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Here, we report atom probe tomography results of the nanoclusters in a neutron-irradiated oxide dispersion
strengthened alloy. Following irradiation to 5 dpa at target temperatures of 300 °C and 450 °C, fewer large
nanoclusters were found and the residual nanoclusters tend to reach an equilibrium Guinier radius of 1.8 nm.
With increasing dose, evident decrease in peak oxygen and titanium (but not yttrium) concentrations in the

nanoclusters was observed, which was explained by atomic weight, solubility, diffusivity, and chemical bonding
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arguments. The chemical modifications indicate the equilibrium size is indeed a balance of two competing pro-
cesses: radiation enhanced diffusion and collisional dissolution.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Oxide dispersion strengthened (ODS) alloys are promising structural
materials for advanced reactor systems. By introducing nanoclusters
into the metallic matrix using mechanical alloying (MA), ODS alloys
show excellent high-temperature mechanical strength and superior ir-
radiation resistance [1]. It is well known that the nanoclusters play im-
portant roles in both maintaining the mechanical strength by pinning
dislocations and enhancing radiation tolerance by providing extra
sinks for irradiation-induced point defects and helium atoms. Therefore,
understanding the properties of the nanoclusters and their behavior
under extreme conditions such as high temperatures and intense neu-
tron irradiation is important for both fundamental research and the de-
velopment of resilient materials for advanced nuclear reactors.

This study focuses on a commercial ferritic ODS alloy, MA957, that
was developed in the 1980s by the International Nickel Company
(INCO) [2]. Previous studies have been carried out to investigate the
nanoclusters in unirradiated MA957, especially on their stoichiometry
and crystal structures [3,4], chemical composition-size correlation [5],
and stability at high temperatures [6,7]. Current findings show that
both nonstoichiometric Y-Ti-O nanoclusters and stoichiometric
Y,Ti,0; particles exist in MA957. Smaller (2-10 nm diameter)
nanoclusters are more likely to be nonstoichiometric with a Y/Ti ratio
<1 [5,6], and larger (>15 nm diameter) nanoclusters are more likely
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to be stoichiometric Y,Ti,O particles with a cubic pyrochlore structure
[5,8].

The stability of the nanoclusters in ODS alloys under irradiation is
much more complicated. In principle, the size, structure, and chemical
composition of precipitates can be altered by irradiation. Various previ-
ous studies have reported that the size of the nanoclusters was reduced
after irradiation [9-12], and some also reported concurrent increase in
number density [13]. In other studies, the nanoclusters were reported
to be stable under irradiation [14,15]. In yet another investigation, the
number density of the nanoclusters was reported to be reduced but
the size remained about the same after irradiation [16]. The irradiation
response of these nanoclusters is not well understood, partially due to
the lack of systematic atomic scale experimental data. For MA957,
only a few studies have investigated the nanoclusters under neutron ir-
radiation condition: the nanoclusters were reported stable (except for
slight decrease in number density) after been neutron-irradiated to
3 dpa at 600 °C [14], 75 dpa at 430 °C [8], and 109-121 dpa at 412 °C-
670 °C [17]. Although the nanoclusters in these studies were found to
be stable, little chemical information was provided. Therefore, it is not
clear whether radiation affects the chemical composition of the
nanoclusters or not. It is also not clear whether the formerly observed
stability of the nanoclusters holds under different irradiation conditions
than those previously examined.

The material used in this study was mechanical-alloyed ODS alloy
MA957, with a nominal composition of Fe-13.87Cr-0.014C-1.5Ti-
0.3Mo0-0.13Ni-0.1AI-0.083C0-0.22Y,03, in wt.%. The specimens were
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irradiated in the Advanced Test Reactor (ATR), Idaho National Laborato-
ry. The target irradiation temperatures were 300 °C and 450 °C, and the
target doses were 0.1 dpa, 1.0 dpa, and 5.0 dpa. The estimated actual
specimen temperatures and doses were obtained from as-run analysis
and were listed in Table 1. The sample ID is named as Material
Name_Target Dose_Target Temperature. As can be seen from Table 1,
the estimated temperatures and doses deviated from the target temper-
atures and doses. For instance, MA957_5.0_300 specimens were actual-
ly irradiated at ~380 °C + 32 °C to 4.15 dpa. For the same target
irradiation temperature, the 0.1 dpa specimens have the lowest irradia-
tion temperature. The irradiations for 1.0 dpa specimens were complet-
ed in one cycle. The 5.0 dpa specimens underwent three cycles and
therefore have the largest variance in the irradiation temperature. For
simplicity, all the irradiation temperatures and doses mentioned in
the following discussions refer to the target temperatures and doses.

