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We present an overview of key aspects for development of steels for fission and fusion energy applica-
tions, by linking material fabrication to thermo-mechanical properties through a physical understanding

of microstructure evolution. Numerous design constraints (e.g. reduced activation, low ductile-brittle
transition temperature, low neutron-induced swelling, good creep resistance, and weldability) need to
be considered, which in turn can be controlled through material composition and processing techniques.
Recent progress in the development of high-performance steels for fossil and fusion energy systems is
summarized, along with progress in multiscale modeling of mechanical behavior in metals. Prospects
for future design of optimum structural steels in nuclear applications by utilization of the hierarchy of
multiscale experimental and computational strategies are briefly described.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The demanding service environment associated with proposed
fusion energy systems will require a wide range of materials that
are tailored for high performance in a hostile environment involv-
ing intense heat fluxes, high temperatures, potentially corrosive
coolants, significant cyclic thermomechanical stresses, and intense
fluxes of high-energy neutrons and electromagnetic radiation. The
technological challenges associated with development of struc-
tural materials for fusion energy have been summarized by numer-
ous authors [1-11].

Significant progress has been achieved in the operational per-
formance and radiation resistance of structural materials during
the past few decades. For example, original research on struc-
tural ceramics based on monolithic materials has rapidly pro-
gressed through a series of increasingly high-performance and
radiation-resistant ceramic fiber reinforced ceramic matrix com-
posites [12-14]. Similarly, steels such as HT-9 originally devel-
oped in the 1960s have evolved into high-performance 9%Cr
reduced-activation ferritic-martensitic steels with superior
mechanical performance in unirradiated and irradiated condi-
tions [15-18]. Very high performance oxide dispersion strength-
ened (ODS) steels are being investigated in worldwide research
programs for potential transformational mechanical properties
and radiation-resistance [19-23]. Such progress was achieved
through a combination of experimentation, modeling and empir-
ical information. Further development and optimization of struc-
tural steels in nuclear applications will require full utilization of
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an array of sophisticated experimental techniques and multiscale
computational modeling, in addition to empirical data.

2. Constraints on the development of structural materials for
fusion energy

Development of structural materials for fusion energy is guided
by the operational conditions expected in fusion power plants, and
by lifetime and safety requirements associated with economics and
environmental concerns. The operational conditions necessitate
the use of structural materials at high temperatures in order to
achieve high thermodynamic efficiency, as well as at low temper-
atures dictated by normal shutdown and start-up operations along
with maintenance of plant components. In the following, we dis-
cuss the key physical phenomena that lead to constraints imposed
by the neutron radiation environment, followed by a brief discus-
sion of anticipated mechanical failure modes.

2.1. Key radiation damage phenomena

Exposure to energetic neutron irradiation can create numerous
changes in materials. The five key phenomena of highest signifi-
cance for establishing viable operating temperatures and doses of
structural materials are [11,24]: Low temperature radiation hard-
ening and embrittlement, which typically emerges for displace-
ment damage levels above 0.001-0.1 displacements per atom
(dpa) at temperatures below ~0.4T,,, where Ty, is the melting tem-
perature; potential matrix and/or grain boundary embrittlement
due to radiation-enhanced or -induced precipitation due to cou-
pled solute-defect processes that are typically most prevalent at
doses above 1-10 dpa at intermediate temperatures of 0.3-0.6Ty;
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plastic deformation due to irradiation creep (acting in addition to
thermal creep processes) that is most significant for doses above
10dpa at irradiation temperatures below 0.45T); volumetric
swelling due to void formation that is typically of concern for dam-
age levels >10 dpa at intermediate temperatures of 0.3-0.6Ty;; and
high temperature helium embrittlement of grain boundaries,
which typically is a major issue in mechanically stressed materials
for transmutant helium concentration levels above ~10-100 appm
(>1-10dpa) at exposure temperatures above 0.5T),. In most struc-
tural materials, the first and last of these five phenomena define
the lower and upper bounds for viable operating temperatures,
and the other three listed phenomena typically determine the
maximum viable operating lifetime. The key challenges for devel-
oping improved radiation-resistant structural materials are cen-
tered on two major topics: expanding the viable operating
temperature window, and expanding the viable operational life-
time of structural materials.

