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MECHANICAL PROPERTIES OF NEUTRON-IRRADIATED NICKEL-CONTAINING MARTENSITIC
STEELS FOR HELIUM-EFFECTS STUDIES: |. EXPERIMENTAL STUDY—R. L. Klueh, N. Hashimoto,
and M. A. Sokolov (Oak Ridge National Laboratory), K. Shiba and S. Jitsakawa (Japan Atomic Energy
Research Institute, Tokai, Japan)

OBJECTIVE

The objective of this work is to develop an understanding of the effect of transmutation helium on the
irradiated mechanical properties of ferritic/martensitic steels for fusion applications and to use that
knowledge to develop steels with improved properties.

SUMMARY

Tensile and Charpy specimens of 9Cr-1MoVNb and 12Cr-1MoVW steels and these steels doped with 2%
Ni were irradiated at 300 and 400°C in the High Flux Isotope Reactor (HFIR) up to ~ 12 dpa and at 393°C
in the Fast Flux Test Facility (FFTF) to » 15 dpa. In HFIR, a mixed-spectrum reactor, (n, a) reactions of
thermal neutrons with *®Ni produce helium in the steels. Little helium is produced during irradiation in
FFTF. After HFIR irradiation, the yield stress of all steels increased, with the largest increases occurring
for nickel-doped steels. The ductile-brittle transition temperature (ADBTT) increased up to two times and
1.7 times more in steels with 2% Ni than in those without the nickel addition after HFIR irradiation at 300
and 400°C, respectively. Much smaller differences occurred after irradiation in FFTF. The ADBTTs for
steels with 2% Ni after HFIR irradiation were 2—4 times greater than after FFTF irradiation. Results
indicated there was hardening due to helium in addition to hardening by displacement damage and
irradiation-induced precipitation.

PROGRESS AND STATUS
Introduction

Irradiation of a ferritic/martensitic steel first wall of a tokamak fusion reactor by 14 MeV neutrons from the
deuterium/tritium fusion reaction will cause displacement damage and the production of large amounts of
transmutation helium (~ 10 appm He/dpa) in the steel. Because no fusion reactor or 14-MeV neutron
source exists, such neutron effects cannot be studied directly. Fission reactors with neutron energies
greater than ~ 0.1 MeV can be used to study displacement damage. However, helium formed in a fusion
reactor first wall is produced by high-energy neutrons (> 5 MeV), and in the absence of a 14 MeV neutron
source, special techniques are required to simulate the simultaneous production of helium and
displacement damage.

Simultaneous displacement damage and helium formation can be produced in alloys containing nickel by
irradiating in a mixed-spectrum fission reactor, where displacement damage is produced by fast neutrons
in the spectrum, and helium forms by a two-step reaction of ®Ni with thermal neutrons in the spectrum.
Natural nickel contains 68% *®Ni. For a steel with about 2% Ni, irradiation in the High Flux Isotope
Reactor (HFIR) at the Oak Ridge National Laboratory (ORNL) produces approximately the same helium
to displacement damage ratio (10 appm/dpa) attained in the undoped steel in a tokamak first wall.

Previous papers reported on the tensile [1-3] and Charpy [4—7] behavior of commercial 9Cr-1MoVNb
(modified 9Cr-1Mo) and 12Cr-1MoVW (Sandvik HT9) steels and these steels with 1 and 2% Ni after
irradiation in HFIR and in the Experimental Breeder Reactor (EBR-II), a fast reactor where little helium
forms. In this paper, results are presented from studies of these steels irradiated in the Fast Flux Test
Facility (FFTF), another fast reactor where little helium forms, and in the HFIR, where considerably more
helium forms in nickel-containing steels.
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Experimental Procedure

Electroslag remelted heats of 9Cr-1MoVNb (= 0.1% Ni) and 12Cr-1MoVW (= 0.5% Ni) steels were
prepared by Combustion Engineering Inc., Chattanooga, Tennessee. Similar compositions with 2% Ni,
designated 9Cr-1MoVNb-2Ni and 12Cr-1MoVW-2Ni, were also produced. Chemical compositions are
given in Table 1.

