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Abstract

The microstructures of reduced-activation ferritic/martensitic steels, 9Cr–1MoVNb, 9Cr–1MoVNb–2Ni, 9Cr–

2WVTa and 9Cr–2WVTa doped with 2% Ni, irradiated at 400 �C up to 12 dpa in the high flux isotope reactor, were
investigated by transmission electron microscopy. The cavity number density of Ni-doped steels was higher than that

of Ni-undoped steels due to the higher concentration of helium. There was no difference of cavity number density

between the steels tempered at 700 and 750 �C, but the mean size of the cavities in the steels tempered at 750 �C
was larger than that tempered at 700 �C. There was a tendency for the number density of loops in Ni-doped steels
to be higher than in Ni-undoped steels. In addition, the mean size of loops in the steels tempered at 750 �C was larger
than for those tempered at 700 �C, while there was not much difference of number density between them. In the steels
doped with Ni, irradiation-produced precipitates, identified as M6C(g)-type carbide and M2X phase, were found in

the 9Cr–2VWTa–2Ni steel and 9Cr–1MoVNb–2Ni, respectively. Irradiation of Ni-doped steels showed the effect of

helium on cavity nucleation, however, the effect of helium on dislocation structure and precipitation was not made

clear.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Ferritic/martensitic steels are attractive candidate

structural first wall materials for fusion energy systems

[1]. The high-energy neutrons produced by the D–T

fusion reaction induce displacement damage and gen-

erate gas atoms (H and He) in the materials from (n; p)
and (n; a) reactions. It is considered that the simulta-
neous production of helium atoms from (n; a) reactions
could strongly influence the nucleation of cavities.

Therefore, to clarify the effect of helium atoms on the

microstructural development and mechanical property

change in martensitic steels under fast neutron irradia-

tion, 9Cr–1MoVNb, 9Cr–1MoVNb doped with 2%Ni

(9Cr–1MoVNb–2Ni), 9Cr–2WVTa and 9Cr–2WVTa

doped with 2%Ni (9Cr–2WVTa–2Ni) were irradiated

with neutrons in the high flux isotope reactor (HFIR). In

this experiment, specimens tempered at different tem-

perature were prepared in order to investigate the effect

of tempering on microstructural evolution during irra-

diation. Irradiation of Ni-doped steels in a mixed spec-

trum reactor like the HFIR results in the following

transmutation reaction with the thermal neutrons:
58Ni(n; c)59Ni(n; a)56Fe, thus providing the possibility of
studying the effects of the simultaneous production

of displacement damage and helium production.

2. Experimental procedure

The 9Cr–1MoVNb and 9Cr–1MoVNb–2Ni were

normalized by austenitizing 0.5 h at 1050 �C followed by
rapid cool in blowing helium, and tempered 1 h at 700 �C.
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And the 9Cr–2WVTa and the 9Cr–2WVTa–2Ni, nor-

malized 0.5 h at 1050 �C and tempered 1 h at 700 �C (-A)
or 750 �C (-B), were also prepared for this experiment.
The compositions are given in Table 1. Standard 3-mm

diameter transmission electron microscopy (TEM) disks

were punched from 0.25-mm thick sheet stock. Irradia-

tion was at 400 �C in the HFIR-CTR-63 target capsule in
the HFIR to a neutron fluence of about 1:68� 1026 n/m2
(E > 0:1 MeV) [2], resulting in a displacement dose of
about 12 dpa. The details of the design, construction and

installation of HFIR-CTR-62/63 have been reported [3].

The irradiation conditions and the calculated helium

concentrations in the steels are given in Table 2. TEM

specimens were thinned using an automatic Tenupol

electropolishing unit located in a shielded glove box.

TEM disks were examined using a JEM-2000FX (LaB6)

transmission electron microscope. The foil thickness was

measured using thickness fringes in order to evaluate

quantitative defect density values.