2.2. Mechanical failure modes

Mechanical failure of structural materials due to static or cyclic
stress in an irradiation environment is a primary feasibility issue.
Mechanical deformation and fracture modes [25-29] can be
prompt (at or near the start of operations), or delayed (property
degradation from cumulative damage due to thermal, stress, corro-
sion and radiation effects):

e Monotonic stress-induced failure (e.g., Refs. [4,30-35]), which
includes (a) prompt plastic collapse, (b) prompt plastic instabil-
ity due to large deformation or flow localization, (c¢) prompt
fracture (brittle or with exhaustion of ductility), and (d) thermal
creep cavitation and rupture.

Cyclic stress-induced failure (e.g., Refs. [4,32,35-37]), including
(a) progressive deformation (ratcheting), (b) progressive crack-
ing (fatigue), and (c) fatigue-creep type failure.
Irradiation-accelerated and -induced failure (e.g., Refs. [27,
32,34,36,38-40]), including (a) prompt irradiation-induced plas-
tic instability due to flow localization, (b) irradiation-induced
prompt fracture due to hardening, loss of ductility, and embrittle-
ment due to defect clusters, helium and phase instabilities, (c)
irradiation-accelerated thermal creep cavitation and rupture,
including helium embrittlement [41], and (d) dimensional insta-
bilities due to irradiation creep and swelling [42-44].

Although not covered here, it should be noted that section
thinning due to corrosion (either uniform or localized) and
stress-assisted corrosion cracking are often the dominant lifetime
engineering issues facing power conversion systems (because
major stress-induced failure issues have been accommodated
by material selection and utilization of conservative engineering
design rules). There are numerous material-coolant and mate-
rial-material compatibility issues not discussed in this paper
that need to be considered for determination of viable operating
temperatures [45].

As an example of failure mode considerations, Fig. 1 shows the
operational window of the first wall/blanket component in an early
fusion power plant conceptual design, where ferritic/martensitic
steels were first considered [46]. Those initial simplified analyses
suggested the design window of ferritic/martensitic steels would
be dictated by radiation-induced embrittlement at temperatures
below 350 °C, and by thermal creep rupture at temperatures above
550 °C. It is to be noted this design window was based on simpli-
fying assumptions and did not consider all the failure modes dis-
cussed above. More detailed design and analysis will be required
for qualification of structural materials as fusion energy research
moves toward power production [4,18,27,47,48]. In addition to

mechanical stress and radiation effects issues, other engineering is-
sues including corrosion, stress concentrators and/or nonuniform
properties due to joining will need to be evaluated.

3. Key concepts for development of ferritic/martensitic (F/M)
steels

3.1. Development of steels for non-fusion applications

The development of structural steels for fusion applications is
closely linked to the larger worldwide efforts on development of
high-temperature steels for fossil energy and chemical processing
applications. The general methodology for optimization of steel
properties has utilized extensive semi-empirical correlations be-
tween material processing techniques, the resultant microstruc-
ture, and the mechanical properties. Several generations of
high-temperature steels with successively improved high temper-
ature strength have been developed [11,16,49,50]. Viswanathan
[50] categorized the development of modern steels into several
generations based on successive improvements of their long-term
creep strength. First generation steels developed during the 1960s
(e.g., HT-9 and EM-12) introduced carbide-forming elements such
as V, Nb and W. Second generation steels (1970-1985) such as T-
91 refined the C, N, V and Nb concentrations to produce more fi-
nely dispersed precipitates. Third generation (1985-1995) steels
such as T-92 or NF-616 introduced W, Cu, N and B for improved
strength. Using the metric of rupture stress (oz) at 600 °C for a
time period of 10°h (11.4 years), the strength of steels has in-
creased from 40 MPa for “zeroth” generation steels such as the
initial 9%Cr-1%Mo (T9) steels that were developed in the 1950s
to approximately 180 MPa in current (fourth generation) steels
such as the 12%Cr steels NF-12 and SAVE-12 that contain opti-
mized concentrations of C, Nb, Mo, V, W and Co. The correspond-
ing maximum use temperature for steels has increased from
525 °C for zeroth generation steels to 650 °C for 4th generation
steels [11,50], with a remarkably constant rate of improvement
of 2.5 °C per year achieved over the past 55 years [11]. Table 1
summarizes the role of solute additions in current steels [49].