Table 1. Composition of the steels (wt %)

Element® 9Cr-1MoVNb 12Cr-1MoVW
Standard 2% Ni Standard 2% Ni

C 0.09 0.064 0.21 0.20
Mn 0.36 0.36 0.50 0.49
P 0.008 0.008 0.011 0.011
S 0.004 0.004 0.004 0.004
Si 0.08 0.08 0.18 0.14
Ni 0.1 217 0.43 2.27
Cr 8.62 8.57 11.99 .71
Mo 0.98 0.98 0.93 1.02
\Y 0.209 0.222 0.27 0.31
Nb 0.063 0.066 0.018 0.015
Ti 0.002 0.002 0.003 0.003
Co 0.013 0.015 0.017 0.021
Cu 0.03 0.04 0.05 0.05
Al 0.013 0.015 0.030 0.028
W 0.01 0.01 0.54 0.54
As < 0.001 < 0.001 < 0.001 <0.002
Sn 0.003 0.003 0.003 0.002
N 0.050 0.053 0.020 0.017
O 0.007 0.006 0.005 0.007

4< 0.001 B, < 0.001 Zr, balance Fe

Sheet tensile specimens 25.4-mm long with a reduced gage section 7.62-mm long by 1.52-mm wide by
0.76-mm thick were machined from 0.76-mm sheet. Miniature (-size) Charpy specimens 3.3 mm x 3.3
mm x 25.4 mm with 0.51-mm-deep notch and 0.05-0.08-mm root radius were machined from 16-mm thick
plates.

Steels were irradiated in the normalized and tempered condition: austenitization was 0.5 h at 1050°C
followed by a rapid cool in flowing helium gas; tempering was 5 h at 700°C.

Two irradiation capsules containing sixteen 25.4-mm-long specimen positions were irradiated in HFIR
peripheral target positions with specimens at nominal temperatures of 300 and 400°C. At each position,
either four s-size Charpy specimens, four SS-3 tensile specimens, or about 100 transmission electron
microscopy (TEM) specimens in a 12Cr steel subcapsule were enclosed in 12Cr steel holders that were
then encapsulated in aluminum sleeves. To control the temperature by nuclear heating, the gas gap
between the outer diameter of the steel specimen holder and the aluminum sleeve was adjusted to
compensate for the variation in nuclear heating rate along the length of the capsule. A thermal gradient,
calculated to be less than 45°C existed from the interior to the exterior of the specimens.

Each capsule contained three flux monitors to determine fluence as a function of distance from the HFIR
midbplane. Total maximum fluence at the midplane was 6.9 x 10% n/m2, with a thermal fluence of 3.2 x
10%° n/m? (< 5eV) and a fast fluence of 1.68 x 10°® n/m? (> 0.1 MeV). Maximum displacement damage at
the midplane was ~ 12 dpa. Only specimens at the center position along the length of the capsule
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received the peak fluence. Therefore, displacement damage and the helium concentration of the
specimens varied depending on their position in the capsule relative to the reactor midplane.

Two tensile specimens and 4-6 Charpy specimens of each steel were irradiated. Specimens irradiated at
300°C were at the ends of the capsules and received 9-10 dpa. Displacement damage in specimens
irradiated at 400°C was 11-12 dpa.

Charpy and tensile specimens were also irradiated at ~ 393°C in the Fast Flux Test Facility (FFTF) in the
Materials Open Test Assembly (MOTA), where the temperature of the specimens was monitored and
generally maintained at +5°C. Tensile specimens were irradiated to 3.59 x 10°® n/m® (E > 0.1 MeV), ~ 15
dpa, and Charpy specimens were irradiated to 2.99 x 10°°n/m? (E > 0.1 MeV), ~ 12.4 dpa.

Tensile tests were conducted at the irradiation temperature (400°C for FFTF specimens) in vacuum on a
44-kN Instron universal testing machine at a nominal strain rate of ~ 4 x 10*s™. Charpy specimens were
tested on a machine modified to test miniature specimens. Absorbed energy vs. temperature values
were fit with a hyperbolic tangent function to permit upper-shelf energy (USE) and ductile-brittle transition
temperature (DBTT) to be consistently evaluated. The DBTT was determined at energy levels midway
between upper- and lower-shelf energies. Details on test procedure for subsize Charpy specimens have
been published [8,9].