3. Results

3.1. Dislocations and dislocation loops

Fig. 1 shows the dislocation segments and loops in

the steels after irradiation at 400 � C to 12 dpa using the
diffraction conditions g ¼ 110 (g; 4g). During irradiation
of Fe–Cr binary alloys, dislocation evolution in an ini-

tially almost dislocation-free condition proceeds by the

formation of interstitial-type dislocation loops with an

a0h100i and/or ða0=2Þh111i Burgers vector [4,5]. Similar
loops form in more complicated steels [6,7], such as

those used in this experiment. Table 3 summarizes the

quantitative results of the dislocation loops observed.

The number density and the mean diameter of a0h100i
type loops are higher and smaller than that of

Table 1

Chemical compositions of the specimens (wt%)

9Cr–

1MoVNb

9Cr–

1MoVNb–2Ni

9Cr–

2WVTa

9Cr–

2WVTa–2Ni

Cr 8.64 8.54 8.71 8.55

Ni 0.10 2.18 0.02 2.01

Mo 0.97 0.97 2.17 2.15

Nb 0.064 0.068 0.23 0.23

V 0.21 0.22 0.06 0.06

Mn 0.35 0.35 0.39 0.38

W 0.01 <0.01 0.021 0.021

Ta – – <0.01 <0.01

Al 0.013 0.015 <0.01 <0.01

Cu 0.03 0.04 <0.001 <0.001

Ti 0.002 0.002 <0.01 <0.01

C 0.091 0.070 0.098 0.098

P 0.008 0.008 0.014 0.014

S 0.004 0.004 0.003 0.003

Si 0.07 0.08 0.19 0.19

B <0.001 <0.001 <0.001 <0.001

N 0.050 0.054 0.016 0.016

Fe Balance Balance Balance Balance

Table 2

Irradiation conditions and helium concentration

dpa appm He He/dpa

9Cr–1MoVNb 12.1 30 2.5

9Cr–1MoVNb–2Ni 12.3 161 13.1

9Cr–2WVTa 12.0 25 2.1

9Cr–2WVTa–2Ni 12.3 150 12.2

Fig. 1. Dislocation segments and loops in 9Cr–1MoVNb and

9Cr–1MoVNb–2Ni, 9Cr–2WVTa-A, 9Cr–2WVTa-B, 9Cr–

2WVTa–2Ni-A and 9Cr–2WVTa–2Ni-B after irradiation at 400

�C to 12 dpa using the diffraction conditions: g ¼ 110 (g; 4g).
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ða0=2Þh111i type loops for all the steels. In addition,
there is a tendency for a higher number density of

ða0=2Þh111i type loops in Ni-doped steels compared to

undoped steels. With respect to the two different tem-

pering temperatures, the mean size of the loops in the

steels tempered at 750 �C was larger than for those

tempered at 700 �C, while there was little difference in
the number density between them. Before irradiation,

the dislocation density of specimens tempered at 700 �C
were higher than for those tempered at 750 �C, and
higher dislocation density tends to cause a smaller size of

loops during irradiation. This suggests that the growth

of irradiation-induced loops is controlled by heat treat-

ment before irradiation.

3.2. Cavities

Fig. 2 shows cavities of the specimens irradiated at

400 �C to 12 dpa. Distribution of cavities is homoge-
neous in the matrices, and no cavities were observed on

grain boundaries. Neutron irradiation induced tiny

cavities (5 nm) with the number densities of 9� 1021 m�3

in 9Cr–1MoVNb–2Ni. In 9Cr–1MoVNb, somewhat

larger cavities (9 nm) with the number densities of

3� 1021 m�3 were observed. Swelling of 9Cr–1MoVNb

and 9Cr–1MoVNb–2Ni were 0.17% and 0.15%, respec-

tively. In 9Cr–2WVTa-A and -B, somewhat larger cav-

ities were observed even though this steel contained very

little helium compared with the Ni-doped steels. Swell-

ing of these steels was estimated to be <0.05%. Table 4
summarizes the quantitative results of the observations

on the cavities.

