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a b s t r a c t

The objective of this study is to evaluate the effect of irradiation on the strengthening mechanisms of a
model Fe-9%Cr oxide dispersion strengthened steel. The alloy was irradiated with protons or neutrons to
a dose of 3 displacements per atoms at 500 �C. Nanoindentation was used to measure strengthening due
to irradiation, with neutron irradiation causing a greater increase in yield strength than proton irradi-
ation. The irradiated microstructures were characterized using transmission electron microscopy and
atom probe tomography (APT). Cluster analysis reveals solute migration from the Y-Ti-O-rich nano-
clusters to the surrounding matrix after both irradiations, though the effect is more pronounced in the
neutron-irradiated specimen. Because the dissolved oxygen atoms occupy interstitial sites in the iron
matrix, they contribute significantly to solid solution strengthening. The dispersed barrier hardening
model relates microstructure evolution to the change in yield strength, but is only accurate if solid so-
lution contributions to strengthening are considered simultaneously.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction & background

The growing global demand for energy will increasingly call
upon fusion and advanced nuclear fission reactors to supply safe
and reliable energy worldwide. These reactor designs require
structural and cladding materials that can withstand temperatures
up to 700 �C, and irradiation doses up to several hundred dis-
placements per atom (dpa) [1e3]. Oxide dispersion strengthened
(ODS) steels are candidates for advanced reactor cladding materials
and fusion first wall and blanket structures, due to their high-
temperature strength and dimensional stability under irradiation
[4e13]. A key microstructural feature of ODS steels is their high
density of Ti-Y-O-rich nanoclusters, which act as localized sinks for
point defects, providing resistance to irradiation swelling
[4e6,8e10,12]. These clusters also strengthen the material without
significantly compromising ductility.

Before ODS steels can be utilized in nuclear power plants,
however, their long-term strength and mechanical integrity,
especially under irradiation, must be understood. It is well known
that irradiation-induced microstructural features such as voids and
du (M.J. Swenson).
dislocation loops increase the strength of a material by acting as
obstacles to impede dislocation motion during deformation. Like-
wise, the oxide nanoclusters also serve as dislocation pinning
points, but their irradiation stability is governed by two competing
mechanisms: (1) ballistic dissolution due to irradiation damage
cascades, and (2) enhanced diffusion driving solute atoms to
recombine (i.e. ripening) [14e16]. As a result, it is necessary to
understand the relationship between microstructure evolution and
macroscopic material properties of ODS under irradiation.

The simplified dispersed barrier hardening model is most
commonly used for relating microstructure to macroscopic me-
chanical properties such as yield stress. In applying this model, the
fundamental challenge lies in estimating the relative barrier
strength, ai, for each obstacle type i. Over the years, studies have
provided guidelines to directly estimate ai [17,18]. But it is expected
that ai values are influenced by many sample-specific characteris-
tics such as nanocluster composition and coherency, void faceting,
and dislocation loop habit planes [19]. As a result, the values for
each ai will likely vary from sample to sample. To attain sample-
specific ai values, some studies have calculated the relative
obstacle strengths necessary to mathematically relate the micro-
structure to the measured mechanical behavior (via indentation or
tensile testing techniques) [19e21]. Adding to the complexity,
additional studies have suggested that the strength of each obstacle

mailto:matthewswenson1@u.boisestate.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2016.07.022&domain=pdf
www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat
http://dx.doi.org/10.1016/j.jnucmat.2016.07.022
http://dx.doi.org/10.1016/j.jnucmat.2016.07.022
http://dx.doi.org/10.1016/j.jnucmat.2016.07.022


Fig. 1. SRIM-2008 [26] calculation of damage profile for 2 MeV proton irradiation
normal to Fe-9%Cr in “Detailed Calculation” mode.
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is also dependent upon the size and/or number density of the ob-
stacles in the matrix of the material [10,22e24]. All of these ap-
proaches have provided valuable insight into how dislocations
interact with different types of obstacles. However, very few irra-
diation experiments have considered the evolution of solid solution
strengthening as a significant contributor.

The objective of this study is to evaluate the effects of irradiation
on the strengthening mechanisms of an ODS steel. This objective is
achieved by developing an analyticalmodel that combines dispersed
barrier hardening with solid solution strengthening to more accu-
rately relate the microstructure of an irradiated ODS steel to its
mechanical hardness. The influence of solute migration from the
oxides to the matrix (via dissolution) is closely considered. Different
methods for estimating the strength factors for the dispersed bar-
riers are compared and multiple approaches for superimposing the
effects of each type of dispersed barrier are applied. Finally, an
evaluation of the potential coherency of the oxide nanoclusters and
its relationship to the size of the clusters is discussed.

2. Experiments

2.1. Material, irradiations, and microscopy

A rod of Fe-9%Cr ODS martensitic steel material (composition
provided in Table 1) was provided by the Japan Nuclear Cycle
Development Institute (now known as the Japan Atomic Energy
Agency). The rod was processed by mechanically alloying ferritic
steel with Y2O3 powders, then hot extruding at 1150 �C. Finally, the
rodwas heat treated at 1050 �C for 1 h, air cooled, then tempered at
800 �Cwith subsequent air cooling. Additional details regarding the
mechanical alloying and fabrication of the rod may be found in
Ref. [25]. Two sets of specimens were cut from the rod: one set for
proton irradiations, and another set for neutron irradiation. Both
irradiations are carried out to 3 dpa at 500 �C. For proton-
irradiation, the displacement damage of 3 dpa and the damage
depth profile had been calculated with the Stopping and Range of
Ions inMatter (SRIM-2008) program [26]. A flux of 2.0 MeV protons
normal to Fe-9%Cr produces a relatively uniform damage profile
between 1 mm and 10 mm, with a damage peak at approximately
19 mm (shown in Fig. 1). All details for sample preparation, proton
irradiation and neutron irradiation may be found in Ref. [27].

