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Abstract

International development of reduced activation ferritic-martensitic (RAFM) steels has
focused on 9 weight percentage Cr, which primarily contain M33Cs (M=Cr-rich) and small
amounts of MX (M=Ta/V, X=C/N) precipitates, not adequate to maintain strength and creep
resistance above ~500°C. To enable applications at higher temperatures for better thermal
efficiency of fusion reactors, computational alloy thermodynamics coupled with strength modeling
have been employed to explore a new generation RAFM steels. The new alloys are designed to
significantly increase the amount of MX nanoprecipitates, which are manufacturable through
standard and scalable industrial steelmaking methods. Preliminary experimental results of the
developed new alloys demonstrated noticeably increased amount of MX, favoring significantly

improved strength, creep resistance, and Charpy impact toughness as compared to current RAFM
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steels. The strength and creep resistance were comparable or approaching to the lower bound of,
but impact toughness was noticeably superior to 9-20Cr oxide dispersion-strengthened ferritic

alloys.

Keywords: Precipitates; Strengthening; Toughness; ODS ferritic steel; Reduced activation ferritic-

martensitic steels

1. Introduction

Reduced activation ferritic-martensitic (RAFM) steels for fusion reactor structural applications
have been under development for about three decades. These steels have converged to a nominal
9 weight percentage (wWt%) Cr content, largely because this minimizes the radiation-induced
ductile-brittle transition temperature (DBTT) shift compared to steels with either lower or higher
Cr content [1]. The goals implied for a reduced activation material, complying with waste disposal
and materials recycle limits, require alloying elements Mo and Nb generally used in conventional
FM steels such as Grade 91 and Grade 92 [2] be replaced by W and Ta. There are also restrictions
on the content of other alloying elements (e.g., Ni, Co, etc.) and impurities (e.g., Ag, Al, etc.) in

RAFM steels [3].

Current versions of RAFM steels such as F82H and Eurofer97 exhibit comparable tensile
properties, though appreciably lower creep resistance than similar engineering alloys such as
Grade 91. Recovery of lath boundaries and cell/packet structures occurred during creep tests,
resulting in the softening of the materials during creep [4]. Unfortunately, the presence of the

relatively large amount of M»3Cs (M = Cr-rich) precipitates, up to ~1.9 volume percentage (vol%,



calculated) in F82H, primarily at prior-austenite grain and cell/packet boundaries cannot
effectively pin the grain boundaries during creep due to their easy coarsening to > ~200 um from
initial < 100 nm. In contrast, MX-type (M = Nb/Ta/V, X = C/N) nanoprecipitates, usually with a
size of ~50 nm, have been shown to provide excellent stability at similar temperatures [5,6], but
only limited amounts of MX nanoprecipitates are present in current RAFM steels, e.g., calculated
to be ~ 0.12 vol% in F82H, well below the ~0.35 vol% (calculated) in Grade 91. The low density
of MX precipitates provide little grain boundary pinning, hence the lower creep resistance of

RAFM as compared to Grade 91.

In addition to RAFM steels, oxide dispersion-strengthened (ODS) alloys, also named as
nanostructured ferritic alloys (NFA) recently, with Cr content generally in the range of 9~20 wt%
are also being developed for fusion and other applications. Unlike RAFM steels manufactured
using traditional industrial scale vacuum induction melting (VIM) and remelting techniques such
as electro-slag remelting (ESR) and vacuum arc remelting (VAR), the NFA/ODS alloys are
fabricated by complex mechanical alloying (MA) steps, then hot consolidation, as schematically
shown in Fig. 1 [7]. MA enables the incorporation of large amount of oxide nanoclusters. The
predominant small oxide nanoclusters (< 10 nm in size) in NFA/ODS alloys have been reported
in the range from ~0.7 vol% in ODS-Eurofer (9Cr: nanoclusters of ~5 nm and 1.2x 10* m™ [8]) to
~1 vol% in PM2000 (20Cr: ~20 nm and 2.5x10*' m™ [9]) and ~3 vol% in 14YWT (14Cr: ~3 nm

and 2x10** m™ [10]).
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Fig. 1. Schematic manufacture routes of RAFM steels and NFA/ODS alloys [7].

