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Abstract

Ferritic/martensitic steels were chosen as candidates for future fusion power
plants because of their superior swelling resistance and better thermal properties
than austenitic stainless steels. For the same reasons, these steels are being
considered for the target structure of a spallation neutron source, where the
structural materials will experience even more extreme irradiation conditions
than expected in a fusion power plant first wall (i.e., high-energy neutrons that
produce large amounts of displacement damage and transmutation helium).
Extensive studies on the effects of neutron irradiation on the mechanical
properties of ferritic/martensitic steels indicate that the major problem involves
the effect of irradiation on fracture, as determined by a Charpy impact test.
There are indications that helium can affect the impact behavior. Even more
helium will be produced in a spallation neutron target material than in the first
wall of a fusion power plant, making helium effects a prime concer for both
applications.

Introduction

The first structural materials proposed for fusion reactors were austenitic
stainless steels. For higher operating temperatures (2700°C), superalloys and
refractory metal (Nb, Mo, V, and Ti) alloys were considered. Ferritic/
martensitic steels were first suggested in the late 1970s [1,2]. As a resuit of
work during the last fifteen years or so, most of the refractory metal alloys and
superalloys have been eliminated. Austenitic stainless steels are concluded to
be unsuitable for high heat flux applications in a fusion power plant because of
high thermal stresses caused by low thermal conductivity and high thermal
expansion, although they are still being considered for near-term experimental
fusion machines, such as the International Thermonuclear Experimental
Reactor (ITER).

Conventional martensitic steels have elevated-temperature strength and thermal
properties (conductivity and expansion coefficient) that result in excelfent
resistance to thermal stresses {1,2]. Creep strength is adequate to 550-600°C,
and the steels have been used at these temperatures in the power-generation and
chemical and petrochemical industries. Because of the widespread use for such
industrial applications, the technology for production and fabrication of all
types of product forms exists. Likewise, the metallurgical characteristics and
mechanical and physical properties are well understood, and comprehensive
mechanical properties compilations are available. Uncertainties in their
application involve the effects of neutron irradiation.

Most of the irradiation-effects information on ferritic/martensitic stecls for
fusion applications comes from studies on commercial Cr-Mo steels with 9-
12% Cr, 1-1.5 % Mo, 0.1-0.2 %C (all compositions are in wt %) with small
amounis of V, Nb, Ni, W, etc. These were the first ferritic steels considered for
fusion applications in Japan, Europe, and the United States [2] because they
had been studied for the fast breeder reactor program, where they were found
to be swelling resistant compared to austenitic stainless steels, which were then
considered the primary candidate material. Recently, these fusion materials
programs have been developing steels that would lessen the environmental
impact of fusion. Such “reduced-activation” steels display the same general

behavior as conventional steels. Details on the development of these reduced-
activation steels have been published [3-6]. For the purposes of this discussion,
it will be enough to state that the reduced-activation steels were patterned after
the conventional Cr-Mo steels, such as 9Cr-1MoVNb and 12Cr-1MoVW, but
with the molybdenum replaced by tungsten and niobium replaced by tantalum
[31.

From the wealth of data available, indications are that a range of conventional
and reduced-activation ferritic/martensitic steels have properties that make them
viable candidates for fusion applications to ~600°C. The maximum operating
temperature will be determined by creep properties and, under some
circumstances, by compatibility with the operating media (i.c., water, liquid
lithium, liquid Pb-Li eutectic, etc.) of the fusion power plant. The major
difference in the fusion environment and in fast or thermal fission reactors is the
high-energy neutron flux produced by the 14MeV neutrons from the fusion
reaction.

Radiation damage occurs when high-energy neutrons displace atoms of the steel
from their normal lattice positions into interstitial positions to form
“interstitials™ and “vacancies” (vacant lattice sites) [7]. It is the disposition of
the interstitials and vacancies that determines the effect of the irradiation on the
properties. Such displacement damage is the source of property changes caused
by irradiation in a fast fission reactor, such as the Fast Flux Test Facility
(FFTF) or the Experimental Breeder Reactor (EBR-II). However, in addition
to the displacement damage, the higher-energy spectrum (up to 14 MeV) ina
fusion reactor will produce large amounts of transmutation helium in the first
wall and blanket structure. The effect of the simultaneous formation of
displacement damage and transmutation helium on properties must be
determined. Other transmutation products are formed, including hydrogen and
other metal atoms. However, the hydrogen is expected to diffuse from the steel
at reactor temperatures, and small amounts of other metals are not expected to
affect the properties.