Results

Tensile Behavior

Before irradiation, there was little difference in the yield stress and ultimate tensile strength of the
respective steels with and without the 2% Ni addition (Table 2). Irradiation in HFIR caused an increase in
the yield stress and ultimate tensile strength. The 9Cr-1MoVNb-2Ni steel hardened more than 9Cr-
1MoVNDb, and the 12Cr-1MoVW-2Ni hardened more than 12Cr-1MoVW at both 300 and 400°C, indicating
a possible helium (or nickel) effect. Irradiation in HFIR caused a decrease in the uniform and total
elongations (Table 2).

After irradiation in FFTF, there was little difference in the increase in strength (Aoy) of the steels with
different nickel concentrations (Table 2).

When the steels irradiated in HFIR and FFTF are compared, there was no difference in yield stress [Fig.
1(a)] and ultimate tensile strength [Fig. 1(b)] of 9Cr-1MoVND steel irradiated in HFIR and FFTF at 400 and
393°C, respectively, but the rest of the specimens showed more hardening after irradiation in HFIR. For
the yield stress, a 15, 10, and 17% difference was observed for the 9Cr-1MoVNb-2Ni, 12Cr-1MoVW, and
12Cr-1MoVW-2Ni steels, respectively. Differences in the ultimate tensile strengths were slightly less.
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Table 2. Tensile properties® of steels unirradiated and irradiated in HFIR® and FFTF®

Steel Irradiation Strength®(MPa) Elongation (%) Ao,
T(°C)/dpa/He(appm) Yield Ultimate Uniform Total (MPa)

9Cr-1MoVNb 300 673 734 35 12.3

HFIR 300/7/7 1078 1078 0.3 6.4 405
400 633 693 2.5 10.6

HFIR 400/12/12 772 792 1.1 7.2 139

FFTF 393/15/<3 768 795 1.4 5.3 135

9Cr-1MoVNb-2Ni 300 679 768 3.3 11.0

HFIR 300/8/68 1234 1241 0.5 6.0 555
400 645 723 2.7 9.3

HFIR 400/12/129 958 958 0.4 6.3 313

FFTF 393/15/<3 810 840 1.6 5.8 165

12Cr-1MoVW 300 690 804 55 11.7

HFIR 300/6/11 1135 1150 0.8 5.0 445
400 665 763 3.7 10.1

HFIR 400/12/31 1025 1048 0.8 2.6 360

FFTF 393/15/<3 920 973 1.8 5.1 255

12Cr-1MoVW-2Ni 300 641 818 4.0 10.7

HFIR 300/6/48 1165 1206 2.6 2.9 524
400 649 781 3.6 10.4

HFIR 400/12/141 1093 1113 1.0 1.9 444

FFTF 393/15/<3 903 965 1.8 5.4 254

#Values are the average of two tests.

bSpecimens were irradiated in HFIR to 9—10 dpa at 300°C and 11-12 dpa at 400°C.

°Specimens were irradiated in FFTF to ~ 15 dpa at 393°C.

“The test temperature was the same as the irradiation temperature for the HFIR-irradiated specimens; it
was 400°C for the FFTF-irradiated specimens.
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Fig. 1. A comparison of the (a) yield stress and (b) the ultimate tensile strength of steels in the
normalized-and tempered condition and after irradiation in HFIR at 400°C and in FFTF at 393°C.
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Charpy Behavior

Irradiation caused an increase in the DBTT (ADBTT) and a reduction in the USE for all specimens
irradiated at 300 and 400°C in HFIR and at 393°C in FFTF (Table 3). The HFIR results indicated a larger
ADBTT for steels irradiated at 300°C than at 400°C (Fig. 2). Irradiations at 300°C produced a larger shift
in DBTT for the steels with the 2% Ni, with the largest effect occurring for the 9Cr-1MoVNDb-2Ni steel,
where the shift was over twice that for the steel with no nickel addition. A smaller difference (= 1.4 times)
occurred for the 12 Cr steels, where the difference in helium concentration of the two steels was less. As
similar effect was observed for the steels after irradiation in HFIR at 400°C, the ADBTT for 9Cr-1MoVNb-
2Ni was = 1.7 times that for 9Cr-1MoVNDb, and that for 12Cr-1MoVW-2Ni was = 1.6 times that for 12Cr-
1MoVW.