The extremely large amount of oxide nanoclusters in NFA/ODS alloys effectively pin the sub-
micrometer ferritic grains, leading to superior creep resistance of these alloys. The oxide
nanoclusters also potentially help radiation resistance and helium management, by acting as
sink/trapping sites for irradiation produced defects and helium atoms. As shown in Fig. 2 (adapted
from [11]), the increase of sink strength, primarily contributed by the increased amount of
nanoparticles in going from Eurofer97 to ODS-Eurofer and 14YWT, noticeably decreases
radiation hardening at 250 and 300°C. Despite the high strength and radiation resistance
advantages of NFA/ODS alloy, the MA production of NFA/ODS alloys results in high fabrication
cost, small volume of products, limitations on the complexity of the final product, and a high
likelihood of mechanical property anisotropy and low toughness. RAFM steels have
approximately the opposite features compared to NFA/ODS alloys, as summarized in Fig. 2. As
suggested in Fig. 2, a class of advanced RAFM steels, called castable nanostructured alloys
(CNAs), is between RAFM and NFA/ODS alloys in capturing the positive engineering attributes
of each alloy system for nuclear applications. The CNAs are manufactured using the traditional
industrial scale steelmaking methods used for RAFM steels, favoring flexible product forms such

as forgings, plates, pipes, tubes, as well as castings as the ASTM standardized Grade 91. The



CNAs contain a significantly increased amount of MX nanoprecipitates, leading to superior

properties embracing the merits of current RAFM steels and NFA/ODS alloys.
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Fig. 2. Position of CNA compared to RAFM and NFA/ODS alloys (adapted from [11]).

2. Alloy Microstructural Design

Two routes were explored for increasing the amount of MX nanoprecipitates in CNAs. One
is the generally pursued route of increasing V, Ta, and N content to form (V,Ta)N. The other is to
include Ti and restrict N, which favors carbide formation, e.g., (Ti,Ta)C. The amount of M»3Cg is
also reduced, which is expected to improve yield strength and creep resistance [12,13]. As the
austenite stabilizers are limited to C, N, and Mn in RAFM/CNA steels, the content of other alloy
elements such as Cr, W, Ta, V, Si, and Ti (all ferrite stabilizers) was balanced using computational
alloy thermodynamics. The initial composition of CNAs in wt% is targeted to be in the range of

8.3-9.0 Cr, 1.0-1.5 W, <1.0 Mn, 0.1-0.3 V, 0.05-0.15 Ta, <0.2 T1, <0.2 Si, 0.08-0.15 C, <0.06 N



with the balance Fe. The content of each alloying element has been guided by the results of
computational alloy thermodynamics, together with literature findings. For instance, increasing
W had a more beneficial effect on fatigue life compared with increasing Ta [14]. Increasing W
content to 0.7 wt% was found to reduce minimum creep rate [15], going to 2 wt% increased DBTT
[16,17], and further increases to 3 wt% and beyond would have the undesirable effect of stabilizing
O-ferrite and favoring more FeoW Laves phase formation [18,19]. Increasing Ta in the range of
0.06-0.15 wt% reduced the prior-austenite grain size and favored small spherical (Ta,V)(C,N)
precipitates [20,21,22]. However, the higher Ta content deteriorated creep-fatigue resistance with
increasing W [23]. Increasing Si generally decreased prior-austenite grain size and favored Laves
phase formation [24,25]. Impact toughness was improved by the refined grains, but decreased

significantly when Si content exceeded 0.22 wt% due to pronounced Laves phase formation [24].