The post-irradiation examination (PIE) was carried out at the Mi-
croscopy and Characterization Suite (MaCS), Center for Advanced Ener-
gy Studies (CAES). Atom probe tips were prepared by focused ion beam
(FIB) lift-out and annular milling using a FEI Quanta 3D FEG DualBeam
FIB/SEM. The atom probe tomography (APT) experiments were per-
formed on a CAMECA LEAP 4000 x HR. The APT specimens were ana-
lyzed in the 200 kHz pulsed-laser mode at a specimen temperature of
50 K, and a focused laser beam energy of 50 or 70 pJ. Data analysis
was performed using the CAMECA IVAS software.

The nanoclusters in both unirradiated and neutron-irradiated
MA957 specimens were characterized using the maximum separation
method and isoconcentration surfaces (isosurfaces) [14,18,19]. In the
maximum separation method, the parameters were chosen as dy.x =
0.69 nm, Npmin = 20, and L = derosion = 0.5 nm. The sizes of the
nanoclusters were measured using the Guinier radius rg, which is relat-
ed to the radius of gyration r, by r¢ = /5/3rg [19]. The number densi-
ties of the nanoclusters were estimated from the number of
nanoclusters divided by the analyzed specimen volume, with a lattice
constant of a = 2.88 A. On average, the total number of collected ions
for one irradiation condition was around 30 M, representing an ana-
lyzed volume of 1 x 10° nm?>.

Fig. 1(a) shows the atom maps and nanocluster distribution in the
unirradiated condition. The nanoclusters were obtained using the max-
imum separation method. The number density of the nanoclusters in
the unirradiated sample is around 9.2 x 10*> m~3. It can be clearly
seen that all the nanoclusters are enriched in yttrium, titanium, and ox-
ygen. Only the largest two nanoclusters are also enriched in aluminum
as shown in the Al map in Fig. 1(a). A close-up of a large (~10 nm)
nanocluster is shown in Fig. 1(b). The clustering of Al, O, Ti, and Y can
be readily observed. It is also noticed that the Al atoms and O atoms
are relatively more loosely distributed, while Ti and Y atoms are more
concentrated towards the interior of the nanocluster.

The observed large nanoclusters seems to be a transitional
nonstoichiometric Y-Al-Ti-O state between the small (~2 nm) Y-Ti-O
nanoclusters commonly observed in ODS FeCr alloys and the larger
(tens of nm) Y-Al-O phases (YAG, YAM, YAP, and YAH) found in ODS
FeCrAl alloys [20-22], when Al is available in limited amount
(~0.1 wt.% for MA957).

The nanoclusters in neutron-irradiated samples were analyzed using
the maximum separation method with similar parameters. Fig. 2 shows

Table 1

Target and simulated irradiation conditions of MA957.
Sample ID Tirr. (°C) dpa
MA957-0.1-300 287 +£7 0.12
MA957-0.1-450 417 + 10 0.12
MA957-1.0-300 340 £+ 15 1.02
MA957-1.0-450 478 + 14 0.68
MA957-5.0-300 380 + 32 4.15
MA957-5.0-450 498 + 36 39

the size distribution histograms, mean Guinier radii, and number densi-
ty of the nanoclusters in MA957 at different irradiation conditions. On
average around 150 nanoclusters were analyzed for each condition.

The histograms in Fig. 2(a)-(e) clearly show that the size distribu-
tion of the nanoclusters became narrower with increasing dose, at
both 300 °C and 450 °C. The percentage of large nanoclusters (rg
> 2.5 nm) dropped noticeably in the 5.0 dpa specimens, indicating
that some large nanoclusters have been dissolved by displacive collision
processes during neutron irradiation. Fig. 2(f) shows the mean Guinier
radius of the nanoclusters at different irradiation conditions. The mean
Guinier radius tends to converge as the dose increases. At 5.0 dpa, the
average Guinier radii of the nanoclusters in the samples irradiated at
300 °C and 450 °C are about 1.78 4 0.05 nm, and 1.80 £ 0.06 nm,
respectively.