3.2. Development of steels for fusion energy

Development of ferritic/martensitic steels for fusion energy
applications has followed a parallel path to the approach described
above. However, a fundamental difference between steels for fusion
energy and conventional applications is the importance of reduced
activation (both short-term decay heat and volatilization issues and
long-term radioactivity associated with fusion neutron-induced
transmutation reactions) [51], which limits the number of accept-
able solute elements to a small fraction of the periodic table. In
addition, the intense neutron radiation environment and high lev-
els of transmutant helium require fusion reactor steels to be de-
signed with high radiation resistance. Both fusion and fossil
energy applications require steels with highly stable precipitates
(along with matrix solution hardening elements). For fossil applica-
tions, the precipitates need to resist coarsening or dissolution at
elevated temperatures for lifetimes that may exceed 40 years (com-
pared to an anticipated ~5-10 years lifetime for replaceable fusion
energy structures) The shorter required lifetime for fusion energy
steels is offset by the extremely demanding irradiation environ-
ment that may induce precipitate coarsening or dissolution that
would not occur in a non-irradiation environment.

In order to minimize &-ferrite and radiation-induced o’ phases,
which reduce fracture toughness, steels with 7-9%Cr are preferred
compared to higher chromium alloys [16,52]. Fig. 2 summarizes
the superior ductile to brittle transition temperature (DBTT)
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Fig. 1. Operational design window for the FW/B of a conceptual fusion power plant (magnetic mirror design), where early versions of ferritic/martensitic steels were

proposed [46].

Table 1
Relationship between composition and microstructure of ferritic/martensitic steels [49].

Element Microstructure function
C, N Austenite stabilizers, low solubility in ferrite, form carbides, nitrides and carbonitrides
Cr Corrosion resistance, ferrite stabilizer, forms M,5Cg (high Cr steels) and M,Cs (low Cr steels)
Mo, W Ferrite stabilizers, form stable carbides, limited concentration to avoid 3-ferrite, distributed between M23C6 and solid solution, (Mo + 0.5 W) < 1.5% to avoid
laves phase removing them from solution
V, Ta, Nb  Form M(C, N) stable carbides, restrict grain growth during austenitization
B, P Surface active elements, segregate to grain boundaries, increase hardenability, slow down M;3Cg coarsening, 0.005-.01%
Ni, Mn, Austenite stabilizers, increase toughness, prevent 3-ferrite during austenitization and result in 100% martensite phase
Co
Cu Austenite stabilizer, low solubility in ferrite, precipitates during normalization and ageing, may increase creep strength

behavior for neutron irradiated 7-9%Cr steels compared to 12%Cr
and 17%Cr steels [53,54]. From safety considerations, it is desirable
for the structural components to retain high toughness during
operation at elevated temperatures as well as at lower tempera-
tures that might occur during shutdown for maintenance proce-
dures. In Fig. 2, the DBTT of 9%Cr steels remains below room
temperature for irradiation temperatures >375 °C. For 12%Cr steels,
the DBTT falls below room temperature only for irradiation tem-
peratures above 450 °C, and for 17%Cr steels the DBTT remains
above room temperature for all irradiation temperatures.

Initial [55] and subsequent [15,17,56-60] alloying modifica-
tions to incorporate reduced activation considerations for fusion
energy steels have led to the elimination of Mo, Nb, Ni, Co, Cu
and N, and the introduction of W and V as carbide formers in place
of Mo, while Ta was introduced as a replacement for Nb. Due to
their good combination of corrosion and radiation embrittlement

resistance, international research [7,60] has recently focused on
8-9%Cr steels with composition range (wt%): Cr 8-9, W 1-2,
Mn ~ 0.45, V ~ 0.2, Si 0.05-0.3, Ta 0.04-0.1, C ~ 0.1, N 0.01-0.05,
B <0.003) and include alloys such as F82H, JLF-1, EUROFER and

EUROFER-97 [61].