Figure 3 shows an example of alloy design using computational alloy thermodynamics coupled
with strength modeling. Computational alloy thermodynamics calculations were conducted with
Pandat software [26] with the in-house developed OCTANT database [27]. The calculated
temperature-dependent phase mole fractions in Fig. 3a show the precipitate phases in two CNAs
and are compared to Eurofer97. To have better readability, the precipitate phases in the CNA3
(similar to those in the CNA2) and the predominant phases (i.e., ferrite [ and 0], austenite [y] and
liquid from low to high temperatures) in the alloys are not included in the plot. The CNA1, with
a chemical composition listed in Table 1, is primarily strengthened by MN, e.g., (V,Ta)N, which
was developed following the outline of Klueh [28] and related studies [22,29]. In contrast, the
CNA2 and CNA3 (Table 1) are primarily strengthened by MC, e.g., (Ti,Ta)C. These new alloy

compositions favor the formation of larger amounts of MX in the CNAs than found in Eurofer97.



Unlike the stable MC in the CNA2 and CNA3, MN in the CNA1 and Eurofer97 undergoes a
sluggish phase transformation into Z-phase, primarily in the form of CrTaN, at temperatures below
~750°C. The coarse Z-phase consumes fine MN during long-term tests and services, so is expected
to impair the strength of the steels [30,31]. The increased amounts of MX in the CNAs reduce the
amount of M»;C¢ in the CNA1 and even more in the CNA2 and CNA3 as compared with
Eurofer97. Additionally, the amount of Laves phase in the CNAs was designed to be similar to

that in Eurofer97.

Table 1. Chemical compositions (wt%) of the iron-based alloys*

9Cr FM steels 9Cr RAFM Steels 9Cr CNAs 9-20Cr NFA/ODS
G91 G92 |JFL-1 F82H E97 CLAM|CNA1 CNA2 CNA3| ODS-E MA956 PM2000 14YWT
[2] (2] (1] (1] [1] [32] (this work) (8] [9] [9] [10]
C 0.09 0.11 0.1 0.1 0.11 0.1 0.1 0.1 0.1 0.11
N 0.04 0.05 |0.05 0.01 0.03 0.06 0.003 0.004
Cr 8.7 9.3 9 8 9 8.9 9 8.6 8.6 8.9 20 20 14

Mn | 0.35 041 (045 03 04 045 0.5 0.5 1 0.42
A% 0.22 0.16 (019 02 02 02 0.3 0.2 0.1 0.2

W 1.67 2 2 1.1 1.5 1.1 1.3 1.3 1.1 3
Ta 0.07 0.04 0.07 0.15 | 0.14 0.1 0.1 0.14
Si 0.29 0.1 <0.1 0.1 0.04 0.1 025 01 0.5 0.06
0.07Nb; 0.06Nb; 4.5A1; 5.5Al
Other | 0.9Mo; 0.42Mo; 0.15Ti 0.15T1 0.5Ti;  0.5Ti; 0.4Ti;
0.28Ni  0.17Ni 0.3Y,03 0.5Y,0;3 0.5Y,0; 0.3Y,0;

" The abbreviated names of G91, G92, E97, and ODS-E are Grade 91, Grade 92, Eurofer97, and ODS-
Eurofer, respectively. The blanket cells denote that values are not available/reported because of their low
impurity levels.

Fig. 3b and 3c compare the calculated equilibrium vol% of M»3Ce, Laves, MX, and Z phases
in the two CNAs to those in the two current RAFM steels F82H and Eurofer97 at 760 (tempering)
and 650°C, respectively. The CNAs possess ~0.4—0.5 vol% MX, which is lower than the oxide

nanoclusters (>~0.7 vol%) in the 9-20Cr ODS alloys, but significantly higher than the MX (<0.2

vol%) in F82H and Eurofer97.