Structural materials in the target of a spallation neutron source will experience
neutron irradiation effects similar to or greater than those in the first wall of a
fusion power plant because of the presence of higher neutron energies (to 200
MeV and above) that will create even higher helium concentrations. Typically,
the He/dpa ratios in fission, fusion, and spallation neutron sources are estimated
to be about 1, 10, and 100, respectively. It is of interest to examine the
irradiation behavior of the ferritic/martensitic steels as determined for fusion to
anticipate the effects expected u} the spallation neutron source application.

Materials and Experimental Procedures

Test Materials

This discussion will refer mainly to the materials studied in the U.S. Fusion
Materials Program, although similar materials have been studied in Europe and
Japan [2]. The primary commercial ferritic/martensitic steels considered in the
U.S. program were Sandvik HT9 (nominally Fe-12Cr-1Mo-0.25V-0.5W- _
0.5Ni-0.2C, here designated 12Cr-1MoVW) and modified 9Cr-1Mo steel
(nominally Fe-9Cr-1Mo-0.2V-0.06Nb-0.1C, designated 9Cr-IMoVND) [8].
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The reduced-activation steels are similar to the commercial steels but with the
molybdenum replaced by tungsten and the niobium by tantalum. One such
steel will be discussed here; it was developed at the Oak Ridge National
Laboratory (ORNL) [9] with the nominal composition of Fe-9Cr-2W-0.25V-
0.07Ta-0.1C and is designated as 9Cr-2WVTa.

Miniature tensile (44.5 or 25.4 mm long with gage section dimensions of 20.3
x 1.52 x 0.76 mm or 7.62 X 1.52 x 0.76 mm, respectively) and miniature
Charpy ('4 size: 3.3 x 3.3 X 25.4 mm, or % -size: 5 x § x 25.4mm) specimens
were machined from the steels in the normalized-and-tempered condition. The
steels were normalized by austenitizing at 1050°C and then rapidly cooling in
air or an inert gas. Tempering was 1 h at 760°C for the 9Cr-1MoVND steel,
2.5 h at 780°C for the 12Cr-1MoVW steel, and 1 h at 750°C for the 9Cr-
2WVTa steel. The microstructure after this heat treatment is tempered
martensite.

Details on the chemical compositions, heat treatments, microstructures, and test
procedures have been published [8,9].

Neutron Irradiation Studies

One difficulty in developing materials for fusion is that no fusion reactor is
available to test materials. Therefore, the expected neutron irradiation effects
must be simulated, primarily by irradiation in fission reactors. Displacement
damage in fusion and fast fission reactors is similar, and fast reactors, such as
the FFTF and the EBR-II, have been used to study displacement damage,
although neutrons with much higher energy (up to 14 MeV) are produced by
the fusion reaction than in a fast fission reactor (average neutron creation
energy in a fast reactor is *2MeV). The higher-energy neutrons will produce
more transmutation helium in a material than produced by fast-fission irradia-
tion. The simultaneous development of displacement damage and heliumina
fusion power plant could affect both the swelling behavior and the mechanical
properties relative to the formation of displacement damage alone. Therefore
simulation techniques are required to study helium effects.

Helium effects in martensitic steels can be simulated by irradiating a steel
containing nickel in its composition or one to which a small amount of nickel
has been added in a mixed-spectrum reactor, such as the High Flux Isotope
Reactor (HFIR) [8],where both fast and thermal neutrons are generated.
Thermal neutrons react with *Ni to produce helium by the two-step reaction
*Ni(n,y)®Ni(n,)*Fe. Therefore, displacement damage is produced by the fast
neutrons simultaneously with the production of transmutation helium by the
thermal neutrons. For a steel containing 2% Ni irradiated in the HFIR, the
same amount of helium (in appm) per atom displaced (He/dpa ratio) forms as
is expected to form in a Tokamak fusion power plant [8].