4. Progress in the development of high-temperature steels

There are two general approaches for the science-based
development of new high-performance steels, both of which re-
quire utilization of state of the art modeling and simulation in
close connection with experimental validation studies. In the
first (evolutionary) approach, alloy fabrication is based on classi-
cal ingot metallurgy techniques and high strength is designed on
the basis of well-established solid solution strengthening and
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Fig. 2. Effect of neutron irradiation on the ductile to brittle transition temperature
in 9-17% ferritic/martensitic steels based on data summarized in Refs. [53,54].

precipitation hardening principles. Semi-empirical processing—
structure-property relationships are often used to rapidly con-
verge on a desired composition, thermomechanical processing
schedule, and microstructure that will produce improved perfor-
mance. Computational thermodynamics and complementary
multiscale computer modeling analyses such as ab initio energy
evaluations or Molecular Dynamics simulations of precipitate
hardening barrier strengths are typically utilized to guide the de-
sign of new alloys. This “material by design” approach [62] has
successfully led to the rapid discovery of numerous new high
performance structural materials for non-fusion applications.
The second general approach, which is beyond the scope of the
present paper, is based on nonconventional processing tech-
niques (e.g., powder metallurgy, friction stir processing, engi-
neered micro- or nano-laminate architectures, near-net-shape
direct manufacturing, etc.) which may lead to novel microstruc-
tures and material properties that could not be achieved by con-
ventional alloy processing techniques.

The extraordinary value of computational thermodynamics to
rapidly search through a wide range of compositional combina-
tions can be clearly understood when one considers that modern
steels typically consist of about 10 solutes added to the base iron
composition. For example, the P92 (Fe-9%Cr-2%W) steel contains
12 solutes with specified allowable composition ranges, plus max-
imum composition limits for phosphorous and sulfur. Empirical
exploration of the phase stability of such multi-composition steels
would require fabrication of numerous independent heats to
examine multiple compositions of each solute species. From ele-
mentary combinatorial probability principles, the number of com-
binations for an alloy consisting of 10 solutes with four
compositional variations for each solute is 4'°, i.e., slightly more
than one million choices. Therefore, it is not possible to experimen-
tally investigate the phase stability for even a fraction of the possi-
ble solute combinations of a given steel. On the other hand, by
employing automated iterative computational thermodynamic cal-
culations, it is possible to explore on a workstation computer with-
in a couple weeks the phase stability for up to one million
compositional variations in a steel [63].

There are numerous recent examples of high-performance steel
development where advanced microstructure-properties informa-
tion (often in the form of computational modeling) played an inte-
gral role. In particular, many of the advances required innovative
solutions to competing effects caused by the introduction of differ-
ent solute atoms. For example, in the development of the CF8C-Plus

cast austenitic stainless steel, it was recognized that formation of
stable nanoscale MC carbide dispersions for dislocation pinning
and reduction of the grain boundary embrittling FeCr sigma phase
could be achieved by enhancing (substituting) Nb compared to Ti
and increasing the C and P content while decreasing the N content
[64]. Similarly, development of high-strength alumina-forming
austenitic stainless steels that would enable corrosion resistance
in oxidizing environments at temperatures above 700 °C has been
an elusive goal for the past 40 years. Recent work utilizing compu-
tational thermodynamics led to the discovery that high creep
strength up to 800 °C and creation of an alumina self-healing sur-
face oxide could be achieved by carefully balancing the amounts
of Al, Nb, Hf, Y and Cr [65-67].

