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ABSTRACT

New RAFM steels, with intragranular VN precipitates for enhanced creep strength, were irradiated with 2MeV Fe—+ ions at 600 °C to explore MX-type precipitate
response to extreme end-of-life conditions in breeder blanket components. Utilizing TEM, Analytical-STEM, and APT, the steels were characterized in the unirra-
diated and irradiated states. Unirradiated grains contained needle-like VN precipitates (~1 x 10?2/m?). However, throughout the 40-100 dpa irradiation damage
layer, VN precipitates were completely annihilated. APT confirmed no fine-scale VN clustering, indicating re-solution with the matrix, suggesting instability. Further

investigations via reactor irradiations are crucial to assess this instability under breeder blanket conditions.

Reduced Activation Ferritic Martensitic (RAFM) steels have been
developed for use in nuclear fusion reactors, such as Eurofer-97 and
F82H [1]. Research into new RAFM variants has continued in attempt to
extend the operational temperature range of such steels (for example [2,
31), which are typically limited to ~350 to 550 °C [4]. Efforts to increase
the maximum allowable temperature of RAFM steels are often focussed
on increasing the creep rupture strength of a steel, but a critical chal-
lenge is to do so while retaining adequate fracture toughness. A fine
grain-size microstructure is not only good for fracture toughness, but
also appears to be effective at delaying the effects of low temperature
hardening embrittlement (LTHE) <350 °C [5]. Concurrently, it is
well-known that larger grain microstructures are important for reducing
the creep-strain rate at high temperatures [6], but this would likely lead
to accelerated losses in ductility due to hardening embrittlement [5].
Another strategy to extending the creep lifetime of an alloy is to refine
the precipitates in the microstructure [6]. This would potentially allow
for a finer grain structure (for delaying LTHE and maintaining adequate
toughness), while also increasing the creep strength.

During creep, martensitic steels gradually soften due to laths, packets
and blocks coarsening, with the microstructure gradually evolving to-
wards equiaxed ferrite. This recovery of martensite during creep is the
primary cause of loss of strength and rupture. Two types of precipitate
are most typically utilised in martensitic steels, My3C¢ and MX. The
M33Cg precipitates (M being mostly Cr) are large (up to 100s of nm) and

primarily located on lath, packet, block and prior-austenite grain (PAG)
boundaries. MX-type precipitates (in RAFM steels, M being Ta, V or Ti,
and X being C or N, or both) are smaller (10s of nm), and located inside
grains or on boundaries. Their higher thermal stability relative to M33Cg
means they have the potential to pin grain boundaries for longer,
delaying the recovery of martensite, while intragranular precipitates are
effective barriers to dislocations. Thus, new RAFM alloy compositions
and thermomechanical treatments are being developed to target mi-
crostructures with a higher density of fine MX-type nanoprecipitates
relative to conventional RAFM steels, such as Eurofer-97 and F82H [2,
91.

A critical question arises: what is the susceptibility of these fine MX
precipitates to dissolution during irradiation? Previous authors have
sought to address this question. Tanigawa et al. [10] found the MX phase
(TaC) in steels JLF1 and ORNL 9Cr2WVTa disappeared after irradiation
(5 dpa neutrons, 300 °C), according to the loss of MX-peaks in XRD
spectra relative to measurements on the unirradiated alloys. Later
ion-irradiations by Tanigawa et al. [11] of a model Fe-Ta-C alloy
showed, via TEM, the re-solution of the TaC precipitates after irradiation
(up to 20 dpa single/dual-ions, 500 °C). Conversely, Tan et al. later
found MX to be comparatively stable during irradiation. Tan et al. [12]
self-ion irradiated model alloys containing either TaC, TaN or VN, up to
49 dpa at 500 °C, and used TEM to show only slight dissolution. A slight
increase in density and reduction in size was noted as a function of dose,
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with the dissolution more pronounced beyond the Bragg peak. Kano
et al. [13] also showed in F82H (BA12 variant) that there was only a
slight reduction in the size of Ta/C-rich MX precipitates after self-ion
irradiation to 50 dpa at 400 °C. Later, Tan et al. [14] showed the
orientation of VN needles/platelets with respect to the ion-beam affects
the dissolution. Needles oriented in the direction of the ion-beam were
susceptible to growth in length and eventual splitting, leading to an
increase in their number density, but with a refined size. Those oriented
normal to the beam underwent splitting, but also complete dissolution of
the smaller precipitates leading to a reduction in number density.
Neutron irradiation by Tan et al. [15] up to 7.4 dpa at 490 °C of CNA1
steel contained MX (V/Ta, C/N) with only a slight (~5%) reduction in
size. In this work, the intragranular MX-type (VN) nanoprecipitates in
9Cr-1.2-2WVTa RAFM steels are investigated, and what happens to
them after high-dose irradiation is analysed and compared with earlier
works.