The ADBTTs for the 9Cr-1MoVND steel were similar after irradiation at 400°C in HFIR and 393°C in FFTF
(Fig. 2). For the 9Cr-1MoVNDb-2Ni steel, however, the ADBTT after HFIR irradiation at 400°C was four
times as great as after irradiation in FFTF at 393°C. The ADBTTs for the 12Cr-1MoVW and 12Cr-
1MoVW-2Ni after irradiation in HFIR at 400°C were both about twice as large as after irradiation in FFTF
at 393°C.

The reduction in USE was generally greater for the steels irradiated in HFIR than FFTF; the largest
change occurred for the steels with 2% Ni (Fig. 3). The difference between steels irradiated at 300 and
400°C in HFIR was generally quite small.

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)

Specimens of 9Cr-1MoVNb and 9Cr-1MoVNb-2Ni steels irradiated in HFIR at 400°C were examined by
TEM. Results will only be discussed briefly, since details were presented previously [10]. Both the 9Cr-
1MoVNDb and 9Cr-1MoVNb-2Ni steels irradiated in HFIR at 400°C developed ap < 10 > and (a¢/2) < 111 >
dislocation loops with the number density slightly larger and the loops slightly smaller for 9Cr-1MoVNb-
2Ni gFig. 4). Cavities also developed, with 9Cr-1MoVNb-2Ni steel having a higher number density (9
x10%" vs. 3x1021m'3) and smaller size (5 vs. 9 nm) (Fig. 5). Swelling in the steel with nickel was = 0.004 %,
compared to = 0.002% for the steel without nickel, an indication that helium (nickel) may have affected
swelling [10].

Precipitate microstructure before irradiation consisted primarily of M2;Cg with similar quantities (< 1 x 10%
m'3) and sizes (= 100 nm) in both the 9Cr-1MoVNb and 9Cr-1MoVNb-2Ni steels. There were also a few
MX particles. Irradiation caused little change in the M,3C¢ structure for either steel, and no new
precipitates formed in the 9Cr-1MoVNDb [Fig 6 (a)]. However, irradiation-induced precipitate identified as
M,X at a number density of 5x10°° m™ and a mean size of 54 nm was observed in the 9Cr-1MoVNb-2Ni
steel [Fig. 6(b)] [10].
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Table 3. Impact properties® of steels unirradiated and irradiated in HFIR® and FFTF®

Steel, Irradiation Transition ADBTT, °C Upper-Shelf
Reactor Temperature, °C Temperature, o Energy, J

9Cr-1MoVNb Unirradiated -1 10.0
HFIR 300 143 144 4.1
HFIR 400 93 94 5.7
FFTF

393 99 100 6.4
9Cr-1MoVNb-2Ni Unirradiated -117 9.0
HFIR 300 181 298 4.0
HFIR 400 47 164 6.3
FFTF

393 -76 41 6.4
12Cr-1MoVW Unirradiated -39 7.1
HFIR 300 147 186 3.7
HFIR 400 84 123 3.5
FFTF

393 26 65 4.0
12Cr-1MoVW-2Ni Unirradiated -75 6.3
HFIR 300 185 260 35
HFIR

400 118 193 3.4
FFTF

393 25 100 4.8

®Values are the average of two tests.

bSpecimens were irradiated in HFIR to 9—10 dpa at 300°C and 11-12 dpa at 400°C.

°Specimens were irradiated in FFTF to ~ 15 dpa at 393°C.
Taken at one-half the upper-shelf energy.
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Fig. 6. Irradiation-induced precipitates in the matrix of (a) 9Cr-1MoVNb and (b) 9Cr-1MoVNb-2Ni steels
irradiated in HFIR to = 12 dpa at 400°C.