According to the experimental coarsening kinetics of M23Cs and MX precipitates as shown in
Fig. 3d [6], together with the calculated equilibrium vol% of the phases in Fig. 3b-c, the strength
of the alloys at specific temperatures can be estimated using the back-stress concept [33]. Laves
phase coarsening kinetics is not included in Fig. 3d because of its absence at the studied
temperature of 650°C. The following equations give the primary strengthening components of
free dislocations (Acgis), precipitates (Aopp), subgrain boundaries (Aogg), and grain boundaries
(Aog):

Aogis = CLMGD/ ps

Aoy = aMGbVNd,

Ao-sgb =~ MGb//lsgb,

Aayp, = PMGD/./d,.
Definitions of the parameters are: the constant C; = 0.5 [34], Taylor factor M = 2.9 for ferritic
steels [35], shear modulus G = 80.8 and 57.7 GPa at 25 and 650°C, respectively, Burgers vector b

-2

~ 0.25 nm, mobile dislocation density pn on the order of 10'* m™ in the initial as-fabricated

condition, strength factor @ ~ 0.1757In(2.7013d) [ 36 ], number density N (m™) and
size/diameter d (nm) of precipitates, the width of the lath/subgrain boundaries /g, the constant
~ 4380 m " [37], and the grain size/diameter dg. The time-dependent precipitate strengthening

effect calculated from these equations according to the results of Fig. 3b-d is shown in Fig. 3e for
the two CNAs and for Eurofer97. The root-sum-square law of Agy,, = ’Zi Aagpt,i or in

combination with the linear law of Ag,,: = X.; Ady,,,; Was employed to integrate comparable or

dissimilar contributions from different types (7) of precipitates, respectively. As compared to the

retained strength in the CNA2, the transformation to Z-phase from MX resulted in rapid strength



reduction in the CNAT1 and Eurofer97. Using these type of rough estimations, promising CNAs

were down-selected for experimental studies.
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Fig. 3. Alloy design through computational alloy thermodynamics (a-c) and experimental

precipitate coarsening kinetics (d) for the estimation of precipitate strengthening (e).

3. Experimental methods

Small laboratory heats of ~0.7 kg of all the CNAs were manufactured by arc-melting and drop-

casting in an argon atmosphere and hot-rolling in air to 8 mm thick plate, followed by

normalization at 1120°C for 20 minutes and tempering at 750°C for 30 minutes then air cooled.

Microstructures of the alloys were characterized using optical microscopy, transmission electron

microscopy (TEM) on a Philips CM200 field emission gun microscope at 200 kV, integrated with



scanning-mode TEM (STEM) and energy dispersive x-ray spectroscopy (EDS). Focused ion beam
(FIB: Hitachi NB5000) was used to lift-out and thin TEM specimens. The mechanical properties
of the alloys were measured in air with tensile tests up to 800°C at a strain rate of 3x10™*s ™', creep
tests at 600 and 650°C, and Charpy impact tests. Type SS-3 miniature tensile specimens (25.4 x
4.95 x 0.76 mm with a gauge section of 7.62 x 1.52 x (.76 mm), machined along the rolling
direction of the plates, were used for the tensile and creep tests. Half-size Charpy impact
specimens (5 x 5 x 25.4 mm with a 1 mm deep V-notch) were tested to determine upper-shelf
energy (USE) and DBTT of the alloys. The T-L (transverse—longitudinal) specimen orientation
with cracking plan parallel to the longitudinal (i.e., rolling direction) was primarily tested since
this orientation was confirmed to give the worse impact resistance (i.e., lower USE and higher

DBTT) compared to the LT specimen orientation in screening tests.