Results and Discussion

Swelling Behavior

As discussed above, it is the disposition of the interstitials, vacancies, and
transmutation helium created by irradiation that determines the effect of the
irradiation on mechanical and physical properties. At reactor temperatures,
interstitials and vacancies are mobile, and most are eliminated by a one-to-one
recombination and therefore have no effect on properties. Many of those that
do not recombine migrate to "sinks,” where they are absorbed. Sinks include
surfaces, grain boundaries, dislocations, and existing cavities. The remainder
form clusters of self defects or defects and impurity atoms. Mechanical and
physical properties are affected by the defect clusters. Clusters consisting of
interstitials can evolve into dislocation loops, and vacancy clusters can develop
into microvoids or cavities. Solute clusters can also form under certain
conditions. Vacancies become increasingly mobile above 0.3 T,,, where T,, is
the absolute melting temperature, and a dislocation and cavity structure results
to produce void swelling. This microstructure, which is accompanied by an
increase in vofume (swelling), occurs because interstitials are accepted
preferentially by dislocations. This leaves an excess of vacarncies to be
absorbed by cavities, giving rise to the observed swelling. Cavities are
stabilized by helium, which is a strong cavity nucleation agent.

Ferritic steels were first considered for fusion because of the swelling resistance
displayed in fast reactor irradiations. They have the best swelling resistance of
all fusion candidate materials. This is demonstrated in Fig. 1, where the

behavior of several heats of commercial ferritic steels are compared to type 316
stainless steel after irradiation at 420°C to =80 dpa [10]. Even afier irradiation
to 200 dpa near the peak swelling temperature of 420°C in the FFTF, total
swelling of only 0.09 and 1.02% was measured for 12Cr-1MoVW in two
different heat treatment conditions, and 1.76% for 9Cr-1MoVND steel [11].
Steady state swelling rates for the 9Cr-1MoVND and 12Cr-1MoVW steels have
been estimated at =0.015%/dpa, compared with 1%/dpa for a type 316 stainless
steel [12].  Similar low swelling rates have been observed for reduced-
activation steels irradiated to 200 dpa [13]. Helium concentrations have been
shown to increase swelling rates, but even when the steel contains several-
hundred appm He, swelling rates remain low [14].
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Figure 1: Swelling behavior of six commercial heats of ferritic/martensitic
steels compared to type 316 stainless steel after irradiation in EBR-II at 420°C
to =80 dpa. After Gelles [10].

Irradiation Hardening

Irradiation in a fast reactor such as EBR-II or FFTF results in displacement
damage with little helium formation. Irradiation temperatures are controlled
by the sodiumm coolant temperature, and irradiations can be carried out between
about 360 to 700°C. An example of the effect of fast-reactor irradiation on the
0.2% yield stress (YS) and ultimate tensile strength (UTS) of 9Cr-1MoVNb
steel is shown in Fig. 2 [15]. Irradiation was at 390, 450, 500, and 550°C in
EBR-II to =9 dpa with tensile testing at the approximate irradiation
temperature. Also shown are data for unirradiated normalized-and-tempered
specimens and for unirradiated specimens thermally aged at the irradiation
temperature for 5000 h, the approximate time in reactor.

Thermal aging had little or no effect at all temperatures. Considerable irradia-
tion hardening occurred at 390°C as observed by large increases in both the YS
and the UTS {Fig. 2(a)]. At 450, 500, and 550°C, irradiation caused little or
no change in YS or UTS [15]. The effect of irradiation on ductility reflected
the effect on strength [Fig. 2(b)] [15]. Uniform and total elongation at 390°C
were less than those of the unaged and aged controis, with essentially no change
occurring at the three highest irradiation temperatures {15).

Specimens of 12Cr-1MoVW (HT9) steel were irradiated to 13 dpa in the same
experiment as the 9Cr-1MoVND steel [16]. Similar effects were observed:
irradiation hardening occurred at 390°C, and essentially no change in
properties occurred from irradiation at 450, 500, and 550°C. Both the 9Cr-
IMoVNb and 12Cr-1MoVW steels were further irradiated in EBR-II to 23 to
25 dpa at the same temperatures {17]. At 390°C there was little change
relative to the steels irradiated to 9 to 13 dpa, an indication that the hardening -
saturated at or before a fluence of 9 dpa was reached. After irradiation at 450,
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Figure 2: (a) Yield stress and ultimate tensile strength and (b) uniform and total
elongation of normalized-and-tempered, thermally aged, and irradiated 9Cr-
1MoVND steel.

500, and 550°C, there was again little difference in the tensile properties of the
irradiated and the unirradiated specimens {17].

Transmutation helium can affect the behavior of an irradiated alloy in three
ways (18]. First, helium can stabilize vacancy clusters, which, in tumn, can
cause an increase in the number of interstitial clusters (i.e., helium ties up
vacancies and reduces interstitial-vacancy recombination). Interstitial clusters
can then grow into dislocation loops and increase the strength; vacancy clusters
can also affect strength under some conditions. Secondly, helium stabilizes the
clusters to a higher temperature than in the absence of helium. The third effect
involves the migration of helium to grain boundaries during irradiation, whlch
can then affect mechanical properties, especially the ductility.