Fig. 2. Cavities in 9Cr–1MoVNb and 9Cr–1MoVNb–2Ni,

9Cr–2WVTa-A, 9Cr–2WVTa-B, 9Cr–2WVTa–2Ni-A and 9Cr–

2WVTa–2Ni-B after irradiation at 400 �C to 12 dpa.

Table 3

Summary of dislocation structure after irradiation

Steel a0h100i type loops ða0=2Þh111i type loops

Number density (m�3) Mean diameter (nm) Number density (m�3) Mean diameter (nm)

9Cr–1MoVNb 5� 1021 21 4� 1021 25

9Cr–1MoVNb–2Ni 7� 1021 20 6� 1021 24

9Cr–2WVTa-A 1� 1022 18 5� 1021 28

9Cr–2WVTa–2Ni-A 1� 1022 17 6� 1021 16

9Cr–2WVTa-B 1� 1022 23 4� 1021 30

9Cr–2WVTa–2Ni-B 1� 1022 23 6� 1021 28

Table 4

Summary of cavities formed during irradiation

Steel Mean

size (nm)

Number

density (m�3)

Swelling

(%)

9Cr–1MoVNb 9 3� 1021 0.17

9Cr–1MoVNb–2Ni 5 9� 1021 0.15

9Cr–2WVTa-A 3 1� 1021 <0.002

9Cr–2WVTa–2Ni-A 3 3� 1021 <0.006

9Cr–2WVTa-B 9 1� 1021 0.05

9Cr–2WVTa–2Ni-B 4 3� 1021 0.02
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3.3. Precipitates

Before irradiation, the precipitates in all the steels

used in this study include M23C6 on grain and/or lath

boundaries, with the number density and the mean dia-

meter of < 1� 1020 m�3 and about 100 nm, respectively.

There was no difference in the temper-induced M23C6
before and after irradiation in terms of size and distri-

bution, but neutron irradiation did produce additional

precipitates in the matrices of the Ni-doped steels. The

spacing of moir�ee fringes was used to identify the irra-

diation-produced precipitates, which were identified as

M2X phase in the 9Cr–1MoVNb–2Ni and M6C(g)-type
carbide in the 9Cr–2VWTa–2Ni. Fig. 3 shows the irra-

diation-induced precipitates in the 9Cr–1MoVNb–2Ni

and the 9Cr–2VWTa–2Ni after irradiation at 400 �C to
12 dpa. Precipitation of a Cr- and Ni-rich M6C(g) has
been observed in a number of 8–12Cr steels that contain

>0.3 wt% Ni during fast breeder reactor and HFIR ir-
radiation at about 400 �C [8–11]. Table 5 summarizes
the quantitative results of precipitates.

4. Discussion

The results from the TEM observations, some of

which appear to differ from previous studies, provide

information on the effect of composition (W, Mo, N, Ni,

etc.) on the irradiation behavior of the steels. Prior to

irradiation, the microstructures of all the steels had

similar dislocation line densities (2–7� 1014 m�2) and

precipitates, which were mainly M23C6 (�100 nm in

diameter and a number density of <1020 m�3) with a few

MC precipitates, mainly on dislocations.

Irradiation of Ni-containing steels in HFIR results in

the formation of helium from an (n; a) reaction with
thermal neutrons. The amount of helium in the Ni-

doped steels would be approximately 5–6 times higher

than that in the undoped steels (Table 2). Results from

the present work indicate that the Ni-doped steels have a

tendency to include higher density of cavities and par-

tially higher swelling than the undoped steels. Although

the amount of swelling was small, there was an effect of

helium, especially for the 9Cr–2WVTa and 9Cr–

2WVTa–2Ni steels, with the latter steel swelling three

times as much as the former (0.006% vs. 0.002%). Three

times as many cavities were observed for the 9Cr–

2WVTa–2Ni than for 9Cr–2WVTa, which was similar to

the difference in cavity density observed for the 9Cr–

1MoVNb–2Ni and 9Cr–1MoVNb steels, indicating the

effect of helium on cavity nucleation. Irradiation of Ni-

containing steels also slightly affected the formation of

dislocation loops; however, the difference between Ni-

doped and undoped steels was small. From this experi-

ment, the effect of helium on dislocation structure was

not made clear.