TEM analysis was conducted to evaluate microstructure evolu-
tion under proton or neutron irradiation. TEM lamellae were pre-
pared from the as-received and irradiated conditions using the
same focused ion beam (FIB) lift-out technique on an FEI Quanta 3D
FEG FIB at the Center for Advanced Energy Studies (CAES). All de-
tails regarding the TEM sample preparation and analysis may be
found in Ref. [27].

Atom probe tomography (APT) complemented the TEM analysis
by enabling atomic-resolution characterization of the oxide nano-
clusters and nanoscale phases. APT needles were fabricated by FIB
milling from the as-received, proton-irradiated, and neutron-
irradiated specimens at CAES. Cluster analysis was performed on
each tip (excluding those volumes attributed to carbides or grain
boundaries) using the maximum separation method [28] with the
cluster analysis module within the IVAS software. All details
Table 1
Chemical composition of Fe-9%Cr ODS.

Chemical composition (wt%, balance Fe)

C Si Mn P S Ni Cr W

0.14 0.048 0.05 <0.005 0.004 0.06 8.67 1.96
[Y2O3] ¼ 1.27 � [Y]
[Ex.O] ¼ [Total O]�[O in Y2O3 powder] ¼ [O]�0.27 � [Y]
regarding the atom probe tomography sample preparation and
analysis may be found in Ref. [27].
2.2. Nanoindentation

Nanoindentation was conducted to assess the hardness of the
irradiated samples relative to the as-received material. To minimize
the effects of sample-to-sample surface finish variations, the as-
received specimen was prepared in the same manner as the irra-
diated specimens: mechanically polished through 4000 grit SiC
paper, followed by electropolishing. Indentations weremadewith a
vibration isolated Hysitron TI-950 TriboIndenter at CAES using a
high load transducer and a Berkovich indenter with 250 nm tip
radius. For the irradiated specimens, indents were made in top-
down orientation onto the irradiated surface (oriented parallel to
the irradiating beam). Indents were executed in depth-controlled
mode ranging from 100 nm to 1000 nm, in 100 nm increments,
to determine nanohardness as a function of depth. The plastic zone
of each indent is expected to be 5e10 times deeper than the indent
itself [29e34], which corresponds to the flat region of the damage
profile where dose is calculated, and avoids the damage peak (see
Fig. 1). Indents were placed a minimum of 60 mm apart to prevent
overlap and interaction of the plastic zones of neighboring indents.
A contact threshold of 250 mN was used with a three segment
loading curve (20 s loading period, five second hold period, and a
20 s unloading period) that was verified to reduce creep effects
within the system during testing. A minimum of 13 indents were
performed at each depth to ensure 95% confidence that the
measured nano-hardness values are within a 5% margin of error.
Size limitations of the neutron-irradiated sample provided limited
statistics at the 600 nm and 900 nm depths, leading to a 90%
confidence for those indentation depths. Analysis of the indenta-
tion data was conducted using the Oliver-Pharr method with the
TriboScan MP 9.3.13.0 software, and any statistical outliers were
Ti Y O N Ar Y2O3 Ex. O

0.23 0.27 0.14 0.017 0.004 0.34 0.07



Table 3
Summary of oxide nanocluster and matrix composition measurements for as-
received, proton-irradiated and neutron-irradiated conditions using APT, from
Ref. [27].

Oxide nanoclusters As-received Proton-irradiated
(3 dpa, 500 �C)

Neutron-irradiated
(3 dpa, 500 �C)

# of clusters measured, SNc 486 964 335
Analysis Volume, VT (nm3) 856,053 1,722,204 816,586
Average Diameter, DG (nm) 5.96 4.77 3.41
Standard deviation for DG ±3.10 ±1.91 ±1.69
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removed. Nanoindentation of the as-received specimen was also
conducted in the aforementioned manner.

3. Results

3.1. Transmission electron microscopy

TEM imaging was used to observe the microstructure of irra-
diated and as-received specimens. Quantitative TEM microstruc-
ture results are provided in Table 2 for all specimen conditions.

Approximately 100 grains and the carbide precipitates con-
tained within them were measured from each condition. Grains
and carbides exhibit little change with irradiation, having di-
ameters ranging 0.23e0.31 mm and 0.07e0.11 mm, respectively. All
diameter variations fall within the standard deviation of the mea-
surements. Similarly, the dislocation line density varies over
17.6e19.1 � 1014 m�2 with a standard deviation up to
5.3 � 1014 m�2. Based on these relatively narrow bands of size and
density measurements, and their corresponding wide standard
deviations, there is no evidence to suggest that these features have
dramatically evolved in response to either irradiation condition.

Small irradiation-induced voids, 3e7 nm in diameter, are
observed at a low number density of 0.24e0.34 � 1021 m�3 in both
the proton- and neutron-irradiated specimens. TEMmicrographs of
typical voids may be found in Ref. [27] for the proton- and neutron-
irradiated conditions, respectively.