4. Results and discussion

Figure 4 shows an example microstructure of the CNA2, illustrating common tempered
martensite structure with varied packets/blocks in the optical image (Fig. 4a), lath width in the
range of ~100 to 400 nm in the bright-field (BF) TEM image (Fig. 4b), and high densities of
ultrafine MX precipitates (~7 nm and ~2x10°* m ™) and free dislocations (~3x10'* m?) in the BF
STEM image (Fig. 4c). The amount of MX precipitates in the CNA2 was estimated to be <~0.36
vol% accordingly, which is less than the thermodynamic calculation predicted 0.42 vol% in Fig.
3b. The discrepancy may be attributable to variable distribution of the precipitates and more likely
the possible presence of complex Ta/Ti-bearing oxides as previously reported in the CNA1 type
steel [22], which compromised the available Ta/Ti for MX formation. Thorough microstructural

characterization will be pursued to have better statistical results and identify other forms of phases

10



containing Ta and/or Ti. Compared to the generally reported MX nanoprecipitates of ~30 nm on
the order of 10*° m > (comparable to the calculated 0.17 vol% in Fig. 3b) and lath width of ~200—
500 nm in Eurofer97 [38], the CNAZ2 has noticeably finer nanoprecipitates with density increased

up to two orders of magnitude, as well as a refined lath structure.
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Fig. 4. (a) Optical, (b) BF-TEM, and (c) BF-STEM images showing microstructures of the CNA2.

According to the microstructural results derived from experiments of this work for CNA2 and
literature for CNA1, 9Cr RAFM steels, and 9-20Cr NFA/ODS alloys [8,9,10,22,29,32,38,39,40]
and calculated vol%, microstructural components, i.e., coarse/fine particles, dislocations, and
subgrains/grains, in the as-fabricated condition of these alloys are summarized in Table 2. It
includes the calculated strengthening contributions (Adgisi, Adppt, Adses, and Aagp, according to the
equations in Section 2) to the total strength of the alloys at room temperature. The comparison
indicates that:

a) Dislocations are the primary strengthening component in RAFM steels and CNAs, which

suffers recovery at elevated temperatures.

b) The superior strength of NFA/ODS alloys is attributable primarily to the predominant fine

oxide nanoclusters, with some contribution from the small grain size. Although extremely

11



high dislocation density was reported in ODS alloys after thermomechanical treatment
[40], which could yield as high as ~800 MPa strengthening, lower dislocation densities,
corresponding to ~180—400 MPa, were usually used to produce a better balance of
properties.

c¢) With the CNA2 as an example, the MX particles (~7 nm and ~2x10** m™), dislocations
(~3x10" m?), lath subgrains (~400 nm in average), and prior-austenite grains (~50 pm)
would approximately produce 358, 507, 146, and 36 MPa strengthening, respectively.
Statistical experimental data of M»3Cs were not obtained from the FIB-ed specimens of
CNA2, which could be estimated to be 100 nm and 2x10" m >, corresponding to 81 MPa
strengthening. The total strengthening from these microstructural components in CNA2 is
estimated to be 727 MPa using the root-sum-square law in combination with the linear law.
Compared to RAFM steels, the enhanced strength of CNAs is primarily attributable to the
significantly increased concentration of MX nanoprecipitates that provide a strengthening
effect similar to the lower bound of the fine oxide nanocluster hardening in NFA/ODS
alloys. Further increasing the amount of MX nanoprecipitates would be challenging
because alloying with additional MX formers would destabilize austenite at high

temperatures.

Table 2. Comparison of microstructural components and estimated strengthening contributions at
room temperature for 9Cr RAFM steels, 9Cr CNAs, and 9-20Cr NFA/ODS alloys in the as-

fabricated condition.

Microstructure 9Cr RAFM steels 9Cr CNAs [22,29, 9-20Cr NFA/ODS alloys
[38,39] this work] [8,9,10,32,40]
Coarse Si ~70-300 (M2C, ~70-150 (M33Cs, . ~30-100 .
particles 1ze, nm TaN etc.) TaN, etc.) (singular/agglomerated oxide

clusters, TiN, M»;Cs, etc.)

