2(a)] and interphase [Fig. 2(b)] precipitates. Sﬁch precipitates
were observed in the polygonal ferrite regions of the 24CrV, 24Cr-1WV,
and 24Cr-2WV steels. Also shown in Fig. 2 is the bainitic structure of
the Z¥CrV [Fig. 2(a)] and the 24Cr-1WV [Fig. 2(b)] steels. Bainitic
structures of the 2UCr-2W and 24Cr-2WV are shown in Fig. 3. These
regions contained a high dislocation density, and some large precipitates
were visible within these regions. The bainite had the granular
appearance typical of that found in 24Cr-1Mo steeliunder certain heat-
treatment conditions.

Extraction replicas were examined by TEM and XEDS, and these showed
the diversity of the carbides in the microstructures of these steels. |
The 24CrV and 2KCr-1WV steels contained fitrous precipitates, interphase
precipitates, and large blocky precipitates (Fig. 4). The fibrous and
interphase precipitates occurred in the polygonal ferrite [12]. There
were two types of fibers: the fine fibers that are illustrated in
Fig. 4 were found to be vanadium-rich MC, and the coarser fibers or
"ribbons," seen in Fig. 5 were chromium-rich M,C;. A morphological char-

acteristic of the interphase precipitation (Fig. 4) is that it generally



consists of rows of fine MC precipitates (Fig. 4). Large, blocky pre-
cipitates (Fig. 4), which were mainly rich in iron, suggesting an M.C
phase, appeared in two regions: aiong prior austenite grain boundaries
and within ngions of the bainitic matrix in which there were no fibrous
or interphase precipitates [12].

As demons&rated in'Fjg. 4, the large M,C, and M,C precipitates in
the bainitic matrix regions appeared in various shapés. On average, the
coarse M,C, and M,C precipitates were smaller in the 24Cr-1WV steel than
in the 24CrV steel. 1In general, the bainitic regions o? the 24CrV and
2UCr-1WV steels also contained a distribution of finer MC precipitate
particles. The 24Cr-1WV steel contained a higher density of these finer
MC particles in the bainitic regions than did the 24CrV steel.

No fibrous or ribbon precipitates were observed in.the 24Cr-2wW
steel, which was es;entially 100% bainitic. This steel containzd two
types of precipitate: small needlelike particles that were mainly
chromium-rich, but also rich in tungsten, suggestiﬁg an M;X phase, and
large blocky particles that appeared to be a mixture of chromium-rich
M.C; and iron-rich M,C phase [Fig. 6(a)]. Only a few fibrous precipi-
tates were observed in the 24Cr-2WV steel, which contained 15 to 20%
polygonal ferrite. Some interphase precipitate regions were detected,
but the MC particles were much smaller than those found in the 24Crv
and 24Cr-1WV steels. The bainite of the 24Cr-2WV steel, like that of
the 24Cr-2W steel, contained two types of precipitate: large blocky

M,C, and M,C particles, both containing detectable tungsten enrichment,



and a high density of very fine vanadium-rich MC particles that were also
quite rich in tungsten [Fig. 6(b)]. The blocky partic]es.in the 2uUCr-2Wy
were sjmilar'in appearance to those in-the 24Cr-2W steel, but the fine

MC particles were smaller and more abundant. At high magnification the
small particlés appearéd to be a mixfure of needlel%ke and rectangular
(in two dimensioﬁs) morphologies, but compositionally they wére'vir-

. tuaily the same [12].

Tempering Behavior

-

Tempering curves are given in Fig. 7 for the specimens taken from
the 15.9-mm-thick plate and austenitized 1 h at 900°C (the 24Cr-2W
steel) or 1 h at 1050°C (the other three heats) and then air caoled.
Data are for pieces of plate tempered 2 h at €00, 650, 700, 750, and
780°C. Al1 heats showed a continuous decrease in hardness when tempered
above 600°C.