The steels used were produced by UKAEA in collaboration with
Swansea University. The alloy compositions are listed in Table 1. Also
listed in Table 1 for comparison are compositions of Eurofer-97 and
ORNL 9Cr2WVTa alloy.

The steels underwent a series of thermomechanical heat treatments
designed to favour the formation of a high density of VN precipitates,
with the intention of improving the creep strength. The alloys under-
went hot-rolling, with a reduction of ~50%, and were then held at 900
°C, which is above the formation temperature for Cro3Cg. This step was
performed to allow a longer time for VN to nucleate and coarsen before
quenching and tempering of the steel. The heat-treatments and back-
scatter SEM micrographs of the steels are depicted in the Supplementary
Material.

Irradiation was conducted at the University of Surrey Ion Beam
Centre, using 2 MeV Fe+ ions at a temperature of 600 °C. The samples
were irradiated to a total fluence of 9 x 10'® ions/cm? over 7 hrs 40
mins, which achieved a displacements per atom (dpa) dose ranging from
40 dpa at the surface to 100 dpa at the Bragg peak, with a high dose rate
of 1-3 x 1073 dpa/s. Fig. 1 shows the dpa profile, generated by SRIM
software [16], using the quick Kinchen-Pease method, a displacement
energy set to 40 eV, and lattice binding energy set to zero [17,18].

Samples for TEM were produced via the focussed ion beam (FIB) lift-
out method [19]. FIB was conducted at the Materials Research Facility
(MRF) at UKAEA using a FEI Helios Nanolab 600i, with a Ga beam en-
ergy set to 30 kV for thinning the foil and 2 kV for final cleaning. TEM
was conducted at the David Cockayne Centre for Electron Microscopy
(DCCEM), University of Oxford, using a Jeol 2100 L with LaBg source
operating at 200 kV. Electron Energy Loss Spectroscopy (EELS) was also
performed at DCCEM using a Jeol ARM cold-FEG STEM operating at 200
kV. A Gatan Imaging Filter was used, with convergence angle of
31.5mrad, and collection half-angles of 41mrad.

Atom Probe Tomography (APT) was conducted on needles lifted
from the irradiated and unirradiated parts of the sample at DCCEM, with
the APT carried out on a Cameca LEAP 5000XR atom probe at the
University of Oxford. Standard atom probe FIB lift-out procedures were
adopted [20], with a 2 kV cleaning polish applied to the final tips to
minimise Ga contamination. For the samples taken from the irradiated
region, Pt deposition was used to track the incident surface such that the
APT needle apexes could be positioned at a known depth into the dpa
profile (this was either 500 nm or 600 nm for the samples used in this
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Fig. 1. SRIM calculated damage-depth profile of 2 MeV Fe+ implanted into Fe.
Also shown is the injected Fe+ profile.

study). Data was collected via both voltage (20% pulse fraction, 200 kHz
pulse frequency) and laser pulsing methods (40 pJ pulse energy, 200
kHz pulse frequency) at a temperature of 50 K. IVAS 3.8.16 and AP Suite
IVAS 6.3 were used to reconstruct the raw APT data.