Results from the present work also indicate that the

9Cr–1MoVNb steels have a tendency to swell more than

some other ferritic/martensitic steels [12–15]. The results

also indicate that composition of elements other than

the 9%Cr has an effect on the swelling. Although neither

steel showed large amounts of swelling, the swelling in

the 9Cr–1MoVNb steel was more than twice that in the

9Cr–2WVTa steel. This agrees with previous work [13],

where the 9Cr–1MoVNb, 9Cr–2WVTa and 9Cr–2WV

(the same as the 9Cr–2WVTa, but without the 0.01%

tantalum) steels were irradiated in FFTF at �420 �C to

Fig. 3. Irradiation-induced precipitates in 9Cr–1MoVNb–2Ni,

9Cr–2VWTa–2Ni-A and 9Cr–2VWTa–2Ni-B after irradiation

at 400 �C to 12 dpa.
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35 dpa. Swelling for the three steels was estimated as

0.85%, 0.33% and 0.2%, respectively, again demon-

strating the effect of composition, with the standard

9Cr–1MoVNb steel showing the highest swelling.

However, it must be noted that the 12Cr–1MoVW steel

irradiated in that experiment showed only 0.007%

swelling, giving further credence to the conclusion that

9Cr steels have a tendency to swell more that 12Cr steels

[12–16]. One reason for the lower swelling resistance of

the 9Cr–1MoVNb that the other 9Cr steels might be the

nitrogen added to this steel. The 9Cr–1MoVNb with

0.054% N contains twice as much nitrogen as the 12Cr–

1MoVW (0.027% N). However, the 9Cr–2WVTa

(0.029% N) and the 9Cr–2WV (0.022% N) contain

amounts similar to the 12Cr–1MoVW steel, indicating

that nitrogen is not the sole determinant for the differ-

ence between the 9Cr–1MoVNb and the other 9Cr steels

and the 12Cr steel. Previous work for neutron-irradiated

austenitic stainless steels reported an effect of nitrogen

on swelling [17], in which the presence of 0.02% nitrogen

resulted in large swelling. Some ion irradiation experi-

ments indicated that residual oxygen chemisorption led

to a lower cavity surface energy and, therefore, affected

the swelling [18,19]. However, nitrogen would not be

expected to have such a strong chemical effect.

The difference in the precipitates after irradiation

between 9Cr–1MoVNb–2Ni and 9Cr–2WVTa–2Ni

steels is of interest. Whereas the 9Cr–2WVTa–2Ni con-

tained a high-number density (2� 1021 m�3) of small (7

nm) nickel-rich M6C particles, the 9Cr–1MoVNb–2Ni

steel contained a smaller number density (5� 1020 m�3)

of larger (54 nm) M2X particles. A previous investiga-

tion found nickel-rich M6C precipitates in 9Cr–1MoV-

Nb–2Ni and 9Cr–1MoVW–2Ni [12,13] after irradiation

in both FFTF and HFIR. Nickel-rich precipitates were

also found in ternary Fe–12Cr–1.5Ni alloys irradiated at

300 and 400 �C in HFIR [20]. The M6C precipitates in

the 9Cr–1MoVNb–2Ni were found after irradiation to

47 dpa at 407 �C in FFTF and 37 dpa at 400 �C in HFIR
[12,13]. Traces of M2X were found in the 9Cr–1MoVNb

