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Abstract

A review of the microstructure of irradiated reduced activation ferritic/martensitic steels is presented, with a focus on
F82H. Because of its resistance to irradiation induced hardening, swelling and low irradiation induced temperature shift
in the ductile to brittle transition, this class of steels is a candidate structural material in future fusion reactors. The
microstructure induced by irradiation is investigated in order to identify the key elements to deformation mechanisms.
The study is focussed on F82H irradiated between 0.5 and 9.2 dpa at temperatures between 250 and 310 °C. Irradiation
induced dislocation loops, when resolvable in the TEM, are known to have a Burgers vector ay (100), while for the
smallest visible defects, or ‘black spots,’ there is still an uncertainty on their type. Black spot damage, possibly due to
dislocation loops or precipitates, is investigated. It is attempted to quantitatively relate the dislocation loops and the

precipitates to the irradiation induced hardening.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Martensitic steels provide excellent radiation damage
resistance for fission and fusion reactor applications.
Significant hardening results from irradiation at tem-
peratures of 400 °C and below, but total elongation re-
mains in the 7% range even in simple Fe-Cr binary
alloys [1]. The He production rate for 14 MeV fusion
neutrons is 13 appm/dpa, 1 appm/dpa for fission neu-
trons and about 130 appm/dpa for 590 MeV protons.
However, the effect of He on the mechanical properties
is believed to be small [2,3] although disagreement exists
[4]. H production is about 800 appm/dpa for 590 MeV
protons [5] but it is thought that H rapidly escapes the
material. However, radiation induced trapping sites may
alter H retention. The ferritic/martensitic steels present a
good resistance to swelling with a rate of about 1% for
100 dpa [6]. This is understood by the fact that the ir-
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radiation induced vacancies are impeded to form voids.
The trapping mechanism of the vacancies is still hardly
understood, and various models have been proposed
[6,7] based on capture by impurities or by dislocations.
In the ferritic/martensitic steels irradiation is known to
promote a dislocation structure with both 1/2 a4 (111)
and ao (100) Burgers vectors, the latter being predomi-
nant when the Cr content is below that of Fe-6Cr [8].
The dislocations with ay (100) Burgers vector are be-
lieved to arise from the growth of irradiation induced
faulted 1/2 ay (110) interstitial loops [7] but more re-
cently an explanation involving 1/2 ay (111) loop in-
tersections has been proposed [9]. Hardening is
understood to arise due to the formation of voids, pre-
cipitates, and/or dislocation loops with both ay (100)
and 1/2 ay (111) Burgers vectors.

This study is focused on the ferritic/martensitic steel
F82H, the Japanese candidate material for the future
fusion reactor [10]. Irradiation doses are varied from 0.5
to 9.2 dpa, for temperatures ranging from 250 to 330 °C.
The lowest doses are intended for the investigation of
the early formation of defects, while the highest doses
are useful for the study of the evolution of the defect
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structure and the appearance of cavities. It is assumed in
the present study that the proton and the neutron irra-
diations produce the same microstructure, based on a
preliminary study [11] and additional confirmation is
presented below. While mechanical tests show that,
starting at the lowest doses, there is significant harden-
ing induced by irradiation [12], TEM observations of the
same material revealed an irradiation induced defect
structure that cannot account for the entire hardening.
The defect densities and sizes are too low using a dis-
persed hardening particle model. A discussion of the
different possible contributions of the microstructure
is presented.

2. Experimental

The F82H ferritic/martensitic steel [10] has a com-
position of about 7.65 wt% Cr, 2 wt% W, and Mo, Mn,
V, Ta, Ti, Si and C below 1 wt% in sum total, and Fe
for the balance. The samples were subjected to a heat
treatment that gives a fully martensitic structure. It
consists of 0.5 h at 1313 K for the normalization, which
allows control of the prior-austenite grain size and dis-
solution of the carbides, and 2 h at 1013 K for tem-
pering.

