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As part of the fusion materials development pro-
gram in the United States, a 12 Cr—1 MoVW ferritic
steel was irradiated in the High Flux Isotope Reactor
(HFIR) to a damage level of 36 dpa at 300, 400, 500,
and 600°C. During irradiation in HFIR, a transmutation
reaction of nickel results in the production of helium,
to a level of 99 at. ppm in the present experiment.
The microstructures were evaluated after irradiation
and the results are presented. Cavities were found at
all temperatures. Small cavities (3-9 nm) were
observed after irradiation at 300, 500 and 600°C. At
500 and 600°C, the cavities were found preferentially
at dislocations, lath boundaries, and prior austenite
grain boundaries. After irradiation at 400°C, larger
cavities (4—30 nm) were observed homogeneously distrib-
uted throughout the tempered martensite structure. The
maximum swelling was 0.07% after irradiation at 400°C.
Comparison of the results with other studies in which
helium was not present at such high levels indicated
helium enhances the swelling of 12 Cr—1 MoVW.

INTRODUCTION

Much interest has been generated in rer.ent years
on the application of ferritic steels to fusion reac-
tors. In the United States, ferritic steels have been
added to the fusion materials ADIP (Alloy Development
for Irradiation Performance) program as a separate
class of alloys to be studied. Ferritic steels have
several potential advantages, including fabricability
and good thermal properties. A major attribute oT:
these steels is their apparent resistance to swelling
as a result of irradiation. Early investigations of
these alj ays have shown swelling to be very
minimal 11—6).

When the ferritic steels were included as part of
the overall ADIP program, concerns were raised regard-
ing Che effect of helium on their swelling resistance.
Significant helium generation is xpected under fusion
reactor conditions (~10 at. ppm Ht/dpa). An influence
of helium on the radiation response of austenitic
stainless steels has been noted previously (7). There-
fore, an effort was initiated to understand the influ-
ence of helium on the radiation response of ferritic
steels.

Since fusion reactor conditions for material
testing are not presently available, simulation is
necessary. One technique for simulating helium pro-
duction during irradiation is to irradiate nickel-
bearing alloys in the HFIR facility at 0RNL. The
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thermal portion of the mixed-neutron spectrum in HFIR
results in helium production by means of a two-step
transmutation reaction with nickel (8). Thus, simul-
taneous helium production and displacement damage are
possible in nickel-bearing alloys.

Within the ferritic effort in the ADIP program,
the 12 Cr—1 MoVW steels are receiving the most atten-
tion. This steel contains 0.5Z Nl and thus is an
appropriate alloy to irradiate in HFIR and study the
effects of helium. Although the rate of helium pro-
duction (~3 at. ppm/dpa) is somewhat lower than that
projected for fusion reactor conditions, it is
substantially greater than that produced in fast-
spectrum reactors. The objective of this paper was to
evaluate the effect of helium production during irra-
diation in HFIR on a 12 Cr-1 MoVW steel, wit.h par-
ticular emphasis on the effect of helium on the cavity
microstructure. The results will then be compared to
irradiation experiments in which helium production wns
noticeably lower.

EXPERIMENTAL PROCEDURE

The alloy used in this Investigation was an
experimental heat of a 12 Cr-1 MoVW steel, essentially
equivalent to the commercial alloy Sandvik HT-9. A
chemical analysis of the major constituents is given
in Table I. The heat was hot rolled to 3 mm, and soft-
ened by heating to 900°C, furnace cooling to 700°C,
annealing at 700°C for 16 h, and then air cooling.
After pickling in a 75:20:5 solution of H20:HNO3:HF,
the plate was cold rolled to 0.25 mm. Disks of 3 mm
diameter were punched from the final sheet and given a
norraalizing-and-tempering treatment as follows.
Normalizing consisted of austenitizing at 1050°C foe
30 min followed by a quench in cool flowing helium
gas. The tempering treatment was 780°C for 2V2 h
followed by the same flowing helium quench.

Table I. Composition of 12 Cr-1 MoVW
Under Investigation (weight percent)

Heat No. XAA-3587

Cr
Mo
V
W
Ni

11.99
0.93
0.27
0.54
0.43

Mn
Si
Nb
C
N

0.50
0.18
0.018
0.21
0.020
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The ferrittc steel disks were irradiated as part
of the HFIR-CTR-30 experiment (9). The specimens were
loaded in holders and a gas gap around the sample
holders allowed for gamma heating of the specimens to
the desired irradiation temperature. The irradiation
temperatures of 300, 400, 500, and 600"C were achieved
by varying the size of the gas gap. The specimens
examined were near the experimental raidplano, with a
nominal damage level of 40 dpa. Evaluation of tem-
perature and flux monitors is currently under way to
confirm the experimental conditions. Based on the
evaluation of flux monitors from similar experiments
irradiated to lower fluence (10,11), the fluence
achieved was 4.9 x 1026 neutrons/ra2 (E > 0.1 MeV),
corresponding to a damage level of 36 dpa and a helium
concentration of 99 at. ppm.