The series of micrographs in Fig. 2 shows the typical intragranular
precipitates in Alloy 1, in the unirradiated state (micrographs captured
from unirradiated regions of the irradiated samples). The reflections
associated with the MX phase are very weak and cannot be readily
identified in the diffraction patterns. However, the precipitates showed
strong contrast in dark-field images produced by aligning the smallest
objective aperture with the expected position of reflections associated
with an FCC VN phase, with Baker-Nutting orientation relationship to
the matrix. In each of the micrographs in Fig. 3, the diffraction pattern is
shown top left, and position of the objective aperture is shown by a
yellow circle. The Baker-Nutting relationship implies that for each
micrograph, only a third of the total MX phase is visible, thus a number
density of should be taken to be 3x the number visible in a given dark-
field micrograph. The precipitates are mostly needle-like in morphology,
though some are more plate-like. The number density and sizes of the
precipitates are similar in both alloys with a number density of ~1 x
10%2/m®, mean length ~16 nm, and mean width ~5 nm, with some
needles as narrow as 1 nm.

Fig. 3 shows dark-field TEM micrographs depicting typical grains
from each alloy that span the entire irradiation depth. The nano-
precipitates are clearly visible in the unirradiated portion of the alloys,
but none are visible in the irradiated layer. Fig. 4 also shows the irra-
diated layer of Alloy 1 at higher contrast, in which an increase in white-
dots can be seen. This is also visible for Alloy 2. Despite a similar
appearance, this contrast is not from fine dislocation loops as the image
was not captured using a fundamental matrix reflection. Initial inspec-
tion of Fig. 3 suggests the VN precipitates have undergone dissolution
during irradiation, but it remains to be seen whether any refinement of
these precipitates has also occurred — other artefacts may be contrib-
uting to the white-dot contrast seen Fig. 3. No dependency on the depth
in the irradiation profile is evident from these micrographs, suggesting
the breakdown of the VN precipitates occurred below a dose of 40 dpa
(the minimum dose in the irradiation profile prior to the Bragg peak).

Table 1

Composition in wt% of Alloys 1 and 2, and similar RAFM alloys. In brackets and superscript denotes the at% composition.
Alloy Cr w Mn \Y C N Si P (x107%) S (x107%)
Alloy-1 8.7 ®0 2.1 0© 0.26 ©-2 0.30 ©® 0.04 ©-0D 0.06 ©-3 0.036 19 0.15 ©® <0.7 4.0
Alloy-2 8.8 ©2 1.2 039 0.25 (2 0.21 ©2 0.08 (02 0.08 (036 0.028 ©1V 0.11 ©2 <0.7 3.0
Eurofer-97 3 8.8 1.1 0.54 0.20 0.12 0.10 0.037 0.02 0.9 1.6
ORNL-9Cr-2WVTa 37°1 8.7 2.1 0.43 0.23 0.08 0.10 0.022 0.23 15.0 5.0

Compositions of Eurofer97 and ORNL-9Cr-2WVTa taken from Refs. [7,8] respectively, and the batch identifier is indicated by superscript.
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Fig. 2. Dark-Field TEM micrographs showing MX nanoprecipitates in Alloy 1 in the unirradiated condition. Each micrograph, (a)—(g) shows the same area, imaged
with a different reflection and each with parallel beam illumination to avoid spot overlap. White arrows indicate the direction in which the precipitates are aligned.
The diffraction pattern for each dark-field condition is shown, and the position of the objective aperture is shown by a yellow circle at the correct scale. Computer

generated patterns of Fe BCC and VN FCC phases are also shown [21].

Surface

Platinum

DPA profile

Platinum

Fig. 3. Dark-Field TEM micrographs of Alloy 1 and Alloy 2, showing the ion-
irradiated layer in which a dramatic decline in MX precipitates can be seen.
Shown right of Alloy 1 is the irradiated layer with increased bright-
ness/contrast.