The proton irradiation was performed in the PIREX
(Proton IRradiation EXperiment) facility located in the
Paul Scherrer Institut in Villigen, Switzerland, with
protons of 590 MeV at three different doses and two
different temperatures. The 10 pA proton currents used
in the experiments described in the present investigation
lead to damage rates of the order of 10~7 dpa/s. Tem-
perature is controlled with a thermocouple attached to
the sample and He gas at 30 bars which flows through a
heater. A full description of the facility and its capabil-
ities is given in Ref. [13]. The neutron irradiations were
performed in the HFR at the Netherland Energy Re-
search Foundation ECN located in Petten, Netherlands.
The neutrons have an energy spectrum centered around
1 MeV. Temperature control is done by adjustment of
the He/Ne gas mixture (respectively higher/lower heat
conduction) which cools the sample container. The
damage rate deduced from a routine dose of 2 dpa per
year is 5 x 10~® dpa/s. The irradiations presented in this
paper were performed with protons from a dose of 0.5—
1 dpa at 250 °C and with neutrons from a dose of 2.5-
10.3 dpa at temperatures between 250 and 310 °C.

Sample preparation is optimized in order to reduce
magnetism and radioactivity by using the following
procedure. Samples are punched to produce 1 mm disks,
which are then inserted in a 1 mm hole punched into the
centers of 3 mm disks of 316 stainless steel. The as-
sembly is then glued with epoxy and mechanically pol-
ished to about 100 pm before the usual electropolishing
with 10 vol.% perchloric acid, 20% ethylene glycol, 70%

methanol at 0 °C and 18 V. Transmission electron mi-
croscopy was performed at 200 kV on a JEOL2010
microscope.

3. Results
3.1. The irradiation induced microstructure

Irradiation induced microstructural defects that may
induce hardening are interstitials and vacancies, three-
dimensional point defect clusters, interstitial and va-
cancy loops, stacking fault tetrahedra and cavities,
namely voids or bubbles filled with gas, in general He.
Another type of defects is the irradiation induced pre-
cipitation of secondary phase particles. The precipitates
that can form by irradiation in the tempered martensite
steels are the o particles, which are coherent bec Cr rich
precipitates, the x phase particles, which are composed
of an intermetallic of Fe and Ni, the ¢ phase precipi-
tates, which contain Fe and Cr with a tetragonal struc-
ture and form between 439 and 828 °C. In addition,
carbides already present in the matrix can dissolve and
new carbides can form, as M,;C¢, M;C;3, M3C, and MC
carbides, where M stands mainly for Cr.

Fig. 1(a) presents a weak beam g (~ 4g) micrograph
obtained with g = {011} showing the irradiation in-
duced damage in F82H irradiated to 1 dpa at 250 ° C. It
appears as the so-called black spots, their number den-
sity is low compared to fcc materials. In Fig. 1(b) a weak
beam g (~ 4g) micrograph obtained with g= {011}
shows the microstructure induced by 8.8 dpa irradiation
in F82H. Irradiation induced loops appear to form a
periodic arrangement similar to a square grid with seg-
ments oriented along the (001) directions. A denuded
zone of about 10 nm near the boundaries is seen in the
top of the image. It is indeed observed that regions close
to boundaries are depleted of radiation induced struc-
tural damage.

Further understanding of the black spot damage was
obtained from a series of g - b analyses in the case of the
1 dpa and the 8.8 dpa irradiations. Fig. 2 shows weak
beam TEM micrographs of F82H irradiated with pro-
tons to 1 dpa at 250 °C in the upper images and with
neutrons to 8.8 dpa at 302 °C in the lower images. Left
images correspond to a weak beam condition g (~4g)
obtained with g = {200} and right images correspond
to a weak beam condition g (~4g) obtained with
g ={011}. Both conditions are close to a zone axis
(011).

The micrographs reveal irradiation induced black
spots and dislocation lines at 1 dpa with g = {200} (Fig.
2(a)). As dark field images are shown, black spots ap-
pear white on a dark background. The black spots have
mean size of 2.4 nm [14] and are homogeneously dis-
tributed. A few have a stronger contrast than the others
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Fig. 1. (a) g = (200) weak beam TEM image of F82H irradiated in PIREX to 1 dpa at 250 °C and (b) bright field TEM image of
F82H irradiated to 8.8 dpa at 302 °C in Petten.