To determine the effect of the simultancous formation of displacement damage
and transmutation helium on tensile behavior, the 9Cr-1MoVND and 12Cr-

- 1MoVW steels and these two steels with up to 2% Ni were irradiated in HFIR

at 50, 300, 400, 500, and 600°C [19-21]. The results at 400-600°C were
compared with the same steels irradiated in EBR-IL, where very little helium
formed [21]. The experiments indicated that there was probably a small
hardening effect superimposed on the hardening due to displacement damage
alone [19,20]. However, because of the scatter in the results, different condi-
tions in the different experiments, and because the temperature range around
400°C is where the least hardening is expected, it was difficult to determine the
magnitude of that effect. It was concluded that the effect is probably not large
in relation to the hardening caused by displacement damage alone.

Elevated-Temperature Helium Embrittlement

For irradiation temperatures above 425-450°C, displacement damage is un-
stable, and flow properties are essentially unaffected by irradiation. However,
in certain alloys that contain helium, the ductility after irradiation decreases in
tensile or creep tests at >600°C because of elevated-temperature helium
embrittiement {7). Intergranular fracture occurs, and the loss of ductility is
caused by helium on grain boundaries [7). For the austenitic stainless steels,
the ductility can be reduced to much less than 0.1% with the presence of only
a few appm He—even the smail amounts formed during fast-reactor irradiation
[7]. Several investigators have examined the effects in ferritic steels at 500-
700°C and have concluded that these steels are relatively immune to the effect,
at least for helium levels up to a few-hundred appm {22-24].

Irradiation Embrittlement

A major concem for ferritic/martensitic steels irradiated in light-water reactors,
fast reactors, and fusion power plants is the effect of irradiation on low-
temperature ($400-425°C) impact toughness, as measured in a Charpy V-
notch test as an increase in the ductile-brittle transition temperature (DBTT)
and a decrease in the upper-sheif energy (USE) [25]. Even if the DBTT is
below room temperature before irradiation, it can be well above room
after irradiation. Irradiation embrittiement is related to
caused by the radiation-produced dislocation loops that form below =0.3 T,
(<425-450°C in the ferritic/martensitic steels); hardening increases with
decreasing irradiation temperature. Irradiation-induced precipitates can also
have an effect. Irradiation increases the flow stress, and under the assumptions
that the fracture stress is unaffected by irradiation and that the intersection of
the fracture stress curve and the flow stress curve is the DBTT for the unflawed
condition, the increase in flow stress by irradiation causes a shift in the DBTT
(shown schematically in Fig. 3) [25].
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Figure 3: Schematic diagram that illustrates how strength increase due to
irradiation causes a shift in the ductile-brittle-transition temperature.
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Ashift in DBTT (ADBTT) of = 160°C was observed when the 12Cr-1MoVW
steel was irradiated to 10 dpa at 365°C in FFTF (Fig. 4) [26). Irradiation to

17 dpa gave a similar shift, indicating that a saturation with fluence occurred -

(Fig. 4), just as saturation occurred for hardening in a tensile test [17).
Although the Charpy curves for the steels are shifted by irradiation, the frac-
ture mode is unaltered between the irradiated and unirradiated steels, with
cleavage-type failure occurring on the lower shelf and ductile void coalescence
occurring on the upper shelf.
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Figure 4: Charpy curves for half-size specimens of 12Cr-1MoVW steel before
and afier irradiation to 10 and 17 dpa at 365°C in FFTF.

Most irradiation studies have been in fast reactors at temperatures between 365
and 600°C (lower temperatures are generally not possible in fast reactors ),
Hu and Gelles {27] irradiated 9Cr-1MoVND and 12Cr-1MoVW steels at 390,
450, 500, and 550°C in EBR-II to 13 and 26 dpa (Fig. 5). For the 9Cr-
IMoVND steel irradiated at 390°C, the ADBTT saturated by 13 dpa (values
of 52 and 54°C were obtained after 13 and 26 dpa, respectively). Irradiation
of the 9Cr-1IMoVND steel in EBR-II at 450, 500, and $50°C resuited in little
change in the DBTT, in agreement with the observation that hardening vanishes
above 425-450°C [Fig. 2(a)}. '

