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This article presents a novel method combining ion irradiation, in-situ transmission electron microscopy (TEM),
and microchemistry analysis before/after irradiation, which allows to examine same microstructural areas
throughout ion irradiation. A 12 wt% Cr Ferritic/Martensitic steel (HT9) was irradiated in the TEM to 1.17
× 1020 ions·m−2 at 440 °C using 1 MeV Kr2+ ions, and the in-situ characterization focused on radiation-
induced precipitation and segregation. Results of in-situ experiments were compared with those obtained
from ex-situ experiments, to showcase how this method helps to better understand precipitation kinetics in
the irradiated material examined ex-situ, for which only snapshots are available at limited doses.
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Alloy HT9 is an advanced 12 wt% Cr Ferritic/Martensitic (F/M) steel.
Compared with austenitic stainless steels currently used in light water
reactors, alloy HT9 has a low thermal expansion coefficient, reasonable
high temperature strength, and more importantly, better resistance to
neutron induced swelling [1–3]. This alloy is thus considered as a prom-
ising candidate for core materials applications in Generation IV reactors
and first wall and blankets for fusion reactors [4]. Nevertheless, neutron
irradiation drives microstructural and microchemical evolutions in the
material, inducing second-phase precipitation and segregation which
can strongly degrade the mechanical properties of this alloy [5–8]. Re-
cently, alloy HT9 has been widely investigated by ion irradiation
[9–12] as ion irradiationworks as a surrogate to emulate neutron irradi-
ation in the appropriate reactor environment [13,14]. Whether irradi-
ated with neutrons or ions, usually the irradiated bulk samples are
examined ex-situ when the irradiation is over, and the samples are
cooled down. Because of this, only snapshots of the microstructure at
final doses reached at the end of irradiation are available. In contrast,
coupling ion irradiation with in-situ transmission electron microscopy
(TEM) can be powerful as it allows to characterize the evolution of
gineering, North Carolina State
, Raleigh, NC 27695-7909, USA.

dustrial, and Manufacturing

Acta Materialia Inc.
radiation-induced microstructures as a function of doses. Our previous
studies of alloy HT9 and other F/M model alloys [15–17] have showed,
by using this in-situ method, the size and number density of
radiation-induced defects and the correlation of radiation-induced de-
fects with pre-existing microstructures (e.g. grain boundaries, disloca-
tions) can be followed as the damage proceeds. In this article, we
present a novel method combining ion irradiation, in-situ TEM observa-
tion, andmicrochemistry analysis before and after irradiation, which al-
lows for examining samemicrostructural areas of alloy HT9 throughout
ion irradiation. As an example, F/M steel HT9 was irradiated in the TEM
to 20 dpa at 440 °C using 1 MeV Kr2+ ions, and the in-situ characteriza-
tion focused on radiation-induced precipitation and segregation. Results
of in-situ experiments are compared with those obtained from ex-situ
experiments, to showcase how this method helps to better understand
precipitation kinetics in the irradiated material examined ex-situ, for
which only snapshots are available at limited doses.

F/M steel HT9 (heat # 84425) was received from Los Alamos Na-
tional Laboratory (LANL). Its nominal compositions are given in
Table 1. The same material was used to construct the ACO-3 hexagonal
duct in Fast Flux Test Facility (FFTF) [18]. Prior to irradiation, the steel
HT9 was subjected to a heat treatment consisting of normalizing at
1065 °C for 30 min/air cooling followed by tempering 750 °C for
1 h/air cooling, which lead to a tempered martensitic structure. TEM
specimens of HT9 were prepared using the Focused Ion Beam (FIB)
lift-out technique. More details about sample preparation can be
found in [15].
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Table 1
Chemical compositions (wt%) of HT9 (heat # 84425) provided by LANL.

Fe Cr Mo Ni Mn W V Si C P N S

LANL Bal. 11.8 1.03 0.51 0.5 0.5 0.33 0.21 0.21 0.008 0.01 0.003
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In-situ TEM observation combined with ion irradiation was carried
out at the Intermediate Voltage Electron Microscope (IVEM) Facility at
Argonne National Laboratory. The facility consists of a Hitachi 9000
NAR transmission electronmicroscope coupled with a 500 keV NEC im-
planter. The TEM specimenwas irradiated in themicroscope at 440± 5
°C using 1 MeV Kr2+ ions with the ion beam incident at 30° from the
electron beam and typically ~13–16° from the specimen normal. The ir-
radiation dose rate in displacement per atom per second (dpa·s−1) was
estimated using the software package SRIM-2008 [19] under the
“Kinchin-Pease” (a.k.a. quick damage) calculation mode. The measured
ion flux of 6.25 × 1015 ions·m−2·s−1, the nominal density of 7.86
× 103 kg·m−3 and the displacement energy of 40 eV/atom [20] for me-
tallic elements were used. As shown in Fig. 1, the damage profile of
1 MeV Kr2+ ions in HT9 is relatively uniform through the first 100 nm
of the total range of 500 nm, resulting in an irradiation dose rate of
~1.07 × 10−3 dpa·s−1 in the first 100 nm depth (corresponding to the
thickness of TEM specimens). In total, the specimen was subject to a
total fluence of 1.17 × 1020 ions·m−2, or about 20 dpa. Sequential
TEM bright field (BF) and corresponding dark field (DF) images were
taken at the same area by tilting the sample holder accordingly tomain-
tain consistent imaging conditions.