The average number densities of the nanoclusters at different irradi-
ation conditions are shown in Fig. 2(g). No apparent trend was found
and the number density remained the same order of magnitude
(~102 n/m?) in all analyzed samples. This indicates that under neutron
irradiation, although the larger nanoclusters tend to be dissolved, small
nanoclusters are more stable. The overall number density of the
nanoclusters was not affected since large nanoclusters only account
for a very small fraction of the total.

The data in Fig. 2 should be interpreted cautiously, remembering
that the distribution of the nanoclusters in ODS alloys can be inhomoge-
neous. In Fig. 2(f), the average radius at 0.1 dpa_300 °C is higher than
that of the unirradiated condition, which should be due to the inherent
nonuniformity and limited APT data sampling rather than neutron irra-
diation. However, the general trend shown by the decrease in the stan-
dard deviation with increasing dose in Fig. 2(f) still reveals that in the
investigated temperature and dose range, neutron irradiation is likely
to dissolve large nanoclusters and the Guinier radii of the smaller
nanoclusters tend to approach 1.8 nm. In other words, neutron irradia-
tion tends to homogenize the size distribution of the nanoclusters by
dissolving larger nanoclusters.

Displacive collisions and radiation enhanced back-diffusion are two
competing processes affecting the stability of precipitates under irradi-
ation [10]. On one hand, under energetic neutron bombardments, atoms
are displaced from their original lattice sites by collision cascades. If the
atoms of the nanoclusters reside in the collision cascades, the
nanoclusters could then be dissolved or at least, partially dissolved. On
the other hand, neutron irradiation also produces defects in excess of
their equilibrium concentration, resulting in radiation-enhanced diffu-
sion (RED). Displaced nanocluster atoms could diffuse back into the
nanoclusters through RED, leading to the recovery or growth of the
nanoclusters. Although the displacive collision and back-diffusion can-
not be directly detected experimentally, these two processes can be
separately inspected through low-temperature irradiation and subse-
quent annealing. Certain et al. [23] observed significant cluster dissolu-
tion in an ODS steel irradiated at —75 °C, and the nanoclusters
reassembled after subsequent annealing at 850 °C.

From the aforementioned nanocluster size analysis, it is suggested
that the large nanoclusters were more likely to be dissolved, which
was apparently due to collisional events induced by energetic neutron
bombardments. However, the small nanoclusters tend to reach an equi-
librium size of r¢ = 1.8 nm, rather than being dissolved. This indicates
that RED helped nanocluster recovery in the investigated irradiation
conditions. The larger nanoclusters cannot survive well due to higher
dissolution rate compared to the growth rate limited by back diffusion.
The RED process has also been affirmed indirectly by the observed radi-
ation-enhanced Cr-rich o’ precipitation and radiation-induced minor
element segregation at the nanocluster interfaces in irradiated speci-
mens, which will be reported in another separate study.

In addition to the size and density measurements, proximity histo-
grams (proxigrams) produced from 1.0 at.% Y isosurfaces were used to
examine the chemical modifications of the nanoclusters. Two groups
of nanoclusters in different sizes were chosen to illustrate the size effect.
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Fig. 1. (a) Atom maps and reconstructed nanocluster distribution in unirradiated MA957, (b) enlarged view of the atom maps showing the clustering of Al, O, Ti, and Y in a large
nanocluster.

Fig. 3 shows the proxigrams of the nanoclusters in the unirradiated con- In order to avoid the uncertainties due to the size effect, only
dition. It is easy to see that the elemental composition of the nanoclusters in the range of 1.5 nm to 2.0 nm were chosen in the follow-
nanoclusters was highly size-dependent: larger nanoclusters (r ing peak concentration analysis, and on average 50-80 clusters were in-
>3 nm) in Fig. 3(a) have much higher peak Y, Ti, O concentrations cluded for each condition. The peak Y, Ti, and O concentrations of

and higher Y/Ti ratio. Similar size dependence in ODS alloys has been re- different irradiation conditions were compared to investigate the chem-
ported in previous studies [3,5,24]. ical modifications.
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Fig. 2. (a) to (e): Size distribution histograms of the nanoclusters in unirradiated and irradiated conditions; (f): Mean Guinier radii of the nanoclusters at different dose and temperature
conditions (dashed curves are for visual aide only); (g): Number density of the nanoclusters at different dose and temperature conditions.
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Fig. 3. The proxigrams of selected nanoclusters in unirradiated MA957: (a) radius larger than 3.0 nm, and (b) radius between 1.5 nm and 2.0 nm.