Dislocation loops were imaged in STEM mode at the [001] and
[111] zone axes. For each zone axis imaged, dislocation loop
orientation maps generated by Yao et al. [35] were used to deter-
mine that the loops commonly resided on the {111} or {001} habit
planes [35]. Dislocation loops produced by proton and neutron
irradiation are similar in size, at 8.4 and 8.9 nm, respectively, and
similar in number density, at 10.2 ± 8.0 � 1021 m�3 and
2.3 ± 1.2 � 1021 m�3, respectively. STEM micrographs of typical
distributions of dislocation loops may be found in Ref. [27].

Bright field images of the oxide clusters were obtained by
reviewing areas that had low dislocation contrast, which allowed
the z-contrast of the clusters to be more visibly prominent. With
this technique, it becomes difficult to resolve any nanoclusters that
are less than ~2 nm in diameter [6,36]. As a result, atom probe
tomography was also conducted to achieve a more objective
determination of the oxide nanocluster average size, number
density and composition. Additional details regarding the TEM
analysis may be found in Ref. [27].
Table 2
Summary of microstructural measurements using TEM, from Ref. [27].

Feature Measurement As-
received

Proton-
irradiated
(3 dpa,
500 �C)

Neutron-
irradiated
(3 dpa,
500 �C)

Grains/Laths # of grains measured 104 104 104
Effective diameter
(�10�6 m)

0.23 ± 0.12 0.31 ± 0.11 0.31 ± 0.09

Dislocation
lines

# of measurements 17 46 39
Density (�1014 m�2) 19.1 ± 3.8 17.6 ± 5.3 18.5 ± 4.8

Carbide
precipitates

# of carbides
measured

36 51 68

Effective diameter
(�10�6 m)

0.11 ± 0.07 0.07 ± 0.03 0.10 ± 0.06

Density (�1020 m�3) 0.20 0.46 0.47
Voids # of voids measured 0 8 22

Diameter (�10�9 m) e 4.00 ± 1.51 3.64 ± 1.14
Density (�1021 m�3) e 0.34 ± 0.44 0.24 ± 0.12

Dislocation
loops

# of loops measured 0 688 182
Diameter (�10�9 m) e 8.4 ± 1.7 8.9 ± 2.0
Density (�1021 m�3) e 10.2 ± 8.0 2.7 ± 0.7
3.2. Atom probe tomography

The atomic-level resolution of APT with IVAS cluster analysis
enabled the characterization of the oxide nanoclusters prior to and
after irradiation. The 3D reconstructions of the as-received speci-
mens exhibit clustering of Ti, O and Y atoms along with TiO, YO,
FeO, and CrO compounds all at coincident locations in the matrix.
For this reason, all of these atoms/compounds were chosen for the
oxide cluster analysis in each condition. Representative atom dis-
tribution maps Ti, O, and Y atoms, and TiO and YO compounds, as
well as the 3D cluster reconstruction, are found in Ref. [27] for the
as-received, proton-irradiated, and neutron-irradiated conditions.

Cluster analysis using IVAS software enables quantification of
the oxide nanocluster sizes and number densities (Table 3). A total
of 486, 964, and 355 oxide nanoclusters were identified and
analyzed in the as-received, protoneirradiated, and neutron-
irradiated specimens, respectively. Proton irradiation caused the
average size of the nanoclusters to decrease from 5.96 ± 3.10 nm to
4.77 ± 1.91 nm, at a similar number density (568 � 1021 m�3 as-
received, to 560 � 1021 m�3 proton-irradiated). However, neutron
irradiation induced a more significant decrease in nanocluster size
and number density, to 3.41 ± 1.69 nm at 435 � 1021 m�3. Both the
decline in average size and number density of the nanoclusters are
reflected in the reduced volume fraction and suggest partial
dissolution of the nanoclusters into the matrix. This result is
described in greater detail in Ref. [27]. Ref. [27] describes this result
in greater detail and summarizes existing archival literature studies
in which irradiation-induced oxide nanocluster coarsening, disso-
lution, and stability have all been observed depending upon the
target alloy and irradiation conditions.

The enrichment parameter f ien, represents the percent of all
collected ions of species i, above the bulk volume fraction, which is
contained in the analyzed clusters. This is a key parameter fromAPT
Std. dev. of the mean for DG ±0.14 ±0.06 ±0.09
Density, Nnc (�1021 m�3) 568 560 435
Volume fraction, fv 5.2% 5.1% 2.4%
Species enrichment, feni (above volume fraction)
Y 68.9% 76.2% 49.7%
Ti 66.2% 60.4% 21.6%
O 61.1% 62.6% 29.9%
Cra 1.0% 2.2% 0.9%
Si 2.0% 6.0% 5.9%
Mn 0.7% 1.7% 3.6%
Ni 2.9% 11.7% 5.9%
Ca 5.4% 8.4% 2.0%
Wa �0.1% �1.9% �0.6%
Matrix composition, Ci (at%)
Y 0.05% 0.04% 0.10%
Ti 0.11% 0.15% 0.32%
O 0.17% 0.19% 0.37%
Cr 8.38% 8.21% 8.14%
Si 0.15% 0.13% 0.12%
Mn 0.06% 0.06% 0.08%
Ni 0.03% 0.03% 0.05%
C 0.15% 0.12% 0.16%
W 0.61% 0.60% 0.67%