Fracture surfaces of Charpy specimens from the lower- and upper-shelf regions of the Charpy curve were
examined by SEM. The surfaces showed the expected fracture morphology: specimens from lower-shelf
regions exhibited typical cleavage fractures, and those from upper-shelf regions exhibited ductile-type
shear.
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Discussion

In previous studies on nickel-doped steels, different tempering treatments were used on the steels with
2% Ni (5 h at 700°C) and the standard steels (1 h at 760°C for the 9Cr-1MoVNb and 2.5 h at 780°C for
the 12Cr-1MoVW—these are recommended tempering treatments for commercial 9Cr-1MoVNb and
12Cr-1MoVW steels, respectively) [1-7]. The lower tempering temperature was used for steels with 2%
Ni to avoid tempering above A4, the equilibrium temperature above which ferrite transforms to austenite,
which is lowered by nickel. An attempt was made to temper to similar hardnesses (strengths) using the
different tempering conditions, but unfortunately, the different tempering conditions produced differences
in the strengths of the steels before irradiation, which complicated comparison after irradiation.

For this experiment, the same tempering treatment was used for all steels (5 h at 700°C). Although this
heat treatment produced similar strengths for the different steels, the new tempering conditions changed
the DBTTs of the standard steels: the DBTT of the 9Cr-1MoVNDb increased from —-29 to -1°C (the 760°C
tempering temperature for standard modified 9Cr-1Mo, which was used previously, was chosen for
optimum strength and toughness when the steel was developed) and that for 12Cr-1MoVW decreased
from -18 to -39°C. It is not possible to have both the DBTT and yield stress of the standard steels and the
steels with 2% Ni similar prior to irradiation. The lower DBTT for the nickel-containing steels before
irradiation (Table 3) reflects the fact that nickel lowers the transition temperature.

Tensile Behavior

When the steels with and without the nickel additions were given the same tempering treatments, they
had similar strengths before irradiation (Table 2). The greater hardening after irradiation in the HFIR at
300 than at 400°C is expected [1-3]. After irradiation in HFIR, the respective yield stress increases for
9Cr-1MoVNDb, 9Cr-1MoVNb-2Ni, 12Cr-1MoVW, and 12Cr-1MoVW-2Ni were respectively 405, 555, 445,
and 524 MPa at 300°C and 139, 313, 360, and 444 MPa at 400°C. These results indicate a larger
increase at both 300 and 400°C for the steels with 2% Ni than their counterparts without a nickel addition.

After irradiation in FFTF at 393°C, yield stress increased 135, 165, 255, and 254 MPa for 9Cr-1MoVND,
9Cr-1MoVNb-2Ni, 12Cr-1MoVW, and 12Cr-1MoVW-2Ni, respectively, with the increases being smaller
after FFTF irradiation than after HFIR irradiation (Fig. 1). A similar increase occurred for 9Cr-1MoVND in
both reactors. Since there was only a small difference in displacement damage in the two reactors and
hardening is known to saturate with fluence at < 10 dpa at = 400°C [2,3], similar hardening might be
expected, as observed for the 9Cr-1MoVNb. The 15, 10, and 17% higher yield stress in HFIR over that in
FFTF for the 9Cr-1MoVNb-2Ni, 12Cr-1MoVW, and 12Cr-1MoVW-2Ni, respectively, are not all that large,
especially considering the change in DBTT to be discussed in the next section. However, note that the
largest changes are for the steels with 2% nickel and the 12Cr-1MoVW, which contains 0.43% Ni, so an
argument can be made that helium causes the difference, because as discussed below, similar
precipitate phases are expected during irradiation in the two reactors.

Charpy Behavior

In Fig. 7(a), ADBTT is plotted against Ao, for results from irradiation in HFIR at 300 and 400°C; Fig. 7(b)
shows the same data along with data from the FFTF irradiation at 393°C. The data were fit by linear
regression with lines through the origin and had slopes of 0.46 and 0.45, for Figs. 7(a) and 7(b),
respectively. All indications are that the results follow linear relationships, indicating the shift in transition
temperature is proportional to hardening.