Fig. 2. Weak beam images of F82H irradiated to 1 dpa at 250 °C in PIREX with (a) g = {200} and (b) g = {110} and to 8.8 dpa at
302 °C in Petten with (c) g = {200} and (d) g={110}.
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that have contrast intensity similar to the dislocations,
which have generally a 1/2 a¢ (111) Burgers vector [15].
With g = {011} (Fig. 2(b)) less black spots are visible
than with g = {200}. It was deduced from such an ob-
servation that the black spots have a Burgers vector
b=1/2 ay (111) ([14], [errata: due to a typographical
error in [14] it is wrongly stated that b can be and is 1/2
ap (100); it should read that b can be ay (100) and is in
fact 1/2 ao (111)]) for all of them are visible with
g = {200} and half of them are visible with g = {011}.
However, a careful observation indicates that the back
spots visible with g = {011} are heterogeneously dis-
tributed in the specimen and sit mainly close to dislo-
cation lines. Nearly no black spots are visible far from
dislocation lines. It is concluded that the black spots
homogeneously distributed and visible with g = {200}
in the matrix could be precipitates imaged due to a
diffraction spot close to the {200} matrix spot, because
if they were loops having the four possible Burgers
vectors b = 1/2 ay (111), half of them should be visible
with g = {011}. In addition, when considering the dis-
location decoration in the g = {200} micrograph, it
appears that it consists mainly of those black spots that
have the strongest contrast. It may be concluded from
the g-b product magnitude that they have a Burgers
vector b = ay (100), but then two sets of ay (100) loops
should still be visible with g = {011}.

At 8.8 dpa the microstructure presents irradiation
induced dislocation loops that are homogeneously dis-
tributed and have a mean size of 5.4 nm. With g = {200}
they generally appear edge on, with a strong double dash
contrast that is related to a Burgers vector b = a, (100)
(Fig. 2(c)). This is confirmed by molecular dynamics
simulations in Fe and TEM image simulation of an in-
terstitial loop sitting on a {100} plane with a Burgers
vector b = aq (100) [9]. A few loops do not appear edge
on and have a Burgers vector b=1/2 ay (111). They
appear clearly on Fig. 2(c) as large round loops. With
g = {011} it appears that the irradiation induced loops
are homogeneously distributed (Fig. 2(d)), contrary to
what is observed at low dose (Fig. 2(b)). Note that with
g = {200} helical dislocations are observed (Fig. 2(c)) as
well as in the case of the low dose.

3.2. Irradiation induced hardening

Mechanical testing showed that the main conse-
quence of irradiation on this class of material is hard-
ening and loss of ductility [12]. We notice first that
although, as can be seen in Fig. 2(b), defects clusters
decorate dislocations, lengths of dislocations are free of
defects. It can be expected then if source hardening is
effective no sharp yield drop should be observed. This is
actually confirmed by the shape of the tensile curves,
which show no such yield point. In order to understand
the origin of the radiation hardening in the F82H steel,

the disperse obstacle model [16] is used as a basis for the
analysis. In this model, the hardening produced by a
dispersion of obstacles in the glide plane is described by
the relation between the increase of strength induced by
the irradiation Ac = 6y — Gunie and a density of defect
clusters N of diameter d according to Ao =o-u
b- (Nd)l/ 2. where 1 is the shear modulus, b the Burgers
vector and o is a parameter that describes the strength of
the obstacle. For loops and other defect clusters,
o ~ 0.2. This model was successfully applied to the case
of single crystal Cu and Pd [17,18]. Using the measured
strengthening and the observed cluster defect density
and mean size in their analysis these authors demon-
strated a linear relation between the increase of yield
stress and the (Nd)l/ ?, with o ~ 0.1, which corresponds
to soft obstacles.