Similar success has been achieved in rapidly designing high-
performance ferritic/martensitic steels for fossil energy ultrasu-
percritical steam systems and for fusion energy applications. In
general, clear knowledge of the dominant deformation mecha-
nisms [25,27] is important for designing improved strength; for
example, adding matrix precipitates is not helpful if the creep
deformation mechanism is due to boundary sliding/diffusional
creep mechanisms. An analysis of the thermal creep deformation
mechanisms for a 9%Cr-3%W ferritic/martensitic steel indicated
deformation was dominated by diffusional creep along grain
boundaries and sub-boundaries [68,69]. Introduction of nanome-
ter-scale, thermally stable carbonitride precipitates along grain
boundaries to pin their movement produced approximately two
orders of magnitude improvement in thermal creep rupture life-
time at 650-700 °C. Utilization of new thermomechanical heat
treatment conditions in combination with microalloying modifi-
cations has resulted in the creation of new steels with signifi-
cantly improved strength without sacrificing ductility [70-74].
The thermal creep strength of a modified 9%Cr-1%Mo steel was
doubled at 650 °C, and the corresponding thermal creep lifetime
at 650 °C for an applied stress of 120-140 MPa was improved by
about two orders of magnitude [71,73] due to the formation of a
high density of nanoscale vandium- and niobium-rich MX pre-
cipitates associated with the controlled nitrogen additions and
new thermomechanical treatment. Fig. 3 compares the thermal
creep strength at 650°C for thermomechanically-treated and
conventionally-treated 9%Cr-1%Mo steels. The IEA fusion materi-
als reduced activation steel F82H is also included in Fig. 3 for
comparison.

Development of reduced activation ferritic/martensitic steels for
fusion energy applications is at an intermediate level of maturity.
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Fig. 3. Comparison of creep rupture behavior of 9%Cr Steels at 650 °C after
conventional and new thermomechanical treatment [71,73].
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The properties of the current IEA reference Fe-8-9%Cr-2%W fusion
steel is comparable to the best Generation II [16,50] conventional
steels. This reduced activation steel was developed using traditional
steelmaking principles, without utilizing computational thermody-
namics tools. Considering the advances that have been achieved
from Generation II to Generation IV conventional steels, this sug-
gests it may be possible to develop new grades of reduced activa-
tion steels with improved mechanical properties and potentially
improved radiation resistance and/or tailored properties such as
self-healing corrosion-resistant surface coatings or tritium perme-
ation barriers. It would be valuable to continue to pursue the devel-
opment of new reduced-activation steels using computational
design tools in addition to classical steelmaking procedures.

Recent studies are also exploring the potential of new formula-
tions of oxide dispersion strengthened (ODS) ferritic steels contain-
ing 8-14%Cr, which may enable much higher operating
temperatures due to superior thermal creep strength compared to
standard ferritic/martensitic steels [19-23] and may provide
improved fracture toughness [75] (compared to earlier ODS steels)
and superior radiation resistance to void swelling and high temper-
ature helium embrittlement [22,76]. Microstructural and composi-
tional variables being examined include the addition of Al to
provide improved corrosion resistance to steam [77,78] and liquid
metal [79] coolants, and utilization of nanoscale grain sizes to pro-
duce improved and more isotropic mechanical properties before
and after low temperature neutron irradiation [75]. A wide variety
of processing conditions and solute contents are currently being ex-
plored in an attempt to identify the optimized ODS reduced activa-
tion ferritic/martensitic steel for fusion applications [21,77,80,81].
However, to date only limited modeling and simulation has been
used to guide the development of ODS steels. Key research chal-
lenges include identification of processing and compositional
changes to increase the duration of the tertiary thermal creep re-
gime, improving high temperature fracture toughness, examination
of potential embrittlement in the 12-14%Cr alloys due to o’ and
other precipitation reactions, and identifying viable ODS steel join-
ing mechanisms such as friction stir welding. Improved understand-
ing of the atomistic composition of the nanoclusters and the effect of
intense neutron irradiation on the cluster composition and stability
is also needed.

5. The role of multiscale modeling in alloy design

Multiscale modeling offers significant potential advantages to
accelerate the development of high-performance structural mate-
rials by enabling detailed simulation of mechanical properties, cal-
ibration with microstructure-based experimental data, and
prediction of optimal properties based on microstructure [82,83].
In particular, improved models for dislocation-obstacle interac-
tions that go beyond simplistic barrier strength correlations and
more detailed models of point defect interactions with microstruc-
tural features can provide valuable insight for developing high per-
formance radiation-resistant materials. Unfortunately, the current
modeling connections between microscopic mechanisms of
mechanical property changes and structural failure mechanisms
at the different length and time scales are incomplete, and im-
proved integration is needed. We briefly describe here a few exam-
ples of recent advances in multiscale modeling “building blocks”
that are contributing to a deeper understanding of the relationship
between the microstructure, strength and ductility.