Fig. 4(a) and (b) show the peak Y, Ti, and O concentrations of the
nanoclusters in MA957 irradiated to different doses at 300 °C and 450
°C, respectively. At both temperatures, the peak concentrations of O
and Ti reduced with increasing dose. The reduction occurred as early
as 0.1 dpa. The difference is that the variation at 300 °C was more pro-
nounced than that at 450 °C: the peak concentration of Ti in the unirra-
diated samples was 7.83 at.%, which reduced to 4.47 at.% at 300 °C, and
6.91 at.% at 450 °C; the peak concentration of O reduced from 9.58 at.%
to5.03 at.%at300 °C, and 6.77 at.% at 450 °C. The less apparent reduction
at higher temperature should be due to increased RED against displacive
collisions.

Fig. 4 also shows that the reduction of O peak concentration with in-
creasing dose was most apparent, and the reduction of Y peak concen-
tration was almost unnoticeable. This should be related to the atomic
weight, solubility limit, diffusivity, and chemical bonding of O, Ti, and
Y atoms.

The relative atomic weight of atom of a particular type of atoms de-
cides its relative stability against displacive collisions. Neutron bom-
bardment displaces O (A = 16) and Ti (A = 48) atoms much more
efficiently than Y (A = 89) atoms. For the same incident neutron ener-
gy, the average energy transferred to an O atom is about 2.8 times the
energy transferred to a Ti atom and 5 times the energy transferred to
a 'Y atom. Therefore, the displacive collisions will knock much more O
atoms than Y atoms out of the nanoclusters, and the number of
knocked-out Ti atoms lies in between.

The solubility sets the limit of how many knocked-out atoms will
diffuse back to the original nanocluster or form new nanoclusters, if
the diffusivity of the atoms is high enough. The chemical bonding deter-
mines the types of nanoclusters that will form.

O atoms are chemically unstable and in addition to Y-Ti-O
nanoclusters, O can form other oxide clusters such as Cr-O and Fe-O
clusters, and these clustered O atoms cannot diffuse back to the Y-Ti-O
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clusters. Also considering that the number of knocked-out O atoms is
the highest, the most apparent reduction in O peak concentration is
thus expected.

Unlike the various reaction paths of O, knocked-out Ti atoms are
more likely to diffuse back into the Y-Ti-O nanoclusters, as indicated
by the fact that during the fabrication of ODS steels, Y-Ti-O clusters re-
placed the original Y,0s3 particles after hot extrusion or hot isostatic
pressing. The less apparent decrease in Ti peak concentration can be ex-
plained by fewer knock-out events and reaction paths.

Y has a very low solubility in a-iron (~0.01 at.% at 450 °C) [10,25],
and it is almost exclusively found in Y-Ti-O clusters. Therefore, through
RED, most of the knocked-out Y atoms will diffuse back to the original Y-
Ti-O cluster. The fewest knock-out events, low solubility, and strong
bonding with O and Ti atoms, leads to the insignificant variation in the
Y peak concentration under irradiation.

In summary, the APT results show that in the investigated tem-
perature (300 °C and 450 °C) and dose regime (up to 5 dpa), the
nanoclusters in neutron-irradiated MA957 tend to reach an equilib-
rium Guinier radius of 1.8 nm, and large nanoclusters are more likely
to undergo shrinkage or dissolution. Peak O, Ti, and Y concentrations
of the small nanoclusters (1.5 nm to 2.0 nm) were obtained from
proxigrams. The levels of O and Ti in the nanoclusters show an appar-
ent reduction after neutron irradiation. The magnitude of reduction
was found to be larger at lower temperature, when less diffusional
recovery is expected. The chemical analyses indicate although the
small nanoclusters did not shrink or dissolve under neutron irradia-
tion, displacive collision and diffusional recovery results in a redistri-
bution of the atoms inside the nanoclusters. It is also inferred that the
atomic weight of a particular type of atoms influences its relative sta-
bility against displacive collisions, the solubility and chemical bond-
ing determines the stability through radiation-enhanced back
diffusion.
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Fig. 4. The peak Y, Ti, and O concentrations of the nanoclusters at different doses irradiated at (a) 300 °C, and (b) 450 °C.
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