Trace amounts of P, S, N and H, Ga detected (balance is Fe).
a Does not include species clustering in carbide precipitates.
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cluster analysis that enables comparison of nanocluster chemistry
from sample to sample. The f ien of Y, Ti, and O remain relatively
unchanged with proton irradiation (Table 3), suggesting that little
de-clustering of the oxides occurs with proton irradiation. Mean-
while, there is a notable decrease in f Yen, f

Ti
en, and f Oen following

neutron irradiation. One of the most pivotal de-clustering species is
measured for O; prior to irradiation, 61.1% of all O ions above the
base volume fraction are clustered, compared to only 29.9%
enrichment following neutron irradiation. As expected, the matrix
composition generally demonstrates an opposite trend (Table 3).
For elements that exhibit reduced enrichment in clusters upon
irradiation (Y, Ti, and O) there is a corresponding increase in matrix
concentration. For elements that exhibit increased enrichment
upon irradiation (Si, Mn, and Ni), there is a corresponding decrease
in matrix concentration.

3.3. Nanoindentation

Top-down nanoindentation results show the nanohardness of
the as-received and irradiated specimens as a function of depth,
Fig. 2. At lower depths (<400 nm) there is evidence of the effect of
surface roughness on nanohardness measurements for each of the
samples. In particular, the proton-irradiated surface was not sub-
sequently polished following irradiation, so a greater surface
roughness is expected due to surface sputtering during irradiation.
As a result, the nanohardness of each specimen was calculated by
taking an average of the measured values from depths �500 nm
and the standard deviation of the mean for each. The nanohardness
is estimated to be 4.58 ± 0.20 GPa, 4.60 ± 0.11 GPa and
4.97 ± 0.07 GPa for the as-received, proton-irradiated and neutron-
irradiated, respectively. Although the relative error at each data
point may seem large, it is clear the neutron-irradiated specimen is
harder than both the as-received and proton-irradiated specimens,
outside of the error bars. The measured hardness values for the as-
received specimen compare well to nanohardness values of
4.49e4.63 GPameasured by Liu et al. [12] on as-received F82H ODS,
and 3.8 GPa measured by Huang et al. [34] on as-received PM2000
ODS. Additionally, Hosemann, et al. [37] measured hardness values
of 5e5.25 GPa on Fe-8Cr-2W ODS after neutron irradiation to 20.3
dpa at 400 �C.
Fig. 2. Nanoindentation hardness of Fe-9%Cr ODS for as-received and after proton
irradiation or neutron irradiation to 3 dpa at 500 �C, indented parallel to irradiation
beam at various indentation depths.
Nanohardness measurements can be used to estimate the in-
crease in yield strength as a result of irradiation, through the
empirical relationship [38]:

Dsy ¼ 3:06DHv (1)

with Dsy as the increase in yield strength (in MPa) and DHv as the
measured increase in hardness (in kg/mm2). Although Eq. (1) was
developed for Vickers microhardness measurements, Hosemann,
et al. [37] have shown that nanohardness and microhardness
measurements have produced consistent results on an Fe-8Cr-2W
ODS alloy. Fischer-Cripps has also identified that Berkovich hard-
ness (in GPa) may be converted to Vickers hardness (in kg/mm2) by
the relationship HV ¼ 94:495 HBerk [39]. This conversion, along
with Eq. (1), estimates the change in yield strength of the Fe-9%Cr
ODS studied herein to be 6 MPa and 112 MPa upon proton and
neutron irradiation, respectively. These results are consistent with
measurements in the archival literature. For example, McClintock,
et al. [40] irradiated 14YWT with neutrons to 1.5 dpa at 580 �C and
300 �C, then measured 33 MPa and 125 MPa strengthening,
respectively. Meanwhile, Ramar, et al. [41] measured 44 MPa
strengthening in ODS Eurofer 97 after proton irradiation to 2 dpa at
40 �C. So overall, ODS alloys tend not to exhibit dramatic
strengthening, at all irradiation temperatures.
4. Discussion

4.1. Dispersed barrier hardening

Defects such as voids, dislocation loops, and nanoclusters within
the matrix of a material are barriers to dislocation motion, and thus
contribute to the overall strength of a material. Since the
morphology of these features is often influenced by irradiation,
changes to the hardness and strength of the material often result.
The most common method for relating discrete microstructural
features to the yield strength is the simplified dispersed barrier
hardening model [42], written as:

Dsy;i ¼ aiMmb
ffiffiffiffiffiffiffiffiffi
Nidi

p
(2)

In this equation,M is the Taylor factor (3.06 for b.c.c. Fe-Cr alloys
such as the ODS of interest [18]), m is the shear modulus (82 GPa for
ODS [43]), b is the Burger’s vector (0.248 nm [43]), Ni is the number
density of feature type i, and di is the average diameter of feature i.
The factor ai represents the barrier strength of feature i and should
be a coefficient valued between 0 and 1. A feature with a low a is
considered a weak obstacle that more readily allows dislocations to
bypass or shear through them, while features with a approaching a
value of 1 are considered to be stronger inhibitors to dislocation
motion. Equation (2) may be written for each type of feature pre-
sent, then superimposed upon each other to calculate an overall net
increase in yield strength from a network of microstructural fea-
tures [18,44,45].