5.1. Modeling the core structure and properties of dislocations in BCC
metals

Experimental studies have demonstrated that solutes can give
rise to both solid-solution hardening (SSH) and solid-solution

softening (SSS) [84]. The dislocation behavior is often variable
in commercial-purity alloys, where dislocation mobility can vary
by several orders of magnitude. This significant influence induced
by small amounts of solutes is of great practical importance to
body centered cubic (BCC) metals, in particular refractory metals
(Nb, W, Ta, and Mo). Continuum elasticity theory has provided
considerable insight of SSS/SSH in terms of the size and elastic
constants between the solute and host atoms. The correlation be-
tween the hardening rate and number of conduction electrons of
transition-metal solutes, however, indicates a nonlinear chemical
origin of the dislocation-solute interaction [85,86]. Recently, a
first-principles Greens function boundary condition method study
[87] confirmed that solid solution softening by transition-metal
solutes in Mo is attributable to a large chemical effect on the dis-
location core and hence the mobility of dislocations.

A multiscale approach that includes dislocation long-range elas-
tic fields and solute-host atomic interactions in the core region has
been recently developed [88]. In order to study the effect of local
solute environment on the mobility of screw dislocations, dilute
random solid solutions and small solute clusters were investigated
in W-Ta alloys which are known to exhibit SSS or SSH under differ-
ent test conditions [89]. The stresses necessary to induce disloca-
tion motion on the (011) glide plane were observed to be
strongly dependent on the solute distribution and precipitate
geometry, producing either solute softening or hardening. In all
cases, W solutes had a small effect on the polarization, indicating
the W-Ta Peierls stress is not influenced by polarization.

Several multiscale methods have been developed to examine
the dislocation core structure, properties and interactions in metals
[90]. For non-magnetic BCC tantalum, theoretical studies have led
to two types of core structures: asymmetric and symmetric [91].
The dislocation core structure of BCC Fe has an additional compli-
cation arising from the presence of magnetism, which cannot be
accurately simulated with empirical interatomic potentials [92].
Ab initio calculations reveal the screw dislocation core is altered
from non-polarized in pure Fe to a polarized structure when Cu
nanoprecipitates are incorporated in the core. In contrast, Cr clus-
ters do not change the core polarization and increase the Peierls
stress, thus hardening Fe [90]. The hybrid ab initio approach of Su-
zuki’s atomic-row (AR) model for a screw dislocation in BCC metals
offers a plausible compromise between computational efficiency
and accuracy. The inter-row potential (IRP), derived from ab initio
calculations, allows the treatment of solutes in the core, while the
dislocation core structure is determined by relaxing the ARs using
the IRP, similar to atomistic simulations employing interatomic
interactions. Total-energy calculations indicate that Cu solutes
act as lubricants and facilitate the shear process between the Fe-
Cu and Cu-Cu rows.

Several studies have observed transformation of Cu precipitates
in iron from the BCC to the 9R faulted face centered cubic phase for
diameters above d ~ 5 nm [93,94]. Atomistic simulations of the
interaction between dislocations with Cu precipitates of sizes 1-
6 nm indicate two different deformation mechanisms exist
[95,96]. At small sizes near 2 nm, the precipitate is sheared and
the dislocation core structure transforms from polarized to non-
polarized upon exiting the precipitate. For Cu precipitates with
d>4nm, Orowan looping occurs around the impenetrable
precipitates.