Figure 8 shows just the data for the 400°C irradiations in HFIR and the 393°C irradiations in FFTF with a
regression line (slope is 0.41). There was both more hardening and a larger shift in transition
temperature for the 9Cr-1MoVNDb-2Ni, 12Cr-1MoVW, and 12Cr-1MoVW-2Ni steels irradiated in HFIR at
400°C than in FFTF at 393°C, even though displacement damage in the two reactors was similar and
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saturation with fluence would be expected for these doses [11]. There was no difference for the two
reactors for 9Cr-1MoVNb, which contained the least helium after HFIR irradiation.
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Fig. 7. Shift in ductile-brittle transition temperature plotted against shift in yield stress for 9Cr-1MoVNDb,
9Cr-1MoVNDb-2Ni, 12Cr-1MoVW, and 12Cr-1MoVW steels irradiated in (a) HFIR at 300 and 400°C and
(b) HFIR at 300 and 400°C and FFTF at 393°C.
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Fig. 8. Shift in ductile-brittle transition temperature plotted against shift in yield stress for 9Cr-1MoVNb,
9Cr-1MoVNb-2Ni, 12Cr-1MoVW, and 12Cr-1MoVW for irradiation in HFIR at 400°C and FFTF at 393°C.

There has been concern about using nickel-doped steels to determine helium effects, because of the
effect nickel might have on the microstructure and mechanical properties [12—-16]. Excess hardening in
terms of increased yield stress was observed on JLF-1 (9Cr-2WVTa) steel containing 1% Ni relative to
the undoped steel after irradiations to = 0.15 dpa at 170 °C in the Japan Materials Test Reactor (JMTR)
[14,15]. No excess hardening was observed for similar irradiation at 220°C. Irradiation of these steels in
the Advanced Test Reactor (ATR) to 2.2 and 3.8 dpa at 270 and 348°C, respectively, produced excess
hardening (up to 350 MPa) for the 270°C irradiation. Similar strengths were observed for the steels
irradiated at 348°C [16]. The excess hardening was accompanied by a larger increase in DBTT for the
nickel-containing steel. Microstructural observations by TEM revealed that irradiation-induced dislocation
loops were finer and denser in the 1% Ni steel than in the undoped steel, which suggested that the nickel
addition affected nucleation and growth of dislocation loops to produce excess hardening and
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embrittlement [16]. No such hardening attributable to nickel has been observed previously for neutron
irradiations of the nickel-doped 9Cr-1MoVNb and 12Cr-1MoVW steels at 300 and 400°C [1-3],
temperatures above those where the excess hardening was observed [13—16].

In dual ion-beam irradiations (6.4 MeV Fe** and degraded 1 MeV He") to 5 dpa of F82H without nickel
and with 1% and 2% Ni, hardness measurements by an ultra-micro-indentation technique indicated some
excess hardening in the 2% Ni irradiated at 350°C [17]. However, it is unclear how this might compare
with neutron irradiation, since the ion irradiations are at a dose rate several orders of magnitude higher
than for fast-reactor irradiations. Results from neutron irradiations indicated a two-step hardening-
recovery process for the irradiated steels, with the second step occurring at > 300°C [14]. Presumably
recovery would proceed during irradiation simultaneously with hardening, thus explaining the effect of
temperature on the excess hardening. Such recovery would not occur during ion irradiations to 5dpa,
which are completed within several hours, compared with several months for irradiation to 10 dpa and
higher. Nevertheless, the possibility of excess hardening for the 300°C tests must be kept in mind when
evaluating these results, since there are no FFTF experiments at this temperature to determine the effect
of the nickel.