Tempering resistance was affected by tungsten and vanadium com-
position. Steels with 1 and 2% W and 0.25% V (24Cr-1WV and 24Cr-2WV)
displayed increasing hardness with increasing tungsten content. The )
2&CrV steel (0.25% V without any tungsten) was clearly the sofiest. On
the other hand, the 2KCr-2W steel (2% W but no vanadium) had a higher
hardness than either the 24CrV or the 24Cr-1wV steels after normalizing
and after tempering at 600°C. After tempering at 650°C and above, the
hardness of the 24Cr-2W was less than that of the 24Cr-1WV steel and
approached that of the 24CrV steel.



Despite the fact that the 24Cr-2WV steel was not entirely bainite,
the as-normalized hardness was similar to the hardnes§ of the 24Cr-2W
steel. Affer tempering, the 24Cr-2WV steel had the highest hardness of

the 24 Cr steels, regardless of the tempering conditions.

TensileProperties

Tensile'properties wére determined over the temperature range from
room temperature to 600°C. Data for the steels tempered at 700 and
750°C are plotted in Figs. 8 and 9, respectively. For all of the
steels, the strength was substantially lower after tempering at 750°C
than after tempering at 700°C. Relative strengths of the different
steels were the same after the twoc different tempering treatments.

After tempering at 700°C, the effect of vanadium on the 0.2% yield
stress (YS) and ultimate tensile strength (UTS) was evident [(Fig. 81a)
and 8(b)]. Except for the UTS at the highest temperature (600°C}, the
24Crv steel was stronger than the 2.Cr-2W steel. The vanadium effect
was evident when the 24Cr-2W steel was compared to the 24Cr-2WV steel.
An effect of tungsten in the presence of vanadium was also evident for
these test conditions: the 24Cr-2WV steel was substantially stronger
than the 24Cr-1WV steel, which, irn turn, was stronger than the 24CrV
steel. A somewhat similar relationship applied to these steels after
tempering at 750°C [Fig. 9(a) and 9(b)], although thg difference in
strengths among the 24Crv, 2%Cr-2W, and 24Cr-1WV steels was much
smaller. Even after tempering at 750°C, however, the 24Cr-2WV steél

remained substantially stronger than the other steels.
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Total elongation results [Figs. 6(c) and 7(c)] indicated that
tungsten had a favorable effect on ductility. The 2%Cr—2w steel, which
was of;en thé weakest, had the highest elongation for all test con-
ditions. However, the 24Cr-2WV steel, which was always the strongest,
had a total eTongation.that was as g}eat or greater.than the values for

the weaker 2%CrV and 24Cr-1WV steels,
Impact Properties

A surmary of the impact data is given in Table 3, where the ductile-
brittle transition temperature (DBTT) and the upper-shelf energy (USE)
are given for each steel. A DBTT was determined at the 41 and 68 J
level and from lateral-expansion measurements.

Impact curves are shown in Fig. 10 for the 2% Cr steels tempered at
750°C. The 24Cr-2W steel had the lowest DBTT and highest USE. For the
vanadium-contairiing steels, the 2Z2iCr-1WV and 24Cr-2WV steels had similar
DBTTs, which were lower than the DBTT of the 24CrV steei. Data scatter
was quite large for the 24Cr-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 if this point had not been }ncluded.
The USE of the 24Cr-2WV steel was lower than that for the other two
vanadium-containing steels, which had USE values similar to those of the
24Cr-2W steel. When tempered at 700°C (Table 3), the ZkCr-2W steel
again had the best combination of DBTT and USE. Tha 24Cr-2WV steel had
the worst properties for these temperirng conditions. However, the DBTT
values of all four steels were considerably above those obtained after

tempering at 750°C.
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Discussion