It has also been concluded that saturation occurred for the 12Cr-1MoVW steel
irradiated by Hu and Gelles at 390°C, although values of 124 and 144°C were
obtained after 13 and 26 dpa, respectively (Fig. 5) [27]. Also, as seen in Fig.
5, it is apparent that the ADBTT did not go to zero at 450, 500, and 550°C for
12Cr-1MoVW steel, as observed for the 9Cr-1MoVND steel, even though there
was no hardening for the 12Cr-1MoVW above 400°C [16]. The reason for this

can be found in the microstructures of the two steels. The 12Cr-1MoVW

contains twice as much carbon as the 9Cr-1MoVNb steel (0.2% vs. 0.1%), and
in the normalized-and-tempered condition, the 12Cr-IMoVW contains over
twice as much precipitate (3.8 wt% precipitate in the 12Cr-1MoVW compared
to 1.5 wi% in 9Cr-1MoVND) [28]. The majority of the precipitate in both
steels is M,,C,, with a small amount of MC {28]. A larger amount of large
M,C, precipitates was relatively uniformly distributed in the 12Cr-1MoVW
steel {28). Fracture in steels is generally initiated at carbide particles or
inclusions [29,30]. The difference in precipitates can affect the fracture process
because the larger precipitate particles can result in a larger initial crack size.
The fact that the ADBTT did not go to zero at 450-550°C even though
hardening did not occur in 12Cr-1MoVW at these temperatures [16,17] can
also be attributed to the large precipitates, which could grow larger by
irradiation-enhanced diffusion during irradiation at the higher temperatures.

The ORNL 9Cr-2WVTa reduced-activation steel was also irradiated at 365°C
in FFTF, and it showed exceptionally small shifts in DBTT: 4, 14, 21, and
32°C afler 6.4, 15.4, 22.5, and 28 dpa, respectively {9]. This compares with
the 12Cr-1MoVW irradiated at 365°C in FFTF that saturated at or below 10
dpa afier a shift of ~160°C (Fig. 4) [26]. Not only does the 9Cr-2WVTa show
a very small ADBTT (32°C), but because it has a very low DBTT in the un-
irradiated condition (-88°C), the DBTT after irradiation is considerably below
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Fig 5: Variation of the shift in DBTT with temperature and fluence. After Hu
and Gelles [27).

that for any other steel after irradiation. This is demonstrated in Fig, 6, where

the 9Cr-2WVTa is compared with the 12Cr-1MoVW before and after
irradiation in FFTF at 365°C. The DBTT for the 9Cr-2WVTa after irradiation
is lower (-56°C) than for any of the other steels (9Cr-1MoVND, 12Cr-1MoVW,
and other reduced-activation steels) before irradiation. Figure 6 is a
comparison of the steel (12Cr-1MoVW) that was the first ferritic/martensitic
steel candidate in the U.S. Fusion Materials Program with one of latest
experimental steels and indicates the progress that has been achieved in
developing steels for radiation resistance.
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Figure 6: Companson of the, ‘unirradiated and irradiated Charpy curves for
third-size specimens of 12Cr-1MoVW and 9Cr-2W VTa steels.

The exceptional behavior of the 9Cr-2WVTa steel was further demonstrated by
Rieth and co-workers [31] who irradiated the steel with several reduced-
activation steels (F82H, OPTIFER I and OPTIFER II) and conventional Cr-Mo
steels (MANET 1 and II) in the HFR reactor at 250-400°C to 0.8 dpa (Fig. 7).
The 9Cr-2WVTa steel (labeled ORNL in Fig. 7) has the lowest DBTT [31].
This superior behavior has now been shown to continue out to 2.5 dpa [32].

-

The nickel-doping technique was used to study the effect of helium on the -~

Charpy properties of 9Cr-tMoVND and 12Cr-1MoVW steels [33-36]. Charpy
specimens of the following five steels were irradiated in the HFIR (a2 mixed-
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Figure 7: DBTT as a function of temperature for four reduced-activation and
two conventional martensitic steels irradiated to 0.8 dpa in the HFR.

spectrum reactor):  9Cr-1MoVNb, 12Cr-1MoVW, 9Cr-1MoVNb-2Ni
(standard 9Cr-1MoVNDb with 2% Ni), 12Cr-1MoVW-1Ni, (standard 12Cr-
IMoVW with 1% Ni), and 12Cr-1MoVW-2Ni (standard 12Cr-1MoVW with
2%Ni). The compositions of standard 9Cr-1MoVND and 12Cr-1MoVW steels
contain ~0.1 and ~0.5% Ni, respectively,