For the ODS alloy studied here, Eq. (2) is used to predict
strengthening due to the evolution of oxide nanoclusters, voids,
and dislocation loops upon proton or neutron irradiation. The termffiffiffiffiffiffiffiffiffi
Nidi

p
for voids, dislocation loops, and oxide nanoclusters (as seen

from Tables 2 and 3) will be higher for the proton irradiated sample
than for the neutron irradiated sample. It then follows that the Eq.
(2) predicted strengthening of the proton irradiated specimen
would be higher than that of the neutron irradiated specimen.
However, this is contrary to the nanoindentation results (Fig. 2),
which indicate that very little (if any) proton irradiation hardening
occurs, while neutron irradiation causes a ~112 MPa increase in
yield strength. As a result of these seemingly contradictory findings,
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it is hypothesized that additional strengthening mechanisms work
along with dispersed barrier hardening to produce the increased
strengthening in ODS upon neutron irradiation.

In the following sections, solid solution strengthening will be
considered as an additional strengthening mechanism, and it will
be combined with the dispersed barrier hardening model. Alter-
native methodologies for estimating the barrier strengths (ai) for
each type of microstructural feature will also be reviewed, along
with different approaches to superimpose the individual
strengthening contributions of each feature type.
4.2. Solid solution strengthening

A model is implemented for the solid solution strengthening
contribution of each solute species. The cluster analysis module in
the IVAS software enables accurate quantification of the number of
atoms of each elemental specie within every cluster and within the
matrix. From this data, the elemental composition of the sur-
roundingmatrixmay be calculated and utilized in the solid solution
strengthening model for a b.c.c. Fe matrix [46,47]:

Dsss;i ¼ KiCi (3)

in which Dsss,i is the resultant change in yield strength due to solid
solution strengthening, Ki is the strengthening coefficient of the
solute element, and Ci is the composition of the solutes in the
matrix. Equation (3) may be applied for each solute element, then
the overall solid solution strengthening effect may be calculated
using [46]:

Dsss ¼
X
i

Dsss;i (4)

Estimated values of Ki from prior studies are tabulated in Table 4
from Refs. [46e49] for solutes in b.c.c. Fe. One particular observa-
tion is that interstitial solute species such as C and N have a
strengthening factor K that is 2e3 orders of magnitude greater
(~1000 MPa/at%) than K factors for solutes that occupy substitu-
tional positions [47]. Since O is also believed to take interstitial sites
in b.c.c. Fe [48], it would be expected that KO would have a similar
order of magnitude as KC and KN. Limited data is available for the K
factors of W and Y in b.c.c. Fe. But since these elements are pre-
dominantly substitutional solutes, their strengthening coefficient is
estimated to be similar to that of other substitutional elements
(~20 MPa/at%).

Using the estimated strengthening coefficients from Table 4 and
the measured matrix composition from Table 3, the calculated solid
solution strengthening effects from Eqs. (3) and (4) are presented in
Table 5. Although there are minor compositional changes in the
matrix for substitutional atoms such as Si, Mn, Ni, Cr, W, Ti, and Y,
these changes have an essentially negligible effect on the overall
strengthening of the alloy. For this reason, most irradiation exper-
iments will generally ignore solid solution strengthening as a
source of irradiation-induced hardening. However, for ODS alloys,
the primary species contained in the oxide nanoclusters are Ti, Y,
and O. Because O is an interstitial solute, any O atoms that diffuse
out of the oxide nanoclusters and into the matrix, or vice versa, will
have a significant impact on the solid solution strengthening. From
Table 5, the estimated strengthening effect of matrix O is 171 MPa
in the as-received condition and increases to 187 MPa and 370MPa
after proton and neutron irradiation, respectively. This result cor-
responds to the increase in matrix O content attributed to
irradiation-induced oxide dissolution. Overall, the combined
strengthening of all matrix solutes considered is 368 MPa in the as-
received condition, 348 MPa following proton irradiation repre-
senting a net solid solution softening of 20 MPa, and 581 MPa after
neutron irradiation representing a net solid solution strengthening
of 213 MPa.

These calculated changes in solid solution strengthening are
consistent with the generally unchanged yield strength with proton
irradiation, and the yield strength increase with neutron irradiation.
In the next section, this solid solution strengthening will be com-
bined with the dispersed barrier hardeningmodel to develop amore
robust correlation between the microstructure and yield stress.
4.3. Combining dispersed barrier and solid solution hardening

There are two fundamental challenges to combining the
simplified dispersed barrier hardening model (Eq. (2)) with solid
solution strengthening. First is the challenge of determining
appropriate barrier strengths, ai, for each feature (for the dispersed
barrier hardening contributions). Second is to establish an accurate
method to superimpose the strengthening contribution of multiple
types of barriers impeding dislocation motion (nanoclusters, voids,
dislocation loops, solutes, etc.). A further complication is that these
challenges are interdependent and there are more ai variables (i.e.
unknowns) than there are equations, so the system cannot be
solved algebraically. Rather, the system can only be solved if some
variable(s) are assumed. In this section, we present three different
approaches for estimating the ai values. Within each of these three
approaches, we consider two methods for superimposing the ef-
fects of multiple barriers: linear superposition and root-sum-
square superposition. In total, then, there are six sets of solutions
for ai and superimposed strengthening. Comparison of these so-
lution sets with measured nanohardness reveals insights into the
strengthening mechanisms active in irradiated ODS.