Microstructures

Microstructures of the plate specimens varied according to the
chemical composition. The 2% Cr alloys showed the effect of the
tungsten on hardenability; the steel without tungsten contained the most
polygonal ferr}te, folléwgd by‘the steel with only 1% W. Since no
ferrite was detected in the 24Cr-2W steel, the appeafance of ferrite in
the 2&Cr-2WY ste2l was unexpected. One possible explanation is that the
vanadium carbide present in the 24Cr-2wV steel did not ébmpletely
dissolve during austenitization. This would lower the concentration of
carbon in solution, which could then lower the hardenability. This
possibility was anticipated when 1050°C was chasen as the austenitiza-
tion température forr the 24Cr-2WV steel and only 900°C for the ZKCr—?N
steel. The 1050°C iemperature was considered high enough ;o dissolve
the vanadium carbide, and austenitization tests tended to confirm that
conclusion because a maximum hardness was reached After austenitization
at 1000°C [13].

Precipitate morphology observed in the 2% Cr steels was charac-
teristic of the precipitation that accompanies the austenite-to-
polygonal-ferrite transformation in alloy steels. Because the eutectoid
composition in such steels occurs at lower carbon concentrations and
higher témperatures than in the Fe-C system, classicdl pearlite does not
appear [14]. Three different types of ferrite-carbide microstructures
are observed:~ fibrous carbides, interphase precipitates, and carbides

that form within the supersaturated ferrite during tempering, often
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forming on dislocations [14]. The first two types of precipitation
occur at a moving austenite-ferrite interface. Fibrous pfecipitates are
morpho]ogicafly analogous to pearlite apd occur at an incoherent phase
boundary; they are much closer to equilibrium than the interphase precip-
itates. Fine fibers, thch in these.steels were idéntified as vanadium-
rich MC [12], are associated with a high transformation température and
a slowly moving interface [14]; the coarser ribbons were identified as
M;C,, with chromium enrichment and substantial iron content [12].
Interphase precipitates, which were also vanadium-rich ML [12], form at
lower temperatures at a low-energy interface by the movement of steps
along the boundary [14].

Fibrous and interphase precipitate morphologies were presgnt in
larger quantities in in the 2%CrV and 24Cr-1WV steels because they con-
tained larger amounts of polygonal ferrite. The large blocky types of '
precipitate sbserved in the matrix of these steels occurred in the
bainitic regions of the steels. Mecst of the precipitates in the 2kCr-2W
steel were of the blocky type, because this steel contained essentially
no polygonal ferrite.

A synergistic effect of tungsten and vanadium was eviden£ in the
microstructures and tensile properties of the 2% Cr steels. The
overall carbide distribution of the 24Cr-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 24Cr-2W steel was generally the
weakest or had rroperties approaching those of the 24CrV steel (Figs. 8

and 9).
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Tempering Studies

Although Vvanadium carbide is expected to play an important role in
the strengthening of these steels, there was apparently an additional
synergistic Fffect between tungsten and vanadium. The hardness of the
24Cr-2WY. steel exceeded that for the 24Cr-1WV steel, and both of these
steels had higher hardnés§es than the 24Cr-2W after tempering at 650°C
and above. The greater hardness of the 24Cr-2W steei after normalizing
and after tempering at 600°C was probably due to this steel being
entirely bainitic, whereas the 24Cr-1WV steel contained'gignificant
amounts of polygonal ferrite. Early precipitation of abundant M,C or
M.X inay also have played a role in the higher hardness of 24Cr-2W steel
at the lower tempering temperatures. At the higher tempering tem-
peratures, the presence of MC in the vanadium-containing steels with.
tungsten presumab]y'caused these steels to have the higher hardness.
The fact that the 24CrV and 24Cr-2W steels have similar hardnesses at
650°C and above is an indication that it is neithef the vanadium nor
tungsten by itself that provides the tempering resistance. Likewise,
this shows that the 100% bainitic structure is not inherently the
strongest (the 24Cr-2W steel was the only steel with a 100% bainitic
microstructure).