Results from HFIR irradiation, where helium was generated, were compared
with resuits from irradiations of these steels in the EBR-II, a fast reactor where
little helium forms [33-36] (Fig. 8). In irradiations to 13 and 26 dpa at 390°C
in EBR-II, Hu and Gelles (27} found that the ADBTT saturated with fluence
at =54°C for 9Cr-1MoVND and =144°C for 12Cr-1MoVW; the ADBTT
saturated by or before 13 dpa. Other fast-reactor irradiations demonstrated that
saturation occurs by 10 dpa or less {26]. Corwin, Vitek, and Klueh {35]
irradiated the same heats of 12Cr-1MoVW and 12Cr-1MoVW-2Ni steels used
in the HFIR experiments to 12 dpa in EBR-II at 390°C and found shifts in
DBTT of 90 and 122°C, respectively, in line with the Hu and Gelles data for
12Cr-IMoVW [27].
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Figure 8: Aeompérison of the shift in DBTT after irradiation in EBR-II to 13
and 26 dpa and in HFIR to 40 dpa for 9Cr-1MoVNb and 12Cr-1MoVW steels.

The ADBTT for the 9Cr-1MoVND (204°C) and the 12Cr-1MoVW (242°C)
steels after irradiation in HFIR at 400°C to =40 dpa [33] were considerably
above the values observed after irradiation in EBR-II to 13 and 26 dpa (Fig. 7)
[2735]. After irradiation in HFIR, the 9Cr-1IMoVNbD contained 32 appm He,
and the 12Cr-1MoVW contained 105 appm He, attributed to nickel contents
of the steels of 0.1 and 0.5%, respectively. The difference in properties was
taken to indicate that the saturation in ADBTT observed in the EBR-II at
390°C did not apply to irradiation in the HFIR. Further, when the 12Cr-
IMoVW-2Ni and 9Cr-1MoVNb-2Ni were irradiated in HFIR at 400°C to
=40 dpa and =370 appm He, the ADBTTs were >325°C, which was
considerably above the values observed for the steels without the nickel
additions and was taken as further evidence of a helium effect [33).
Examination of some of the fractured specimens provided some indication of
intergranular fracture {33). Irradiation at 300°C showed that there was an
effect of helium when the steels with 2% Ni were compared with those to which
no nickel had been added [33). However, the ADBTT at 300°C for the
respective steels with and without the nickel additions was considerably less
than at 400°C, which is opposite to the temperature effect observed for the
steels irradiated in a fast reactor over the range 365-550°C (i.e., the ADBTT
decreases with increasing irradiation temperature for irradiation in a fast
reactor) (Fig. 5) {27,35].

After considering possible explanations for the difference in ADBTT for the
same steels irradiated in HFIR and EBR-II and why steels with 2% Ni are more
brittle than those with less nickel when irradiated in HFIR, it was concluded
that helium plays a role {33]. This helium effect is in addition to the effect
caused by the irradiation hardening from dislocation loops and irradiation-
enhanced precipitation {33,34]. Since excess hardening by helium (above that
from dislocation loops and precipitation) as measured in tensile tests could not
explain the observation, it was suggested that helium causes a decrease in
fracture stress (the third helium effect discussed in the previous section). From
a limited number of observations of intergranular fracture, it was concluded
that helium promotes intergranular fracture, which was interpreted to mean that
there was a decrease in the fracture stress (see Fig. 3) [33,34].

An increase in DBTT can be caused by: (1) more or larger flaws, (2) less
resistance to the initiation of a flaw, and (3) less resistance to the propagation
ofaflaw. Inclusions or carbides are likely sources of microcracks that initiate
fracture in steels {29,30]. The larger ADBTT for 12Cr-IMoVW than 9Cr-
1MoVNb in FFTF (little helium) was attributed to the larger amounts of large
precipitate particles in the 12Cr-1MoVW steel [33,34]). The 12Cr-1MoVW
contains twice as much precipitate as 9Cr-1MoVND because it contains twice
as much carbon {33,34].