First we establish expressions for the linear and root-sum-
square superposition methods. Linear superposition is generically
written as [18]:

Dsy;l ¼
X
i

Dsy;i (5)

and is considered more applicable when the obstacles have widely
differing strengths. To determine the irradiation-induced change in
yield strength, the linear superposition of the as-received micro-
structure is subtracted from the linear superposition of the irradi-
ated microstructure. For the ODS alloy studied here, only oxide
nanoclusters, dislocation loops, voids, and the solid solution are
considered; dislocation lines, carbides, and grain boundaries are
not considered because they exhibit no statistical change under
irradiation. The linear superposition expression for irradiation-
induced strengthening is then:

Dsy;l ¼ Dsirrnc þ Dsirrv þ Dsirrl � Dsarnc þ Dsirrss � Dsarss (6)

where subscripts nc, v, l, and ss represent nanoclusters, voids, loops,
and solid solution, respectively, and superscripts irr and ar repre-
sent the irradiated and as-received material, respectively.

Root-sum-square superposition is written as [18]:

Dsy;r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

�
Dsy;i

�2s
(7)

and is considered more accurate when the obstacles have similar
strengths. The root-sum-square superposition expression for
irradiation-induced strengthening is then:



Table 4
Solid solution strengthening coefficients for solute elements at room temperature (in MPa/at%), from Refs. [46e49].

Element Substitutional or interstitial Ref. [48] Ref. [47] Ref. [49] Ref. [46] Value used in this study

C Interstitial e ~1050 e 1103.45 1000
N Interstitial e ~1050 e 1103.45 e

O Interstitial e e e e 1000a

Si Substitutional 49e55 45 e 25.8 30
Mn Substitutional 35e40 33 e 16.9 20
Ni Substitutional 35e41 2.9 e 19.2 20
Cr Substitutional 5e9 e 2.5e3.5 2.6 3
W Substitutional e e e e 20a

Ti Substitutional e e e 17.9 20
Y Substitutional e e e e 20a

a Estimated based on status as substitutional or interstitial solute type.

Table 5
Matrix composition and calculated solid solution strengthening effects using Eqs. (3) and (4).

Element As-received Proton-irradiated (3 dpa,
500 �C)

Neutron-irradiated (3 dpa,
500 �C)

Ci (at%) Dsss,i (MPa) Ci (at%) Dsss,i (MPa) Ci (at%) Dsss,i (MPa)

C 0.15 150 0.12 115 0.16 159
Si 0.15 5 0.13 4 0.12 4
Mn 0.06 1 0.06 1 0.08 2
Ni 0.03 1 0.03 1 0.05 1
Cr 8.38 25 8.21 25 8.14 24
W 0.61 12 0.60 12 0.67 13
Ti 0.11 2 0.15 3 0.32 6
Y 0.05 1 0.04 1 0.10 2
O 0.17 171 0.19 187 0.37 370
Total solid solution strengthening (MPa) 368 348 581
Solid solution strengthening (MPa) e above as-received e �20 213
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Dsirry;r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dsirr2nc þ Dsirr2v þ Dsirr2l

q
� Dsarnc þ Dsirrss � Dsarss (8)

It should also be noted that a mixed approach, introduced by
Odette and Lucas [44], uses a weighting parameter S based on the
relative strengths of the strongest and weakest barriers as:

Dsy ¼ S
�
Dsy;l � Dsy;r

�
þ Dsy;r (9)

S ¼ as � 5aw þ 3:3asaw (10)

where as is the strength of the strongest obstacle and aw is the
strength of the weakest obstacle. The difficulty in applying this
mixed approach is that the ai values for each obstacle type must be
known in order to identify the strongest andweakest barriers, which
is not the case herein. Thus, we consider linear superposition (Eq.
(6)) and root-sum-square superposition (Eq. (8)) as upper and lower
limits, respectively, to the irradiation-induced change in yield stress.
4.3.1. Approach I: fitting method
This first approach entails calculating appropriate ai values that

will make the linear sum and root-sum-square system of equations
fit the known change in yield stress measured by nanoindentation.
Obviously, this approach forces the resulting changes in yield
strength to be equal to those measured by nanoindentation. Thus,
Incoherent Precipitates aincohnc ¼ 0:135

ð1� nÞ1=2
�
1� 0:816d

ffiffiffiffiffiffiffi
Nd

p � ln
�
0:8

r

the purpose of this approach is to provide a basis for comparison of
a values from Approaches II and III.

For linear superposition, Eqs. (2) and (4) are substituted into Eq.
(6) for both the proton-irradiated and neutron-irradiated condi-
tions, establishing a system of equations. This system of equations
is indeterminate, however, as there are only two equations (Dsproty;l
and Dsneuty;l ) with three unknowns (anc, av, and al). The same
approach is applied for root-sum-square superposition in which
Eqs. (2) and (4) are substituted into Eq. (8) for both the proton-
irradiated and neutron-irradiated conditions, establishing another
system of indeterminate equations. But, in studying both the linear
and root-sum-square systems of equations, only a finite range ex-
ists within which all three a’s fall between 0 and 1. These ranges of
validity for anc, av, and al are provided in Table 6.