To investigate further the level of dissolution, analytical STEM was
carried out on Alloy 1. Fig. 4 shows EELS maps of the VN precipitates in
Alloy 1, with both the irradiated and unirradiated portions of the
microstructure visible. The BF-STEM image in Fig. 4 shows a dark hor-
izontal band in the microstructure where the dislocation density is very
high, which matches well to the position of the injected interstitials from
the ion irradiation. Edges for carbon, nitrogen, carbon, vanadium,
chromium and iron were mapped. Also show in Fig. 4 are DF-TEM im-
ages from the same region. From these, it is clear to see that only after
the injected interstitials do we see retention of VN, where dpa is very

low.

To ascertain for certain whether any VN is retained in very small
clusters, or as small re-precipitated MX phases, APT was used to produce
high resolution atomic reconstructions of the unirradiated and irradi-
ated regions of Alloy 1, shown in Fig. 5, and of Alloy 2, provided as
supplementary data. APT can only sample a small volume per dataset,
but was able to capture clear vanadium-rich needle-shaped precipitates,
1-2 nm in diameter, in the unirradiated states of both alloys that match
the observations of MX precipitates seen in the TEM. In the irradiated
condition, no visual evidence of refined V-rich precipitates could be
found, and statistical analysis methods (namely frequency distribution
and nearest-neighbour approaches within IVAS software) were applied
to the irradiated volumes to clarify is there was any remnant spatial
segregation of V — these yielded negative results, indicating that, at least
within the volumes analysed, there was no evidence of MX dissolution
into smaller clusters/phases. Ultimately, this indicates definitively the
complete re-solution of VN precipitates during irradiation. However,
APT did reveal co-clustering of carbon and chromium (observable in
Fig. 5).

Alongside the lack of visible MX precipitates in the atom probe maps,
matrix compositions indicate changes to the local compositions with
irradiation. There is a significant increase in the C content of needles
after irradiation, from 0.07 to 0.79at%, plus a small increase in matrix V
levels as precipitates dissolve, from 0.27 to 0.32at%. However, these
values represent an average value, whereby five datasets had a V content
greater than 0.33at.% and one contained 0.27at.% - indicative of the
sample-to-sample variation at the nanoscale investigated by APT.

The reason for the carbon increase is not clear, but a possible source
is from contamination during irradiation. The issue of carbon contami-
nation during ion irradiation is discussed by Wang et al. [22], where
carbon concentrations up to ~1at% were reported for their samples
irradiated to 100 dpa under a vacuum of ~7 x 107> Pa. For the irra-
diation reported here, the target chamber vacuum over the course of the
irradiation started at ~3 x 10~* Pa, and dropped steadily to ~5 x 107>
Pa over the course of the irradiation. The carbon contamination is likely
to have adversely affected the fine-scale solute clustering, since chro-
mium clustering is usually suppressed during high dose-rate heavy-ion
irradiation in FeCr alloys [23-26], and yet it is quite clearly seen here.
Fedorov et al. [27] recently showed how only a small amount of carbon
is needed to initiate chromium clustering, and that the chromium con-
tent of such clusters is expected to increase as a function of carbon
concentration. This could be the source of the white-dot contrast seen in
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Fig. 4. STEM-EELS maps of the microstructure across and close to the Bragg peak. Tick marks are positioned in line with the peak dpa (100 dpa), injected ions peak,
and doses 40, 20 and 0 dpa, as labelled for micrograph on the left. Note, the spots in the carbon map are thought to be carbon deposits from when the STEM probe

was idle.

Alloy 1: Unirradiated condition

50 nm

Sampled Volume cr w Fe c \

Unirradiated* (All volume) 9.11+0.02 0.53+0.04 98.4+0.1 0.07+0.06

Unirradiated (Matrix) 891:0.02  0.48:009  89.8:0.1 0.02:0.02

Irradiated (All volume) 9.93:0.16 0.63:0.04 88.8:0.2 0.79:0.29

f werenot

0.37+0.11
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Fig. 5. Atom Probe Reconstructions of Alloy 1 in the unirradiated and irradiated conditions. The APT compositions in at% are listed for key elements (+ indicates the

standard deviation across multiple datasets).

the TEM.