The disks were polished remotely in a hot cell
with a twin-jet polisher. A 7:1 polishing solution of
methanol:sulfuric acid was used at —12°C with a cur-
rent of 140 mA and a voltage of approximately 20 V.
In order to minimize oxide formation and contamination
of the specimens, the polished foils were stored in a
vacuum desiccator. Examination of the specimens by
electron microscopy was usually performed within 24 h
of polishing. A JEOL 100C electron microscope with a
low field objective lens polepiece was used.

RESULTS

Unirradlated Microstructure

The austenitizing treatment results in a fully
austenltic structure, and due to the high hardenabil-
ity of the alloy, gas quenching following austenitiza-
tion produces a martensitic lath microstructure. The
structure was essentially all martensite in this con-
dition, as shown in Fig. 1, without any significant
amount of ferrite. Following tempering, the structure
consisted of a tempered martensite lath network with
carbide precipitates along the martensitic lath boun-
daries and prior austenite grain boundaries. The
tempered martensite structure contained 3.5 wt 7. pre-
cipitate, mostly in the form of chromium-rich M23C6,
but with smaller amounts of vanadium-rich carbides or
nitrides (12). As shown in Fig. 2, the long tempering
treatment resulted in a relatively dislocation-free
structure with a well-defined cell structure.

Irradiated Microstructure

Foils from each of the four irradiation tempera-
tures were examined. A representative micrograph of
the structure after irradiation at 300°f is shown in
Fig. 3. Cavities were difficult to recognize in this
sample due to polishing artifacts. However, some
small cavities were found as noted in Fig. 3, and they
were apparently homogeneously distributed. The cavi-
ties were approximately 4 nm in diameter. The dislo-
cation density was greater than in the unirradiated
initial state, but the Increase was not evaluated
quantitatively.

Following irradiation at 400°C, cavities were
present and more easily observed. The microstructure
is shown in Fig. 4. In addition to smaller bubbles in
the range of 4 to 10 nm in diameter, there is a signif-
icant population of larger voids as large as 35 nm in
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Figure 1 - The lath martensite structure of 12 Cr—
1 MoVW following a normalization treatment of
1O5O°C/O.5 h/gas quench.

Figure 2 - Tempered martensite structure of 12 Cr—
1 MoVW after normalizing at 1050°C/0.5 h/gas quencl
and tempering at 780°C/2.5 h/gas quench.



Figure 3 - Microstructure of 12 Cr—1 MoVH following irradiation in HFIR to 4.9 x 10 2 6 neutrons/tn2 at 300*C.
Although difficult to recognize, some small cavities were present (arrows).

Figure 4 - Microstructure of 12 Cr—1 MoVW following irradiation in IIFIR to 4.9 x 1O26 neutrons/ra2 at 400°C.



diameter. Since the cavity microstructure was most
developed after irradiation at 400°C, it wis analyzed
in more detail. The cavity density was determined to
be 3 « 10 2 0 m-3. A size distribution of cavities is
given in Fig. 5. The volumi'-averaged diameter was
16 nra, and the swelling contribution of the cavities
was 0.0751. As found after irradiation at 300°C, the
cavities were relatively homogeneously distributed.
No preference of cavities for lath boundaries, prior
austenite grain boundaries, or precipitate interfaces
was apparent. Dislocation damage due to irradiation
was evident, but this was not evaluated in detail.

The resultant microstructure after irradiation
at 500°C is shown in Fig. 6. Only small bubbles are
evident, typically 3 nm in size. The distribution of
cavities is different from that found after lower tem-
perature irradiation. A preference for bubbles at
lath boundaries and dislocations is evident, but
bubbles were not found at precipitate interfaces. The
tempered martensite laths are relatively tree of any
dislocations.

Figure 7 shows the microstructure following irra-
diation at 600°C. The microstructure is very similar
to that found after irradiation at 500°C. Small
bubbles were observed to be preferentially located at
lath boundaries and dislocations. The bubbles ranged
in size from approximately 2.5 to 9 nm in diameter,
with a mean diameter of 5 nm, A size distribution is
presented in Fig. 8. The tempered martensite laths
are free of dislocations once again.