The microchemistry analysis before and after irradiation was per-
formed on a FEI Titan 80-300 probe aberration corrected scanning/
transmission electronmicroscope, at the Analytical Instrumentation Fa-
cility (AIF) at North Carolina StateUniversity. Themicroscope contains a
high-brightness Schottky field emission electron source and four high
counting rate Bruker© energy-dispersive X-ray detectors, enabling
qualitative chemical mapping of the elemental distribution. Radiation-
induced precipitation and segregation were characterized using the el-
emental mapping (a.k.a “ChemiSTEM”) and high angle annular dark
field (STEM-HAADF) imaging methods.

Pre-existing precipitates in as-received HT9 were identified as (Cr,
Mn)-rich carbides and V-rich nitrides. The carbides were found to
mostly form at prior austenite grain boundaries (PAGBs) and lath
grain boundaries. Besides, no other precipitates are observed in the as-
received condition [11]. Fig. 2(a–b) shows STEM-HAADF micrographs
and corresponding elemental maps of Ni and Si which were collected
at the same area of alloy HT9 before and after irradiation, respectively.
Fig. 1. SRIM-2008 calculations showing the damage profile and retention of Kr ions vs.
depth in HT9 irradiated with 1 MeV Kr2+ ions. (one column wide).
Compared with the HAADF image taken before irradiation (Fig. 2(a)),
new irregular features with dark contrasts are observed at grain bound-
aries in the HAADF image taken after irradiation (Fig. 2(b)). Since the
HAADF imaging is highly sensitive to atomic number contrast (Z-con-
trast), the additional dark contrasts observed in Fig. 2(b) indicate sec-
ond phase precipitates have formed during irradiation. The
overlapping maps of Ni and Si further reveal the feature labeled as P1
in Fig. 2(b) is a Ni/Si-rich precipitate heterogeneously nucleating at
the grain boundary where Ni and Si are also segregate. Similarly, the
HAADF imaging and ChemiSTEM mapping were performed on another
grain boundary of alloy HT9 before and after irradiation. Elemental
maps of Cr, Mn and C shown in Fig. 3(a–b) indicate two pre-existing
(Cr, Mn)-rich carbides still remain after ion irradiation. Also, the zoom
view of Fig. 3(b) reveals new precipitates form at the grain boundary
and between the two pre-existing carbides. Elemental maps of Cr, Mn
and C show these precipitates are (Cr, Mn)-rich carbides. The dynamic
observation of precipitate evolution was obtained using the in-situ
TEM observation. Fig. 4 shows sequential TEM BF and corresponding
DF images which were taken at the same area throughout irradiation
(0–20 dpa). The grain observed in Fig. 4 is the same as that shown in
Fig. 3. Compared with the TEM BF image taken at 4 dpa, a new precipi-
tate labeled as P2 is found to appear in the TEM BF image taken at 8 dpa.
The appearance of the precipitate P2 is also highlighted as additional
white contrasts are observed in the TEM DF images taken at 8–20 dpa.
The precipitate P2 observed in Fig. 4 is further located in Fig. 3(b) and
identified as a (Cr, Mn)-rich carbide. Furthermore, the strong Moiré
fringes presenting in the TEM BF image taken at 20 dpa also indicate
the formation of second phase precipitates.