Fig. 3(a) shows first the dependence of the mean
obstacle length (Nd)’l/ ?_ including data for high doses
from irradiations at SINQ, PSI, containing a mixed
spectrum of up to 590 MeV protons and neutrons [19]. It
indicates that for all types of irradiation particles the
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Fig. 3. (a) Dependence of the mean obstacle length (Nd)™/?
with dose and (b) irradiation hardenings, measured and calcu-
lated, with their respective linear fit (solid lines).
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behavior is comparable: the mean obstacle distance de-
creases rapidly with dose, saturating at a value of ~50
nm at approximately 2 dpa. In Fig. 3(b), values of the
measured Ao together with those resulting from the ex-
pression o - - b - (Nal)l/2 are plotted versus dose (o« = 1,
corresponding to no particular mechanism, u = 80 GPa,
b = 0.268 nm). No values of Ao for the SINQ irradiation
are yet available, but values of a Fe-12Cr model alloy
irradiated with PIREX protons to 0.2 dpa at 250 °C
have been added. Two points have to be made: (i) the
line for Acg does not pass through the origin, having an
intersection with the vertical axis at about 100 MPa.
This additional hardening has been observed in a num-
ber of other polycrystals, as in stainless steel [20] and Ti
[21]. Its origin is normally traced to grain size, but it is
not really well understood. (ii) The slope of the two
linear fits is practically identical. The differences in
hardening seem therefore to originate in the difference
introduced by a microstructure other than that pro-
duced by the irradiation.

4. Discussion

From the observations the following sequence of
events could be envisaged to explain the resulting mi-
crostructure at high dose:

1. At the beginning of the irradiation the damage
consists of small 1/2 ay (111) loops. This is consistent
with energetic considerations derived from MD
simulations [9] in Fe. These glissile loops have a high
diffusivity which explains the lower measured de-
fect density than in the case of irradiated fcc metals.

2. The 1/2 ay (111) loops migrate toward sinks, such as
dislocations, where they interact with other 1/2 aq
(111) loops to form ay {100) loops according to a re-
action of the following type: 1/2a [111]+1/2
ao [111] — @ [100]. The sessile @ (100) loops re-
main then immobile close to the sinks. The 1/2 ay
(111) loops may also interact with the dislocations
and produce a local climb that eventually results in
helical dislocations.

3. As dose increases the previous reaction propagates
from regions close to sinks to regions free of defects
for the ap (100) loops become themselves sinks for
migrating 1/2 ay (111) loops. In addition, these a,
(100) loops are stronger sinks to free interstitial than
the 1/2 ag (111) loops because of the higher magni-
tude of the Burgers vector [7]. This is confirmed by
a previous analysis of the character of the loops at
high irradiation dose concluding that they are pre-
dominantly of interstitial type [14]. This leads to the
fact that the ap (100) loops tend to grow at the ex-
pense of the incoming 1/2 ay (111) loops.

4. At high doses the g (100) loops dominate the micro-
structure. The few large 1/2 ay (111) loops that are
observed may result from the interaction of moving
1/2 ay (111) dislocations with ay (100) loops accord-
ing to a scheme of the following type: 1/2 ao [111] +
ay [100] — 1/2 ao [111] [21].

It appears that the measured hardening is larger than
the one calculated using the disperse obstacle model,
starting at the lowest doses, by about 100 MPa. One
explanation, which applies to other materials (Ti, stain-
less steel), is that the model does not apply straightfor-
wardly in the case of polycrystals. When considering the
detail of the microstructure, it appears that this large
increase in hardening can be accounted for by ‘black spot
damage’ that is probably a result of precipitation. The
precipitate is not chrome-rich o' because g = (011) does
not show it. A possibility is MC perhaps due to Ta
additions based on observed unexpected hardening in
irradiated modified 9Cr—1Mo due to Nb additions [22]
but its orientation relationship with the matrix is not yet
understood.

5. Conclusion

The evolution of the dislocation loops induced by
irradiation in F82H has been rationalized by the for-
mation of small glissile 1/2 ao (111) loops that, with
increasing dose, will form sessile ay (100) loops that
decorate dislocation lines and eventually fill the whole
matrix. Hardening starting at the lowest doses seem
to arise, at least partly, from fine precipitation.
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