The cavity contribution to swelling was a maximun
after irradiation at 400°C, with a value of U.07%.
This swelling is due primarily to the larger cavities
present. Since large cavities were absent In the
raicrostructures of the samples irradiated at 300, 500,
and 600°C the swelling at these other temperatures is
assumed to be negligible.

Detailed evaluation of the precipitate structure
has not been completed. However, the morphology and
distribution of precipitates are identical to those
found in the as-tempered condition. Therefore the
large blocky precipitates at lath boundaries are
expected to be chromium-rich M23C6. The extent of
precipitation Is also similar to that found before
irradiation. No evidence of additional precipitation
within the laths was found after irradiation.
i

' DISCUSSION

The observation of cavities in a 12 Cr—1 MoVW
alloy is a new and interesting result. A limited
number of studies on 12 Cr—1 Mo steels neutron-
irradiated to modest fluences have been reported pre-
viously (13-15). However, these irradiations were
carried out in fast-spectrum reactors, in contrast to
the present investigation conducted in a mixed-
spectrum reactor. Little and co-workers (13,14) exam-
ined several neutron-irradiated ferritic steels
including a 12 Cr—1 MoV steel ("CRM-12"). Except for
the lack of tungsten, this alloy is essentially iden-
tical to the alloy presently being studied. Following
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Figure 5 - Cavity size distribution in 12 Cr—1 MoVW after irradiation in HFIK at 400°C to 4.9 " 1026 neutrons/m2



Figure 6 - Mlcrostructure of 12 Cr— 1 MoVW following irradiation in HFIR to 4.9 x 10 2 6 neutrons/m2 at 500°C.

Figure 7 - Microstruccure of 12 Cr-1 MoVW following irradiation in HFIR to 4.9 * 10 2 6 neutrons/m2 at 600°C.
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Figure 8 - Size distribution of cavities found in
12 Cr-1 MoVW following irradiation in HFIR at 600°C to
4.9 * 10 2 6 neutrons/m2.

irradiation to ~23 dpa at 380-615°C, density measure-
ments indicated the swelling was below the detection
limit of 0.1Z and electron microscopy did not show any
cavities in the raicrostructure. Gelles and Thomas (15)
examined a 12 Cr—1 MoVW alloy identical to that
studied by che authors. Irradiation was conducted at
400 to 550°C to a fluence of 2.5 x 1026 neutrons/m2

(E > 0.1 MeV), or roughly half the fluence of the
present HFIR Irradiations. Once again, no evidence of
cavities was found in the irradiated microstructures.
In investigations on related ferritic alloys where
cavities have been observed (16), even up to doses of
17.6 x 1026 neutrons/m2 (E > 0.1 MeV), or 84 dpa,
cavities were found only at temperatures of 425°C or
less. No voids were found at higher temperatures.

Thus, the observation of cavities in 12 Cr—1 MoVW
seems to be unique to HFIR irradiation for damage
levels up to 35 dpa. Furthermore, the presence of cav-
ities .-''er 500 and 600°C irradiations also is unique
in that previously, ferritic alloys susceptible to
cavity formation did not exhibit any voids at such
elevated temperatures. Although the HFIR irradiations
were to somewhat larger doses, the presence of cavi-
ties in HFIR-irradiated samples is attributed to the
production of helium during irradiation. The fact
that the cavities found at 500 and 600°C are small and
relatively uniform In size and that they form pre-
ferentially at structural defects suggests that they
are helium bubbles.

Results of ion irradiation studies on the same
heat of 12 Cî -1 MoVW as that used in the HFIX irra-
diation have been reported recently (17). The ion
irradiations were performed with and without simulta-
neous helium injection to a damage level of 25 dpa at
'350, 410, 470, 530, and 600°C. Helium, when present,
!was injected at a rate of 15 at. ppm He/dpa. Ayrault
!found cavity formation at all irradiation temperatures
!when helium was present, but no cavities were observed
.in samples irradiated by nickel tons alone. Small
'cavities (<5 nm) were found at 350, 530, and 600° C
iwhereas irradiation at 410 and 470°C revealed both
.small cavities and larger ones (up to —18 nm). At 530
'and 600°C, the cavities were preferentially located at
jintergranular dislocations and subgrain boundaries.