Although no Cr-Mo steels were tempered for comparison, some tem-
pering data were available for 24Cr-1Mo steel obtained under similar
circumstances [13]. These data showed that the hardness of the 24Cr-
1Mo steel is similar to the 24Cr-2W steel -- especially at the higher

tempering parameters [13]. The 24Cr-1WV and 24Cr-2WV steels were more
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resistant to tempering than 24Cr-1Mo steel, probably because they con-
tained vanadium. Since the 24Cr-2W steel was taken as anq]ogous to
24Cr-1Mo steél, the equivalent tempering response suggests that on an
atom-for-atom basis, molybdenum and tungsten play similar roles in these

stee]s,vwhich'was the Bbjectivé in replacing the molybdenum by tungsten.
Tensiie Praperﬁies

Tensile properties were also affected by the combination of
tungsten and vanadium. The steel with 0.25% V and no tupgsten had
strength properties similar to the steel with 2% W and no vanadium. The
steel with 2% W had excellent ductility, and with a combination of .
tungsten and vanadium, a synergistic effect occurred to produce a steel
with excellent strength and ductility.

The high strength of the 2%Cr-2WV steel is probably due to the fine
MC that formed in this alloy. Note that the tensile properties c¢f the
2%Cr-2WV steel were not affected by polygonal ferrite, since the tensile
specimens were taken from 0.76-mm-sheet that was entirely bainite.

The objective in the development ¢f the Cr-W steels was properties.
comparable to the Cr-Mo steels presently in the fusion-reactoE program.
This objective would be met if the 24Cr-2W steel has properties com-
parable to the analogous 24Cr-1Mo steel. This was basically the case
(Fig. 11), indicating that the replacement of molybdenum by tungsten can
result in steels with comparable tensile properties, although the UTS
values for the 24Cr-1Mo steel are somewhat stronger than the 24Cr-2W.

An addition of vamadium then results in steels with improved properties

over those for 24%Cr-1Mo steel.
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To compare the strongest 2% Cr steel with the strongest high-
chromium Cr-W §teel previously discussed [11] and the'strongest Cr-Mo
steels, Fig. 12 shows the tensile behavior of the 2UCr-2WV steel with
the 9Cr-2wvTa steel [11] and the 9Cr-1MoVNb and 12Cr-1MoVW steels. All
steels were tempered at 750°C. The Y5 of the 2%Cr-2WV steel was higher
than th;t of the 9Cr-ZWVTa steel, which was the strongest high-chromium
reduced-acti&ation steel [11] at all test temperatures, and the UTS was
higher at the highest test temperatures. Further, the two reduced-
activation steels compared favorably with 9Cr-1MoVNb and 12Cr-1MoVW
steels. Although the low-temperature strengths (YS and UTS) for fhe
Cr-Mo steels were greater than those for the 2%Cr-2WV steel, at the ele-
vated temperatures the strengths of the 24Cr-2WV and the 9Cr-2WVTa
steels were similar to or higher than the strengths of the Cr-Mo steels.

In general, the ductility values of the Cr-W stee1§ as measured by
total elongation exceeded those of the two Cr-Mo steels [Fig. 12(c)].
The 9Cr-1MoVNb steel had the lowest total elongation at ail test tem-
peratures. By contrast the 12Cr-1MoVW steel had the highest total
elongation at room temperature, but then it decreased to values as low
6r lower than that of the Cr-W steels at higher temperatures. The
2%4Cr-2WV steel had the highest total elongation at all temperatures
above room temperature.

The_observation that the 24Cr-2WV steel had the highest strength of
the low- and high-chromium Cr-W 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%% in the Cr-Mo steels is to increase the
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hardenability and corrosion resistance [15]. Observations of equivalent
strength of Cr-Mo steels of varying chrom1um concentratioh (no vV, Nb,
etc.) are made when appropriate microstructures are compared [15] (i.e.,
tempered bainite.in the 2% Cr_steel is comparad to tempered martensite
in the high-chromium steel); similar résults would not be expe:Fed if
the 24 Cr stee[ contained large amounts of polygonal ferrite.