5.2. Modeling the interaction between dislocations and precipitates

In order to model dislocation interaction with precipitates in 3-
D, a computational method that combines Parametric Dislocation
Dynamics (PDD) and the Boundary Element Method with volume
integrals was recently developed [97]. The method allows calcula-
tions of the stress field both inside and outside precipitates with
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elastic moduli () different from the matrix (um,), and that may
have initial coherency strain fields. Simulation results for precipi-
tate diameters of 5-10 nm are shown in Fig. 4, where the critical
strength is normalized by the reference shear stress tg= u;, b/L.
The precipitate strength increases with precipitate size and is
dependent on the relative elastic modulus mismatch. Soft precipi-
tates (up/tm < 1) produce moderate strengthening, and in the limit
of very soft precipitates (e.g. voids) the strengthening effect satu-
rates to 7/79 ~ 0.3-0.4. On the other hand, harder precipitates are
still shearable up to up/um ratios on the order of 3-4, whereupon
the Orowan looping mechanism sets in, as shown in the open sym-
bols in Fig. 4. Sheared copper precipitates (2.5 nm in diameter) lose
some of their resistance to dislocation motion after they are cut by
dislocations in a pileup. Successive cutting of precipitates by dislo-
cations reduces the barrier strength to about half its original value
when the number of transmitted dislocations exceeds about 10
[97].

A recent modeling study investigated the dislocation core
structure of Y,03 oxide dispersion strengthened steels, on the ba-
sis of y-surface energies [98]. The dislocation interaction with
Y,03 particles was simulated using a combination of 2-dimen-
sional Dislocation Dynamics (DD) and generalized Peierls-Nabar-
ro model, as well as 3-D PDD simulations [98]. Fig. 5 shows the
dependence of the critical resolved shear stress (CRSS) on the ver-
tical distance from the precipitate mid-plane (z). The estimated
Orowan stress is also plotted, where u is the elastic shear modu-
lus of iron, b is the Burgers vector and Ly is the spacing between
Y,05 particles on the dislocation slip plane. The simulation CRSS
is 50-90% of the analytic Orowan stress, depending on the slip
plane location. The simulation results indicate the CRSS is asym-
metric with a maximum at z/D = —-0.2, which differs from the
symmetric Orowan estimate (maximum at z/D = 0). When the slip
plane position z/D is negative, the dislocation has an initial attrac-
tive interaction with the Y,03 particle (mainly due to lattice mis-
match). However, at later stages of the dislocation bypass process,
the interaction changes to a repulsive one, rendering it difficult to
complete the Orowan looping. On the other hand, for positive z/D
slip plane positions, the CRSS decreases rapidly since the interac-
tion changes from repulsive to attractive at the later stages of the
dislocation bypass process.

5.3. Modeling plasticity of irradiated materials

It is widely appreciated that plastic strain in metals is fundamen-
tally heterogeneous, displaying high strains concentrated in small
material volumes, with virtually undeformed regions in-between
[99]. Irradiated steels exhibit such heterogeneous plastic
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Fig. 5. Critical resolved shear stress for dislocations to bypass Y,03 particles. The
dashed line is an analytically calculated Orowan stress.

deformation via localized plastic flow (called dislocation channel-
ing) [100,101]. The fundamental mechanisms of radiation harden-
ing and dislocation channel formation due to dislocation
destruction of point defect clusters have been studied by MD simu-
lations [102-106], and confirmed by in situ experiments [107]. A re-
cent alternative mechanism for loss of uniform elongation, based on
a material-specific plastic instability stress criterion, has also been
found to satisfactorily explain the observed behavior in many irra-
diated metals [108].

Two main approaches for modeling the mechanical behavior in
the meso length scale [109] are based on statistical mechanics
methods and Dislocation Dynamics [110,111]. Recent Dislocation
Dynamics simulations [112] have examined the role of dislocation
pileups on the creation of cleared channels, and have provided
quantitative predictions for the evolution of channel width. Finite
element modeling of the formation and propagation of cleared dis-
location channels in irradiated stainless steel has provided a robust
quantitative description of micro- and meso-scale localized defor-
mation processes [101].

6. Conclusions

Steady progress has been achieved over the past several dec-
ades in developing improved high-performance steels for fossil
and nuclear energy systems. The design of high-performance radi-
ation-resistant materials can be accelerated by increased reliance
on science-based multiscale models that are experimentally vali-
dated using advanced characterization tools. At the present time,
modeling is being effectively used to guide the design of new high
performance steels, and to gain a clear understanding of funda-
mental deformation mechanisms in unirradiated and irradiated
steels. However, improved linkage between disparate models
developed at different length and time scales is needed.
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