! These ion irradiation results are in good agree-
ment with the present investigation. The character-
istics of the cavity microstructure are similar in
jboth cases: a relatively homogeneous distribution
!of cavities after lower temperature irradiations and
a preference for bubble formation at lath boundaries
and dislocations at the elevated temperatures. Even
though our irradiation temperature Intervals weie
rather large (100°C), tha temperatures of maximum
swelling agree. This is somewhat surprising since Ion
Irradiations usually displace temperature dependencies
found after neutron irradiation by up to 200°C. The
reason for the agreement is not known but may be due
to the specific ion irradiation conditions employed.
Furthermore, the necessary presence of helium to pro-
duce cavities at doses of 25 dpa supports the conclu-
sion that the helium production in HFIR is responsible
for the formation of cavities following neutron irra-
diation to 35 dpa.

The presence of helium in the form of small
bubbles assists in larger cavity formation. Thus,
helium-assisted cavity formation often leads to a
biraodal distribution, consisting of small helium-
filled bubbles and larger voids. However, It is not
clear from Figure 5 whether the distribution of cavi-
ties observed after irradiation at 400°C is bimodal or
not. Perhaps irradiation to higher doses would
clarify the nature of this distribution.

Since the precipitates in the HFIR-irradiated
specimens have not been analyzed in detail, extensive
comment on the precipitation response to Irradiation
cannot be made. However, some points may be cited.
The precipitate morphology following irradiation is

[similar to that in the unirradiated structure, with
I large bulky precipitates located along lath boundaries
and prior austenite grain boundaries. No obvious
change in precipitate shape or size was found. In

| addition, no evidence of precipitation within the
ferrite matrix was observed.

Gelles and Thomas (15) found G phase following
Irradiation of 12 Cr—1 MoVW In EBR-II at 400 and 450°C
to a fluence of 2.5 * 102° neutrons/in2. G phase was
also found after irradiation of this s.-ime alloy in
HFIR to low fluences of ~1 x 102& neutrons/m2 (ref. 18).
The G phase was in the form of fine equiaxed precipi-
tates. No sign of such precipitation was found in the
current study. It is possible this precipitate forras
initially but dissolves after higher fluence irradia-
tion. Little and Stoter (13) found several types of
.precipitates in the CRM-12 alloy, including Laves



phase, Mf,X, chi, and Sigma. These precipitates took
on various sizes and shapes, but again no evidence of
such precipitation was found after the HFIR irradia-
tion. The reason for the apparent lack of precipita-
tion following Irradiation in HFIR is not clear, but
final judgment must be reserved until positive iden-
tification of the precipitates in the present study is
completed.

It is worthwhile considering the present results
within the context of the fusion materials program.
It is apparent from the observations that helium plays
a significant role in the mlcrostructural response of
ferritic steels to neutron irradiation. The swelling
rate of these steels is noticeably accelerated when
irradiation is accompanied by simultaneous helium pro-
duction. Nevertheless, the swelling level is still
very low after irradiation to 36 dpa. A comparison
can be made with the optimized austenitic stainless
steel (PCA) irradiated in HFIR to the same dose but
with much higher helium levels due to the greater
nickel concentration. The swelling response of the
PCA alloy (19) is quite favorable, but the temperature
of maximum swelling is higher for the austenitic
alloy. Thus, at 400°C, the austenitic stainless steel
exhibits less swelling than 12 Cr-1 MoVW whereas at
600°C, the ferritic steel swells less. The maximum
swelling values of the austenitic and ferritic steels
are quite low at 0.2-0.5 and 0.072, respectively. The
fact that helium bubbles form preferentially at lath
and grain boundaries after irradiation at 500 and 600°C
may be a signal of potential erabrittlement in the
ferritic steels at these temperatures. Such erabrittle-
ment has recently been ohserved in austenitic stain-
less steels (19) and long-range-ordered alloys (20).
Although the low.levels of helium produced in this
study are not expected to result in embrittlement,
higher fluence irradiations must be evaluated for this
potential problem.

CONCLUSIONS

The conclusions that may be drawn from this study
are the following:

1. The presence of helium during neutron irra-
diation enhances the swelling rate of 12 Cr— 1 MoVW
ferritic steels.

2. The swelling Is a maximum after irradiation
at 400°C. Irradiation at 300, 500, and 600°C results
In some small cavity formation, but negligible
swelling.

3. Even with the presence of helium, the
swelling of 12 Cr-1 MoVW after irradiation to 36 dpa
is still very low (0.07% maximum).

4. After irradiation at 300 and 400°C, the cavi-
ties are homogeneously distributed in the matrix.
Irradiation at 500 and 600°C results in bubble for-
mation preferentially at lath boundaries, prior
austenite grain boundaries, and dislocations.
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