4.3.2. Approach II: analytical method, oxides incoherent
In this second approach, a values are calculated directly from

analytical expressions, then utilized in the linear sum and root-
sum-square superposition expressions to predict irradiation-
induced strengthening from microstructure. In this approach, we
assume the oxide nanoclusters are incoherent precipitates. Voids
and dislocation loops are the other obstacles considered as
contributing to strengthening. It is believed that a strengths are
dependent upon the size and number density of the obstacle
[10,22e24]. Tan and Busby developed size- and density-dependent
expressions for a of the obstacles of interest to this study [22]:
16d

0

�
(11)



Voids=Cavities av ¼ 0:383

ð1� nÞ1=2
�
1� 0:816d

ffiffiffiffiffiffiffi
Nd

p � ln
	
0:247d

r0

�
1� 0:816d

ffiffiffiffiffiffiffi
Nd

p �

(12)
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Loops ðthin platesÞ al ¼
0:271A

ð1� nÞ1=2
ffiffiffiffiffiffiffi
Nd

p
ð16� ptAÞ

ln
�
0:637d

r0

�

(13)

where n is Poisson’s ratio (~0.33 [24,50e52]),
A ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16pNd

p
þ 4Nd2 � p2Ndt, and t is the loop thickness (0.165 nm

for {111} loops in b.c.c. Fe). The dislocation core radii, r0, are not well
known. But we assume ro ¼ b, and fit the initial calculated values of
ai for each condition to a function a ¼ k1ln(k2d), following the
approach taken in Ref. [22]. Using fitted values for k2 for the pre-
cipitates, voids, and loops, r0 is ~3.92b, ~0.99b, and ~1.23b for pre-
cipitates, voids, and dislocation loops, respectively. Using these
expressions from Tan and Busby, and the measured size and
number density of obstacles from the present study and ongoing
studies by the authors, a values are estimated for each condition
(Table 6).

Values of av and al (voids and loops) determined through
Approach II are consistent with those from Approach I þ root-sum-
square superposition. Conversely, anc values determined through
Approach II are ~3 times greater than those determined through
Approach I. The effect of these higher anc values is compounded
when predicting the change in strengthening due to proton or
neutron irradiation (�140 MPa and �502 MPa, respectively, using
linear superposition, or �405 MPa and �643 MPa, respectively
using root-sum-square superposition). These large negative
strengthening predictions are inconsistent with measured values,
suggesting that the assumption of oxide nanoclusters as incoherent
precipitates is not appropriate.

4.3.3. Approach III: fitting/analytical method, oxides coherent
This third approach combines the fitting and analytical

methods. For loops and voids, a values are determined from
analytical expressions as in Approach II. However, oxide nano-
clusters are now assumed to be spherical and coherent. Whereas in
Approach II, aincohnc could be solved directly, the analytical expres-
sion for acohnc depends on three unknown parameters: interfacial
energy, gnc (J/m2); lattice parameter mismatch between the cluster
and matrix, ε; and the shear modulus mismatch between the
cluster and the matrix, Dm. So if one attempted to calculate gnc, ε,
and Dm by fitting the linear sum (Eq. (9)) and root-sum-square (Eq.
Table 6
Summary of strength factors (ai) calculated following several modeling and superpositio

Oxide nanoclusters (anc) Void

As-rec’d Proton Neutron Prot

Approach I, linear 0.11e0.13 0.03
Approach I, r-s-s 0.10 0.40
Approach II, linear 0.37 0.29 0.19 0.65
Approach II, r-s-s
Approach III, linear 0.15e0.16 0.11e0.12 0.07e0.08 0.65
Approach III, r-s-s 0.08 0.05e0.06 0.03e0.04
Measured e e e e
(10)) system of equations to the measured change in yield stress,
one has more unknowns than equations, resulting in an unsolvable
system. Therefore, Approach III evaluates the range of values for
which Dm, ε and gnc are valid by fitting the linear sum and root-
sum-square equations to the measured change in yield stress.
Fitted gnc values are averaged across both irradiation particle types
to avoid circular logic; average gnc is used to directly calculate the
valid range of acohnc using either the linear sum or root-sum-square;
then finally the irradiation-induced change in yield stress is
predicted.

The analytical expression for acohnc , the strength factor for
spherical obstacles that are coherent with the matrix, is given by
Ref. [22]:

acohnc ¼ 0:816gncd

mb2
�
1� 0:816d

ffiffiffiffiffiffiffi
Nd

p �þ 1:7
�
d
b

�1:5

ε
1:5

þ 0:0054
�
d
b

�0:275�Dm
m

�1:5

(14)

This expression, along with Eqs. (12) and (13), are substituted
into linear superposition, Eq. (6) for both the proton- and neutron-
irradiated conditions. Because the values for Dsirrv , Dsirrl , and Dsirrss
can be calculated directly, the variables gnc, ε, and Dm are the only
remaining unknowns for this system of equations, which cannot be
solved directly. However, for each case, only a finite range exists
within which gnc, ε, and Dm are all positive (Fig. 3a). Most impor-
tantly, though, solutions for acohnc for the as-received, proton- and
neutron-irradiated conditions fall within narrow bands (Fig. 3b)
when considering all possible combinations of gnc, ε, and Dm, sug-
gesting that as long as reasonable ranges for these parameters are
selected, they have little (if any) influence over the predicted yield
stress.