These results demonstrate there is a vulnerability of fine VN pre-
cipitates to undergo complete dissolution during irradiation, in contrast
to earlier studies on MX precipitates [12-15] which only showed slight
or partial dissolution. Dissolution of the VN, through loss of dispersed
barrier strength, may accelerate the recovery of martensite into ferrite
and the onset of tertiary creep. The dissolution is likely to have been
preceded by fragmentation of the needles, as observed by Tan et al. [14].
No amorphisation of MX was seen; it is unlikely that the MX precipitate
dissolution was preceded by a crystalline to amorphous transition as is
seen for other precipitates. Amorphisation destabilises the precipitate,
and can accelerate the onset of re-solution with the matrix [28,29]. MX
phases have much higher melting temperatures than M33Ce, and thus
higher crystalline-glass transition temperatures may also be expected.
Thus, one might expect MX to also be susceptible to amorphisation, and
potentially up to higher temperatures than Mg3Cs. However, Bhatta-
charya et al. [30] found MX to have an inherent resistance to amorph-
isation. This resistance, and the fragmentation observed by Tan et al.
[14], indicates that the dissolution seen here is unlikely to have been
preceded by an amorphous phase.

The size of the precipitates could affect their susceptibility to disso-
lution, since the narrow morphology (1-2 nm) of the needles is likely to

be less than the size of the collision cascade. By this reasoning, it is
reasonable to expect a lower surface-area morphology precipitate (e.g. a
spherical precipitate in the ideal case) to have a better resistance to
fragmentation and dissolution during irradiation.

The effect of dose-rate could also have exacerbated the dissolution
rate. At the high dose rate ~10~> dpa/s used here, the microstructure
has little time to recover before a subsequent cascades are encountered.
This means any damage to fine precipitates has limited capacity to
repair. For context, the studies by Tanigawa et al. [10,11] included both
ion-irradiated (up to 20 dpa) and neutron-irradiated (5 dpa) alloys, and
in both cases dissolution of the MX phase (TaC) was observed. However,
the lower temperatures (300 or 500 °C) could mean amorphisation plays
a greater role in the dissolution in these studies, so it is not possible to
infer from this work how much dose-rate may have affected the disso-
lution during higher temperature irradiation (600 °C) reported here. The
works by Tan et al. [12,14] examined alloys irradiated with ions at a
dose rate ~10~* dpa/s at 500 °C, and observed fragmentation and some
dissolution of VN from ~70-130 dpa [14], but little change for doses
below 50 dpa [12,14]. Finally, Kano et al. [13] also observed little
change to the TaC after ion irradiation to ~50 dpa at a dose rate of
~1072 dpa/s at 400 °C. Here, we have reported completed dissolution
throughout the damage profile (before the injected interstitial peak),



J. Haley et al.

from ~40-100 dpa, and at this same dose-rate as Kano et al. [13]. There
does not appear to be a consistent trend from these studies; thus, while
high-dose rate ion-irradiation experiments such as these are useful for
identifying the potential for dissolution, extensive experiments are
required which vary dose-rate, dose and temperature to evaluate the
significance of MX instability during reactor conditions in a common
alloy. Ideally, more studies on neutron irradiated samples are required.
This will all be the subject of further investigations.

In conclusion, this study highlights the susceptibility of fine VN
precipitates to undergo complete dissolution during ion irradiation,
challenging existing notions derived from studies on MX precipitates.
The observed dissolution, likely influenced by the small precipitate size,
underscores the need for further investigations focussing on dose, dose-
rate, temperature and morphology. Particularly, the MX behaviour
under neutron irradiation requires careful investigation in order to
identify the severity of dissolution under fusion-like conditions.
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