For comparison purpose, the steel HT9 irradiated to the same dose at
the same temperature using 5MeV Fe2+ ionswas examined ex-situ. De-
tails of this ex-situ irradiation experiment can be found in [11]. For HT9
irradiated and examined ex-situ, it is not possible to determinewhether
any pre-existing carbides dissolve or any new carbides nucleate during
irradiation. However, Figs. 3–4 of this in-situ study show carbides can
form in HT9 during irradiation. It highlights the advantage of using
this novel in-situ method. In addition, Supplementary Fig. 1 (please
download and see the Appendix) shows the spatial distribution of
Mn/Ni/Si-rich precipitates (MNSPs) in HT9 ex-situ irradiated to 20 dpa
at 440 °C. The heterogeneous nucleation of MNSPs at lath grain bound-
aries observed in ex-situ irradiated HT9 is consistent with the observa-
tion of in-situ irradiated HT9 (Fig. 2). The thermodynamic state of the
equilibrium MNSPs in HT9 was evaluated by the Thermo-Calc© soft-
ware using the TCAL3 database [21]. The nominal alloy compositions
shown in Table 1 were considered. In this thermodynamic analysis,
both T3 (Mn6Ni16Si7, a.k.a. G-phase) and T6 (Mn(Ni,Si)2) phases were
included in the calculation. Note that the T6 phase did not form and
only the T3 phase was found to be stable. Supplementary Fig. 2 (please
download and see the Appendix) shows the calculated phase fraction of
the equilibrium bulk MNSPs (T3 phase) as a function of temperature.
Without ion irradiation, MNSPs are not able to form at temperatures
higher than 370 °C, as seen in Supplementary Fig. 2. The thermody-
namic prediction suggests that the MNSPs observed in both in-situ
and ex-situ ion irradiated HT9 at 440 °C are induced by irradiation.
The experimental observations of both in-situ and ex-situ irradiated
HT9 are in agreement with previous cluster dynamic simulations [22]
which suggested MNSPs formed in F/M steels are primarily
irradiation-induced and, in particular, both heterogeneous nucleation
and radiation-induced segregation at defect sinks are necessary for the
formation of MNSPs.

However, the discrepancies of MNSPs precipitation between in-
situ and ex-situ irradiation experiments of HT9 still exist. In contrast
to in-situ irradiated HT9 at 440°, Supplementary Fig. 1 also shows the
intra-granular precipitation of MNSPs (i.e. inside martensitic laths)
can occur in HT9 ex-situ irradiated at the same temperature. More-
over, the number density of MNSPs observed in ex-situ irradiated
HT9 is significantly higher than that observed in in-situ irradiated

Image of Fig. 1
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Fig. 3. STEM-HAADFmicrographs and corresponding elemental maps of Fe, Cr, Mn and Cwere collected at the same area of HT9 (a) before and (b) after ion irradiation to 20 dpa at 440 °C.
The zoomviewof panel (b) highlights the formation of (Cr,Mn)-rich carbides at the grain boundary. One of these carbides (labeled as P2) is further observed in Fig. 4. (two columnswide).
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HT9. The suppression of MNSPs precipitation can be explained by
different mechanisms. First of all, free surfaces of the TEM thin foil
specimen act as efficient sinks of point defects and thus somehow
suppress defect-mediated diffusion of solutes toward other defect
sinks (e.g. grain boundaries, dislocations). As a result, the local driv-
ing force of precipitate nucleation and growth decreases so that less
precipitation can occur at these defect sinks. Such suppressed pre-
cipitation in thin sample parts has been reported in the study of
high purity Fe-10 wt%Cr alloy implanted with Al+ and O+ ions at
room temperature [23]. The suppressed precipitation of MNSPs
may also be partially due to the decrease of dislocation loop density.
In literature, in-situ TEM observations of HT9 irradiated to 20 dpa at
420–470 °C [15] showed the loss of radiation-induced dislocation
loops followed by the build-up of dislocation network happened
Fig. 2. STEM-HAADFmicrographs and corresponding elemental maps of Ni and Si were collect
zoom view of panel (b) shows the formation of a Ni/Si-rich precipitate (labeled as P1) at the g
with increasing dose, resulting in a decrease of dislocation loop den-
sity. Since dislocation loops can act as preferential nucleation sites
for precipitation, the decrease of dislocation loop density suppresses
the nucleation of MNSPs.

In conclusion, the novel in-situ method which combines ion irradia-
tion, in-situ TEMobservations, andmicrochemistry analysis before/after
irradiation has proved to be a powerful tool for characterizing radiation-
induced precipitation and segregation. Experiments using this in-situ
method will allow for a better characterization and understanding of
precipitation kinetics under irradiation compared to irradiated bulk
samples examined ex-situ, where only snapshots are usually available
at limited doses.
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ed at the same area of HT9 (a) before and (b) after ion irradiation to 20 dpa at 440 °C. The
rain boundary where Ni and Si also segregate. (one column wide).
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Fig. 4. In-situ TEM observation revealing the formation of a carbide (labeled as P2 in Fig. 3) occurring between 4 and 8 dpa at 440 °C. Sequential TEM-BF images also showing the evolution
of dislocation loops formed under irradiation. (two columns wide).
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2018.12.018.
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