The strengths of 9Cr-1MoVNb and 12Cr-1MoVW steels have often been
compared to the strength of 24Cr-1Mo steel and found to be superior [16].
However, such comparisons ignore the presence of the sthng carbide-
forming elements 1ike vanadium and niobium in the 9Cr-1MoVNb and
12Cr-1MoVW steels, and ignore the important role these elements play in
determining the strength of the higher chromium steels. It has been
pointed out that the addition of a strong carbide former to 2¥Cr-1Mo
steel should also result in improved properties relative to the higher
chromium steels [10]. The use of a lower chromium ferritic steel for
first walls of future fusion reactors may have several advantages [10].
As shown in the present study, not only is the development of such
steels possible, but they can have strengths similar to higher-chromium’
steels. Presumably this would also apply to Cr-Mo steels as well as
Cr-w steels, and could be important for non-nuclear, elevated-temperature
applications. -

It is difficult to adequately compare the properties of the steels
examined in the present work with the reduced-activation steels being
developed elsewhere [4-9], because different heat treatmenfs are used by

the different investigators, thus not allowing for a-common comparison.
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These preliminary tests indicated that the 2%Cr-2WV and 9Cr-2WVTa
steels have tensile properties comparable to the strongest Cr-Mo steels
in the fusion program -- 9Cr-1MoVNb and 12Cr-1MoVW steels. With more
development work, it should be possible to further improve on the proper-
tiss. As noted above, the 2%Cr-2W steel has properties similar to those
of 24Cr-1Mo stéel. In éupnercial practice, the 24Cr-1Mo steel is used

for elevated-temperature non-nuclear applications up to 550 to 600°C.
Impact Properties

For fusiun-reactor applications, impact properties are expected to
be crucial. When irradiated by neutrons, the DBTT of 12Cr-1MoVW steel
can increase by over 200°C [17,18]. Therefore, it may be desirable that
any steel used for such applications have as low a DBTT as possible jn
the unirradiated coﬁdition.

Although these steels are at an early stage of development, the
impact properties of the 2¥Cr-2ZWY steel were somewﬁat disappointing, in
view of the excellent tensile properties of this steel. 1In pa:.ticular,
the DBTT of the 2XCr-2WY steel was substantiaily above that of 9Cr-2WVTa
steel [11]. |

Table 3 1ists the impact properties for 9Cr-1MoVNb and 12Cr-1MoYW
steels with heat treatments similar to the Cr-W steels [11]. After tem-
pering at 750°C, the impact properties of the 24Cr-2WV steel were
equivalent to those of the 9Cr-1MoVYNb and 12Cr-iMoVW steels. Granted,
the 756°C tempering temperature does not give optimum impact properties

for these two steels [19,20], but these heat-treating conditions were
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used as a common basis of comparison. However, just as the impact prop-
erties of the 9Cr-1MoVNb and 12Cr-1MoVW steels can be impfoved by
appropriate ﬁeat treatment, so can thosg of the'ZKCr-Zwv steel.

A mixed structure of tempered bainite and polygonal ferrite (the
microstructuré of the é%Cr—ZWV) is kﬁown to cause ah adverse effect on
impact behavior‘compared to a microstructure made up of a siﬁgle con-
stituent [21]. This may explain why the 24Cr-2W steel had the best
impact behavior of the 2% Cr steels (Table 3 and Fig. 10). The obser-
vation that the impact behavior of a 1004 bainitic steel, is superior to
one containing polygonal ferrite means that it should be possible to
improve the impact properties of the 24Cr-2WV steel by heat treatment
and by increasing the hardenability. By preper alloying, the harden-
ability of the steel can be increased and the ferrite eliminated.
Finally, the type of bainite that forms can also affect the impact prop-

erties [22]; the type of bainite. in turn, depends on the hardenability.