To explain the helium effect, it was proposed that when the steels contain
sufficient helium, the microcrack source could be helium bubbles on a prior-
austenite grain boundary or a lath boundary {33,34]. Helium is envisioned to
collect into small cavities that under stress become nuclei for fracture and/or
enhance crack propagation, explaining why fracture surfaces of HFIR-

- irradiated, helium-containing steels contain intergranular facets. This hypo-

thesis can explain the reverse temperature effect (a larger shift at 400°C than
300°C) relative to fast-reactor irradiations. More rapid diffusion of helium at
400°C than at 300°C means that at 400°C more helium reaches boundaries
to produce more and larger bubbles and a larger ADBTT. Bubble development
at 300°C is slower than at 400°C, but it will be increased by higher fluences
(longer diffusion times) or higher helium generation rates, with a corresponding
increase in the ADBTT. This was observed for the 9Cr-1MoVNb-2Ni and
12Cr-1MoVW-2Nii irradiated to 27 dpa at 300°C, where these steels developed

- alarger ADBTT than the steels without any nickel additions {30].

Figure 9 shows the data for the ADBTT-temperature relationship for the 9Cr-
IMoVND steel with a schematic representation of how the various irradiation
effects are postulated to affect fracture behavior between 50 and 550°C [34].
Between 400 and 550°C, the only data available are those from EBR-II [27].
Although no data are avaiiable for irradiation in fast reactors below =365°C,
a postulated curve for EBR-1I irradiation down to 50°C is shown. Irradiation-
produced defects and precipitates account for the DBTT shift after irradiation
in EBR-IL. The relative contribution of the two processes is temperature
dependent, with precipitation becoming more important with increasing .
temperature, but with the effect of both hardening processes becoming .
negligible above =450°C [34]. Irradiation in HFIR was postulated to lead to
a further increment of hardening caused by helium [19-21], which the tensile
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Figure 9: A graphical representation of the shift in DBTT as a function of
irradiation temperature for 9Cr-IMoVND steel to indicate the postulated
hardening and fracture mechanisms.

behavior indicated also decreases to zero above 425-450°C [20,21]. As
discussed above, the degree of hardening due to helium is probably not Iarge
and has not been adequately assessed, making the extent of this region
uncertain. In this helium-affected region and the region where hardening is
dominated by defects and precipitates, the brittle region of the Charpy curve is
characterized by cleavage and/or quasi-cieavage. Around 300°C up to 400°C,
intergranular fracture in the presence of helium becomes important. The shape
of the intergranuiar-fracture portion of the diagram will depend on the helium
concentration, temperature, and fluence. For application of ferritic steels in
spallation neutron sources where helium generation rates are ten times higher
than for fusion reactors, this is the region that demands greater attention.

Similar reasoning applies for the 12Cr-1MoVW steel, although a diagram for
this steel will be complicated by the increase in the ADBTT with increasing
temperature, because of the effect precipitation on fracture mode {34]. It
should be noted that the 50°C tests for both steels were for relatively low-
fluence irradiations (<10 dpa), and therefore, saturation may or may not have
been achieved {36]. The low-temperature irradiations also showed a slightly
higher ADBTT for the nickel-doped steels [36], in agreement with the smail
hardening effect of helium observed in tensile tests of the steels irradiated at
50°C [19).

Ferritic/Martensitic Steels for Spallation Neutron Source Applications

Ifhelium piays the role postulated in the previous section, then, depending on
the operating temperature, the impact toughness could be affected in the target
structure of a spallation neutron source, where large amounts of helium would
be generated. With enough helium, the ADBTT at 300°C would be expected
to increase, Since the helium effect postulated above depends on diffusion, it
is unclear how low in temperature the helium could affect impact properties by
the postulated mechanism. It is also unclear what might happen above 400°C,
since no HFIR experiments were conducted at these temperatures. The
diffusion rate increases with temperature, thus increasing the rate at which
helium can migrate to boundaries. On the other hand, irradiatien hardening
decreases rapidly above 400°C and disappears above =425-450°C {15-17].
If hardening is needed for this embrittlement, then even if helium is present on
boundaries, the reduced yield stress would probably preclude a larger ADBTT
than observed for fast reactor irradiation. (This embrittlement is different from
elevaledwmaanuemxbrmlanem,wherehardenmglsnotrequwd. As stated
above, the ferritic steels appear immune to elevated-temperature helium
embrittlement up to few-hundred appm He. The effect of the levels of large
helium concentrations expected in spallation neutron sources has not been
examined.)