As pointed out in earlier irradiation experiments with the nickel-doped steels, irradiation-induced nickel-
containing MgC formed in the 9Cr-1MoVNb-2Ni and 12Cr-1MoVW-2Ni steels during HFIR irradiation to =
40 dpa at 400°C [17,18]. However, the same MgC precipitates formed in irradiations of the steels to = 47
dpa at 407°C in the fast reactor FFTF [17,18]. If these precipitates caused hardening in the HFIR-
irradiated steel, they should have caused a similar effect in FFTF for similar doses. Therefore, it was
concluded that the larger ADBTT after irradiation in HFIR was due to helium, since helium formation in
the nickel-containing steels irradiated in HFIR was the only obvious difference compared to irradiation in
FFTF [6]. Note that the 9Cr-1MoVNb-2Ni irradiated to = 12 dpa in HFIR at 400°C in the present work did
not contain the high density of MgC found for the previous 40-plus dpa irradiations, but rather, it contained
a relatively small number of M,X (Fig. 6). This will be discussed below.

Although there is no difference between the ADBTT for the 9Cr-1MoVNb in FFTF at 393°C and HFIR at
400°C in the present irradiations, there are differences for the 9Cr-1MoVNb-2Ni, 12Cr-1MoVW, and 12Cr-
1MoVW-2Ni steels (Fig. 8). For the latter three steels, the ADBTT values after irradiation in HFIR are 2—4
times greater than in FFTF, which is consistent with a helium effect. This follows since the 9Cr-1MoVNb
steel contained only about 12 appm He after irradiation in HFIR, compared to ~ 31, 129, and 141 for the
12Cr-1MoVW, 9Cr-1MoVNb-2Ni, and 12Cr-1MoVW-2Ni steels, respectively. Thus, a larger effect would
be expected for the latter steels if it is a helium effect. Since there was a similar difference in the
hardening of the steels depending on the helium concentration, it is concluded that there is excess
hardening over and above that due to displacement damage and precipitation that is due to helium, and
that hardening causes a further increase in ADBTT after irradiation in HFIR.

After irradiation at 300°C, where there is no comparison with irradiation in a fast reactor, the ADBTT for
the 9Cr-1MoVND is again the smallest (144°C), followed by 12Cr-1MoVW (186°C), 12Cr-1MoVW-2Ni
(260°C), and 9Cr-1MoVNb-2Ni (298°C). This is also in line with Ao, [Fig. 5(a)] and the amount of helium
present in the respective steels (the 9Cr-1MoVNb, 12Cr-1MoVW, 12Cr-1MoVW-2Ni, and 9Cr-1MoVNb-
2Ni steels contain ~ 8, 20, 48, and 47 appm He, respectively).

Microstructure

The observation that swelling was higher in 9Cr-1MoVNb-2Ni than in 9Cr-1MoVNb (Fig. 5) [10] agreed
with previous work that indicated helium affected swelling [17-19]. However, the microstructural
observations on 9Cr-1MoVNb-2Ni differed from earlier studies, where a high number density of nickel-rich
MsC particles formed during irradiation in FFTF to = 47 dpa and HFIR to = 40 dpa; a few M,X precipitates
also formed [17,18]. In the steels irradiated in the present experiment, M,X particles were observed [Fig
6(b)], but no MgC was detected.
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The presence of M,X is not surprising, because this precipitate is enriched in chromium and nitrogen
(basically CroN) with some of the chromium replaced by other solutes and some nitrogen replaced by
carbon. It can form more easily in 9Cr-1MoVNb steel because the specification for this steel includes
0.03-0.07% N, and the 9Cr-1MoVNb and 9Cr-1MoVNDb-2Ni in this experiment contained 0.05% N (Table
1). Because of the relatively large size and small number density of M,X precipitates, it would not be
expected to contribute much to hardening. A similar precipitation sequence should also occur for
irradiation to a similar dose in FFTF.

A possible explanation for the absence of MgC in the irradiated 9Cr-1MoVNb-2Ni, as observed in higher-
dose irradiations [17,18], is that M,X is an intermediate phase, or the small amounts present can form
more quickly, and more time—a higher irradiation dose—is required for MgC to form in sizes that can be
observed and identified. Irradiations were to = 40 dpa and higher where MgC was observed, compared to
about 12 dpa for the steels irradiated in the present experiment. The MgC was previously analyzed as
being rich in Cr, Ni, and Si, along with some iron and traces of Mo, P, and V [17,18]. A similar precipitate
was detected in 12Cr-1MoVW steel irradiated in EBR-II, but in that case it was identified as G-phase, and
for that steel the precipitate composition was determined as Ni-24.1Fe-12.7Si-8.7Mn-3.8Mo-1.9Cr [20].