Summary and Conclusion

Four reduced-activatien (FIRD) ferritic steels with 24% Cr and
varying amounts of tungsten &nd vanadium were obtained. Optiéal micro-
structures of the normalized-and-tempered steels showed an effect of
tungsten on hardenability. The 24CrV and 24Cr-1WV contained 70% and 45%
polygonal ferrite, respectively, the balance bainite, while the 24Cr-2WV
steel contained 15 to 20% ferrite, the balance bainite. The 24Cr-2w

steel was 100% bainite.
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Hardness measurements as a function of different tempering treatments
indicated that_the tempering resistance of the ZKCr-ZQV exceeded that of-
the other Steels. Tensile studies indicated that the 24Cr-2W steel with '
its atom-for-atom replacement of molybdenum by tungsten resulted in
propertjes similar to those of the analogous 24Cr-1Mo steel, when both
were hgdt treated similarly. The tensile properties of the 24Cr-2Wv
steel comparéd favorably to those of 9Cr-1MoVNb and 12Cr-1MoVYW steels -- °
the strongest steels presently in the fusion-reactor program.

Despite excellsnt tensile properties, impact properties of the
24Cr-2WV steel were inferior to those of the high-chromium Cr-W 5tee1s.
This difference was attributed to microstructure (15-20% polygonal
ferrite), and the development of a low-chromium Cr-W steel with good
strength and impact behavior should be possible with further alloying
and proper heat treatment. |

Results from these preliminary tests indicate that it should be
possible to develop low-chromium FIRD ferritic steels with properties
similar to or better than those of the ferritic steels presenfiy being

considered in the fusion program.
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TABLE 1—Proposed rrominal compositions for fast induced-

radioactivity decay steel development program

Alloy

Nominal Chemical Composition? (wt %)

Cr W v Ta C
24Crv 2.25 eee  0.25 0.1
24Cr-1Wv 2.25 1 0.25 ene 0.1
24Cr-2W 2.25 2 . 0.1
enCr-2WV 2.25 2 0.25 eee 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-2vu 12 2 0.25 0.1

@Balance iron.



TABLE 2—Compositions for fast induced-radioactivity
decay (FIRD) ferritic steels

Chemical Composition? (wt %)

Ele- 24Crv 2%Cr-1WV 24Cr-2W 2UCr-2Wy

ment « Heat 3785 Heat 3766 Heat 3787  Heat 3788
oy .0.11 0.10° 0.11 0.11
Mn 0.40 0.34 0.39 0.42
P 0.015 0.015 0.016 0.016
S 0.006 0.006 0.005 ° 0.006
Si 0.17 0.13 0.15 0.20
Ni 0.01 0.01 <0.001 <0.001
cr 2.36 2.30 2.48 2.42
Mo 0.01 <0.01 <0.01 . .o
v 0.25 0.25 £ 0.009 0.24
Nb <0.01 <0.01 <0.001 ...
Ta <0.01 <0.01 <0.001 .-
Ti <0.01 £0.01 <0.001 e
Co 0.005 0.006 0.008 e
Cu 0.02 0.025 0.03 e
Al 0.02 0.02 0.02 0.021
B <0.001 <0.001 0.001 e
" oo 0.93 1.99 - 1.98

4Balance iron.



TABLE 3—Impact properties of I¢ -chromium FIRQ steels

* Impact Propertiesd

Tempering . TT410 - TTe80 - TTLe USE,
) o . o o {

Steel Temp%:ggure (°C) (°c) (°c) (J)

. 2uCrv 700 85 86 85 240

750 66. 69 70 318

24Cr-1WyV 725 52 53 52 220

750 8 23 L, 38 340

2UCr-2W 700 24 24 12 260
750 -41 -30 -31 324 -

2UCr-2wv 700 85 110 112 131

750 31 31 31 265

9Cr-1MoYNb 700 56 68 68 161

750 27 41 41 199

12Cr-1MoVW 700 33 68 64 99

750 4 29 26 115

ATT41g 1s 414 (30 ft-1b) transition temperature; TTggy is 68-J (50 ft-
1b) transition temperature; TT g is lateral expansion transition temperature
as determined by 0.889-mm expansion; USE is upper-shelf energy.

ban steels were tempered 1 h; before tempering all but the 24Cr-2w

were normalized at 1050°C; the 24Cr-2W was normalized at 900C°C.