A target structure design for a spallation source would be such as to keep the
operating above the DBTT. Figure 9 indicates that 9Cs-1MoVNb
could then probably be used above 400-450°C. It may also be possible to use
the steel below some temperature, say ~200-250°C, where diffusion of helium
would not allow the postulated embrittlement mechanism to operate. If such
low-temperature operation is possible, then a steel such as the 9Cr-2WVTa
would provide a larger safety margin because it has such a low DBTT before
and after irradiation in a fast reactor.

To minimize the effect of helium in austenitic stainless steels, microstructures
were developed with a high number density of fine precipitates [37]. For such
a microstructure, the transmutation helium formed during irradiation is trapped
at the matrix/precipitate interfaces. Because of the large number of precipitates,
the helium is widely distributed, and the high number density of small bubbles
that form (as opposed to a smaller number of large bubbles) suppress swelling,
Elevated-temperature helium embrittiement, which causes low-ductility
fractures in irradiated austenitic stainless steel containing helium tested in
tension or creep, is also inhibited because the precipitates prevent helium from
migrating to grain boundaries [37]. A similar process might be effective in the
ferritic steels to minimize the effect of helium on the shift in DBTT.

The 9Cr-2WVTa, like other 9-12% Cr steels, has a low number density of
precipitates, which are mainly relatively large M,,C, particles, with a lesser
number of smailer MC particles [Fig. 10(a)] [38]. Low-chromium Cr-W steels

Figure 10: A comparison of the precipitate microsturctures of normalized-and-tempered (a)‘9Cr-lMoVNb and (b) 2 1/4Cr-2WV steels.




can develop a higher number density of fine precipitates particles, as shown in
Fig 10(b)for a 2 1/4Cr-2WV steel (38]. The fine precipitates in 2 1/4Cr-2WV
consist mainiy of vanadium-rich MC {38]. The M, C, and MC precipitates in
9Cr-2WVTa are present in similar number density to those in 9Cr-1MoVNb
and 12Cr-IMoVW, which showed the effects of helium on properties when
irradiated in HFIR {33-36]. The MC, precipitates are generally large and of
low number density. MC particles are present in the high-chromium steeis, but
in much lesser amounts than the M C,. The number of precipitates in these
steels is too smail to effectively trap the helium during irradiation. Figure 10(b)
indicates that it may be possible to develop a high density of precipitates in a
low-chromium steel. Of course, to be successfui it will also be necessary to
develop a steel with improved impact toughness in the unirradiated condition
overthat for 2 1/4Cr-2WV [38]. Such steels are being developed. A 3Cr-3WV
steel has been shown to have a DBTT below that of the 9Cr-2WVTa [39].
Unfortunately, no information is available on the effect of irradiation on these
steels,

1t should be pointed out that the use of Charpy tests to evaluate embrittlement
has limited appiicability. A critical need exists for fracture toughness data, and
an understanding of how the Charpy data are related to fracture toughness
needs to be developed. Only with such data can the implications of the helium
effects be evaiuated in the proper context. Finally, it needs to be pointed out
that the nickel-doping technique is not the ideal method for studying the helium
effect, and a high-energy neutron source is requited to verify that the
observations are due to helium. Altemate expianations for the HFIR
observations were considered [33,34), including the effect of other
transmutation reactions with thermal neutrons in HFIR, thermal aging effects,
and nickel involvement in the hardening effects. However. none of these
provided a satisfactory explanation for the observations [33,34].

Summary and Conclusions |

Neutron irradiation effects on the mechanical properties of the
femritic/martensitic steels have been investigated to determine the applicability
of the steels for fusion applications. Because of the similarity in the expected
irmadiation environment of a spallation neutron source target and the first wall
of s fizsion power plant, the fusion studies can be used to demonstrate some of
the radiation effects to be expected for a spallation neutron source. The major
problem for the stecls is the effect of irradiation on impact toughness, as
measured in a Charpy i test. Irradiation causes an increase in the DBTT
andadecrease in USE. Steels have been developed that have exceilent impact
toughness and show relatively small changes in the properties under conditions
where only displacement damage occurs. Under conditions were larger
amounts of transmutation helium form, larger changes have been noted due to
the intervention of intergranuiar fracture. The effects depend on temperature,
and it may be possible to operate a spailation neutron target in temperature

- ranges to avoid the most severe problems. New low-DBTT steels offer some
promise for greater resistance to radiation hardening reiated shifts in DBTT.
Their resistance to intergranular failure at high helium concentrations needs to
be determined. It may aiso be possibie to develop low-chromium steels to
reduce the helium effect.
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