and the 9Cr–1MoVNb–2Ni steels that were irradiated in

FFTF but not in those irradiated in HFIR [12,13]. The

M2X is a Cr-rich precipitate with the X generally high in

nitrogen, which would be in accord with the 9Cr–

1MoVNb steel containing a higher nitrogen concentra-

tion than the other steels. The reason for not finding

the high density of M6C in the 9Cr–1MoVNb–2Ni in the

present experiment is unknown; it may mean that the

M2X forms first (low dpa) followed by the formation of

the M6C. This is consistent with the lower dose of the

present experiment irradiation (12 dpa), compared to

about 40 dpa in the previous experiments [12,13]. This

Ni-doping experiment showed the difference in the pre-

cipitates in the steels, but the helium effect on precipi-

tation is uncertain.

In addition to the TEM specimens of the nickel-

doped steels that were used to determine the effect of

helium on swelling and microstructure, discussed in this

paper, the irradiation capsule also contained tensile and

Charpy impact specimens of 9Cr–1MoVNb, 9Cr–

1MoVNb–2Ni, 9Cr–2WVTa and 9Cr–2WVTa–2Ni

steels. Results on the effect of irradiation on the tensile

and Charpy properties of the irradiated 9Cr–2WVTa

and 9Cr–2WVTa–2Ni steels have been published [21].

The implication of the microstructural observations

discussed here on the mechanical properties of those

steels will be deferred to a future paper that will present

the mechanical properties of the irradiated 9Cr–

1MoVNb and 9Cr–1MoVNb–2Ni steels.

5. Summary

To determine the effect of helium on the micro-

structure of 9Cr–1MoVNb and 9Cr–2WVTa steels,

alloys with these compositions along with similar

containing 2% Ni (9Cr–1MoVNb–2Ni and 9Cr–

2WVTa–2Ni) were irradiated in HFIR. Irradiation of

Ni-containing steels in HFIR results in the formation of

helium from an (n; a) reaction with thermal neutrons.
Although the amount of swelling was small, there was

an effect of helium, especially for the 9Cr–2WVTa and

Table 5

Summary of precipitates in the steels after irradiation at 400 �C

Steel M23C6 M2X M6C(g)

Mean size

(nm)

Number

density (m�3)

Mean size

(nm)

Number

density (m�3)

Mean size

(nm)

Number

density (m�3)

9Cr–1MoVNb 95 <1� 1020 – – – –

9Cr–1MoVNb–2Ni 98 <1� 1020 54 5� 1020 – –

9Cr–2VWTa-A 95 <1� 1020 – – – –

9Cr–2VWTa–2Ni-A 92 <1� 1020 – – 7 2� 1021

9Cr–2VWTa-B 102 <1� 1020 – – – –

9Cr–2VWTa–2Ni-B 98 <1� 1020 – – 6 2� 1021
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9Cr–2WVTa–2Ni steels, with the latter steel swelling

three times as much as the former (0.006% vs. 0.002%).

Swelling for both the 9Cr–2WVTa and 9Cr–2WVTa–

2Ni steels was estimated at<0.05%. Three times as many
cavities were observed for the 9Cr–2WVTa–2Ni than for

9Cr–2WVTa, which was similar to the difference in

cavity density observed for the 9Cr–1MoVNb–2Ni and

9Cr–1MoVNb steels, indicating the effect of helium on

cavity nucleation. However, the effect of helium on dis-

location structure and precipitation is still uncertain.

Before irradiation, all four steels contained similar

precipitates: mainly M23C6 with a few MC precipitates.

After irradiation, no change in precipitates was observed

for the steels without nickel. However, irradiation-in-

duced precipitates were observed in the nickel-containing

steels, with the 9Cr–1MoVNb–2Ni containing a low-

number density of M6C and the 9Cr–1MoVNb–2Ni

containing M2X. The presence of M2X instead of M6C

may have been due to the nitrogen in the 9Cr–1MoVNb–

2Ni along with a lower fluence of the present experiment

compared to previous higher-dose irradiations where

M6C was observed.
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