In the irradiation capsule used for the present experiment, the reduced-activation steel 9Cr-2WVTa and
that steel with 2% Ni (9Cr-2WVTa-2Ni) were also irradiated [21]. Before irradiation, the microstructures of
these steels were respectively similar to those of 9Cr-1MoVNb and 9Cr-1MoVNb-2Ni—tempered
martensite with M3Ce and MX precipitates [10]. Likewise, there was only a minor difference in the
dislocation Ioo? structure after irradiation. However, the 9Cr-2WVTa-2Ni contained a high number
density (2 x 10 ! m'3) of small (7 nm) irradiation-induced particles identified as MgC (Fig 92). The size was
less and the number density higher than for M,X in 9Cr-1MoVNb-2Ni (54 nm and 5 x 10 0 m'3) [compare
Figs. 9 and 6(b)] [10]. Based on the above hypothesis, the absence of M.X in the 9Cr-2WVTa is not
unexpected, since this steel contains only about 0.01% N. The microstructure of 9Cr-2WVTa-2Ni was
similar to structures found for 9Cr-1MoVNb-2Ni after higher-dose irradiations, supporting the hypothesis
concerning the kinetics of MgC formation in 9Cr-1MoVNDb-2Ni, although this implies different kinetics for
the 9Cr-2WVTa-2Ni steel.

-

Fig. 9. lIrradiation-induced MgC precipitates in the matrix of 9Cr-2WVTa-2Ni steel irradiated in HFIR to 12
dpa at 400°C. Compare with Fig. 6 that shows 9Cr-1MoVNb-2Ni irradiated similarly but containing
irradiation-induced M,X.
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Helium Effects

As with all irradiation experiments, the results of this experiment involve uncertainty introduced by the
small number of tests (due to limited reactor space for inserting specimens). Within the limits of such
uncertainties, the present results lead to some conclusions concerning the effect of helium on mechanical
properties. If it is assumed that similar displacement damage and precipitation occurs in the steels
irradiated in FFTF and HFIR at similar temperatures, then the results from the present irradiations indicate
there was a component of hardening that must be attributed to helium. It therefore follows that this
hardening produced an increment of increase in transition temperature in the Charpy tests over and
above the hardening caused by displacement damage and irradiation-induced precipitation. Mechanisms
for how helium may affect hardening will be discussed in a companion (part 1) paper.

Several published studies have presented evidence for a helium effect on the mechanical properties of
irradiated steels using the nickel-doping technique as well as other experimental techniques. Also, the
results of the present work showing a hardening effect due to helium differ from the previous high-dose
experiments, where embrittlement occurred without an increase in hardness that could be attributed to
helium [6,7]. In the paper that accompanies this contribution, the present results will be examined in light
of previous experiments.

Summary and Conclusions

The 9Cr-1MoVNb and 12Cr-1MoVW steels and these steels with 2% Ni additions were irradiated in HFIR
to ~ 10 dpa at 300°C and ~ 12 dpa at 400°C and in FFTF to ~ 15 dpa at 393°C. After irradiation in HFIR,
steels with 2% Ni hardened more than steels without a nickel addition. When 9Cr-1MoVNb-2Ni, 12Cr-
1MoVW, and 12Cr-1MoVW-2Ni steels were irradiated in HFIR at 400°C, they hardened more than when
irradiated in FFTF at 393°C. The 9Cr-1MoVNDb steel hardened to the same level in both FFTF and HFIR.
For all but the 9Cr-1MoVND steel, shifts in DBTT of the steels irradiated in HFIR were greater than shifts
for the same steels irradiated in FFTF. Irradiation in HFIR at 300 and 400°C caused a larger shift for the
steels containing 2% Ni than for the steels with no nickel addition. The increase in DBTT appeared to be
related to the increase in yield stress. Despite the uncertainty inherent in the experiments, the results
lead to the conclusion that helium caused an increment of hardening that contributed to the extra shift in
DBTT over that observed after irradiation in FFTF where little helium formed.
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