List of Figures

Fig. 1. Optical microstructures of normalized-and-tempered
15.9-mm-thick plate of (a) 24Crv, (b) 2%Cr-1WV, (c) 2%Cr-2W, and
(d) 24Cr-2WV steels. .

Fig. 2. Transmission electron microscopy photomicrographs of
(a) 2uCrv aAﬁ (b) 24Cr-1WV steels showing examples of fibrous [left side
of (a)] and 1ﬁterphase tleft s{de of (b)] precipitatinon in the polygonal.
ferrite along with the bainitic structure (right side of each photo-
micrograph) of each steel.

Fig. 3. Transmission electron microscopy photomicFographs af the
bainitic microstructures of (a) 24Cr-2W and (b) 24Cr-2WV steels.

Fig. 4. Extraction replica that shows an example of the fibrous,
interphase, and blgcky precipitates that occur in the polygonal ferrite
of the normalized-and-tempered 24Crv.

Fig. 5. Extr&ction replica that shows an example of coarser fiber
or "ribbon" precipitates that occur in the polygonal ferrite of the
normalized-and-tempered 24Crv. ’

Fig. 6. Extraction replicas showing the general precipitate
distribution of normalized-and-tempered (a) 24Cr-2W and (b) 24Cr-2wV
steels.

Fig. 7. Rockwell hardness plotted against tempering temperature
for 15.9-mm-thick plates of the four 2% Cr steels after normalizing (N)
and tempering 2 h at 600, 650, 700, 750, and 780°C.

Fig. 8. Tensile properties as a function of temperature for the
2% Cr steels tempered at 700°C: (a) 0.2% yield stress, (b) ultimate

tensile strength, and (c) total elongation.



Fig. 9. Tensile properties as a function of temperature for 24 Cr
steels tempered at 750°C: (a) 0.2% yieid stress, (b) ultimate tensile
strength, and (c) total elongation.

Fig. 10. The Charpy V-notch impaci‘curves for 24Crv, ZMCE-INV,
24Cr-2W, and ZKCf-ZwV steels;.all steels wercz tempered 1 h at 750°C.

Fig. 11. A-comparison of tensile ﬁroperties for 2uCrV, Z%Cr-lwv,
2UCr-2W, and 24Cr-2WV steels with 24Cr-1Mo steel: (a) 0.2% yield
stress, (b) ultimate tensite strength, and (c) total elongation. Steels
were normalized and then tempered 1 h at 700°C,

Fig. 12. A comparison of the tensile properties for 2%Cr-2wv
and 9Cr-2WVTa steels -- the strongest Cr-W steels -- with the properties-
for 9Cr-1MoVNb and 12Cr-1MoVW steels: (a) 0.2% yield stress, (b) ulti-
mate tensile strength, and (c) total elongation. Steels were normalized

and then tempered 1 h at 750°C.
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Fig. 2. Transmission electron 'mic’rb"sit:‘bﬁyffbh'btdﬁi"crbgraphs of
(a) 2%4Crv and (b) 2UCr-1WV steels showing examples of fibrous [left side
of (a)] and interphase left side of (b)] precipitation in the polygonal
ferrite along with the bainitic structure (right side of each photo-

mirrnaranhly Af oarkh ctanl



Fig. 3. Transmission electron microscopy photomicrographs of the

bainitic microstructures of (a) 2%Cr-2W and (b) 2%Cr-2Wv steels.



Fig. 4. Extraction replica that shows an example of the fibrous,

interphase, and blocky precipitates that occur in the polygonal ferrite

of the normalized-and-tempered 24CrV.
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