A similar fitting followed by direct calculation can also be done
for root-sum-square superposition by substituting Eqs. (12e14)
into, Eq. (8) for both the proton-irradiated and neutron-irradiated
conditions. Similarly, for each case, only a finite range exists
within which gnc, ε, and Dm are positive (Fig. 3c). Solutions for acohnc
based on all possible combinations of gnc, ε, andDm again fall within
a narrow band for each condition (Fig. 3d). Strength factors for
nanoclusters calculated by Approach III are summarized in Table 6,
and are consistent with values calculated from Approach I, sug-
gesting that the oxides are coherent. The consistency of these
n approaches.

s (av) Dislocation loops (al) Dsy (MPa)

on Neutron Proton Neutron Proton Neutron

e0.098 0.01e0.12 6 112
e0.85 0.37e0.38 6 112

0.60 0.44 0.44 �140 �502
�405 �643

0.60 0.44 0.44 76 �24
20 96

e e e 6 112
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values also confirms that the empirical conversion of Eq. (1) is a
reasonable estimate. Finally, the individual strengthening contri-
bution from each type of barrier is computed and the overall pre-
dicted strengthening is calculated (listed in Table 6 and depicted in
Fig. 4). Again, root-sum-square superposition more accurately
predicts overall strengthening (20 MPa and 96 MPa for proton and
neutron irradiation, respectively) than linear sum (76 MPa and
�24 MPa, respectively).

The a strengths varywith oxide nanocluster size using Approach
III and root-sum-square superposition, these values are 0.8,
0.05e0.06, and 0.03e0.04, respectively for the as-received, proton-
irradiated, and neutron-irradiated conditions. Field et al. [19] re-
ported a similar alpha strength estimate of 0.06 for Cr-rich a0

clusters in a model Fe-Cr-Al alloy, while Bergner et al. [20] calcu-
lated alpha strengths of 0.03 and 0.134 for a0 and NiSiPCr-rich
clusters, respectively, using the same dispersed barrier hardening
and superposition approaches. The alpha value for dislocation loops
in this study, 0.44, is also reasonably consistent with Field’s [19] and
Bergner’s [20] estimates of 0.17e0.33 and 0.44, respectively.
4.4. Critical angle estimate

An alternative method for interpreting the dispersed barrier
Fig. 3. Solution space for: (a,c) gnc, ε, and Dm, and (b,d) anc for as-received (blue), proton-irr
superposition (a,b) and root-sum-square superposition (c,d). (For interpretation of the refe
article.)
hardening mechanism is to express strengthening as a function of
the critical breakaway angle (fc). This parameter describes the
angle at which a dislocation must climb in order to bypass a barrier.
The strengthening equation may be written as [53,54]:

Dsy ¼ 1:73
mb
l
cos fc (15)

where l is the average interspacing between obstacles
(l ¼ N�1=3

nc � dnc) [54]. A small critical breakaway angle (~0�) in-
dicates that dislocations must climb to bypass the obstacle,
whereas larger critical breakaway angles (~90�) suggest that dis-
locations can shear through the obstacle with little difficulty.

The critical breakaway angle for the oxide nanoclusters is
calculated by substituting Eq. (15) into Eq. (6) for the nanoclusters,
and using values for av and al calculated in Approaches II and III
above. The resultant critical breakaway angles are 76� and 84� for
the proton- and neutron-irradiated specimens, respectively. These
angles, nearing 90�, indicate that the oxide nanoclusters are mostly
coherent. It is also worth noting that the critical angle is higher for
neutron-irradiated than proton-irradiated nanoclusters, suggesting
that smaller oxides tend to be more coherent than larger oxides.
Observations in the archival literature corroborate this idea:
smaller oxides tend to have non-stoichiometric chemistry with Y:Ti
adiated (red), and neutron-irradiated (green) specimens using Approach III with linear
rences to colour in this figure legend, the reader is referred to the web version of this



Fig. 4. Calculated effects of dispersed barriers and solid solution strengthening using Approach III with linear or root-sum-square superposition. Solid black bars compare total
predicted strengthening to measured strengthening.
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ratio z0.5 [9,13], while larger oxides trend toward a Y:Ti z 1.3
[9,13] with a pyrochlore Y2Ti2O7 or orthorhombic Y2TiO5 structure
[51,55e59].
5. Conclusions

In this study, Fe-9%Cr ODS specimens were irradiated to ~3 dpa
at 500 �C using either protons or neutrons. Nanoindentation
measured relative changes in hardness as a result of each irradia-
tion condition. Both the dispersed barrier hardening and solid so-
lution strengthening models were applied to relate the
microstructure evolution (conducted in a previous study using TEM
and APT [27]) to the measured change in macroscopic properties.
Based on this experiment, the following conclusions are drawn:

1) The simplified dispersed barrier hardening model alone cannot
adequately explain the change in yield stress (measured by
nanoindentation) due to proton or neutron irradiation.

2) Irradiation-induced instability of the oxide nanoclusters
changes the Ti, Y, and O concentrations in the solid solution
matrix. These elemental species contribute to solid solution
strengthening; oxygen atoms in particular tend to sit on inter-
stitial sites, and as such, are strong barriers to dislocation mo-
tion. Thus, solid solution strengthening is non-negligible in ODS
alloys that exhibit oxide dissolution or coarsening under
irradiation.

3) A model combining the dispersed barrier hardening and solid
solution strengthening mechanisms can reasonably predict
irradiation-induced change in yield strength based upon the
microstructural and microchemical evolution.

4) The root-sum-square method for superimposing the strength-
ening effects of dispersed barriers is likely more accurate than
linear superposition for irradiated ODS alloys that include a
variety of obstacles inhibiting dislocation motion.

5) Small oxide nanoclusters are likely low-strength, coherent ob-
stacles, while larger oxide nanoclusters may tend to be less
coherent.

Overall, this work demonstrates that in addition to dispersed
barrier hardening, solid solution strengthening must be considered
especially for interstitial solutes, in order for the irradiated micro-
structure in ODS alloys to reasonably predict irradiation-induced
hardening.
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