12



Density, m™ 10" to 10" 10" to 10" 10"

vol% (cal.) ~2 ~0.9-1.8 <~0.1
Ay, MPa ~40-140 ~50-140 ~20-40
Size,nm  ~10-50 (MX, etc)  ~3-20 (MX, ete) = 0 (OXI‘lfcn;‘no"l“SterS’
aljtlir;eles Density, m” 10" to 10%° 10* to 10> 10* to 10**
p vol% (cal.) <0.2 ~0.4-0.6 ~0.7-3
Adpy, MPa ~60-140 ~180-500 ~300-1200
Dislocations  DeNSitys m”’ ~2x10" ~3x10" ~(0.1-7.8)x10"
Acgg, MPa ~400 ~500 ~90-800
Lath Width, nm ~200-500 ~100-500 ~200-500 (only in 9Cr)
subgrains Ao, MPa ~120 ~150 ~120 (only in 9Cr)
. ~10-60 (prior- ~10-60 (prior- _
Grains Size, pm austenite) austenite) 0.4-2
Acy, MPa ~30-80 ~30-80 ~180—400
Total Strength (Ao)" <~500 <~700 ~520-1500

" Total strength (not including the intrinsic strength of the alloy matrix from solid solution and lattice
friction strengthening) was estimated from the strengthening components in each alloy of Table 1 according

to the root-sum-square law Ag = /Zm,i Aaﬁu- or in combination with the linear law Ao = X, ; Aoy, ; for

the m types of microstructural components and 7 types of species (e.g., precipitates).

The temperature-dependent yield stress and total elongation of the CNAs are shown in Fig. 5.
The results are compared with literature data for F82H [41], Eurofer97 [42], P91 [2], and PM2000
ODS alloy [43]. The yield strength of the CNAs was ~100-300 MPa higher than the RAFM/FM
steels at the test temperatures, and even comparable or slightly superior to PM2000 at temperatures
above ~500°C. The yield strength of the CNA2 (~783 MPa) at room temperature is greater than
the calculated strengthening of 727 MPa from the microstructural components. The higher test
strength suggests the role of intrinsic strength of the alloy on the level of 270 MPa according to
the root-sum-square law, which is approximately consistent with the intrinsic strength of 261 MPa
for 13.5Cr—1.1W—0.3Ti [40]. The higher strength of the CNAs was achieved at the cost of some
reductions in total elongation, which is lower than the RAFM/FM steels and comparable or
superior to PM2000. It should be noted here that the tensile properties of the CNAs were
determined using type SS-3 miniature specimens with a rectangular gauge cross-section of 1.52 x

0.76 mm’, in contrast to the large round gauge cross-section specimens of Eurofer97 and P91 with

13



area 19.6 mm” [42] and 78.5 mm” [2], respectively. The limited deformation volume of the SS-3

miniature specimens could somewhat decrease their ductility.
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Fig. 5. Temperature-dependent yield strength and total elongation of CNAs compared to F82H

[41], Burofer97 [42], P91 [2], and PM2000 [43].

Preliminary creep test results for the CNAs are shown in Fig. 6 with creep rupture stress as a
function of Larson-Miller parameter (LMP) 7(30+logt,)/1000, where T and ¢, are temperature in K
and time to rupture in h, respectively. Comparing to the literature data of F§82H [41], Eurofer97
[42], JLF-1 [32], CLAM [32], and ODS-Eurofer [44,45] in Fig. 6, the CNAs show creep resistance
superior to the RAFM steels (F82H, Eurofer97, JLF-1 and CLAM), while approaching the lower
bound of the data scatter for ODS-Eurofer. The improvement in creep resistance of the CNAs was
getting smaller at lower stresses (or higher temperatures or longer times). The creep lives of the
CNA2 tested at 110 MPa and 650°C in air were up to 581 h, with minimum creep rates as low as
2.2x10” h' and creep elongations of ~20%. In comparison, Eurofer97 exhibited comparable
creep lives and minimum creep rates, but higher creep elongations (~30-40% depending on

different thermomechanical treatments) at 80—100 MPa and 650°C in vacuum [42]. The lower

14



creep elongations of the CNA2 may have been compromised by its higher creep strength and high-
temperature oxidation of the type SS-3 miniature specimens. Larger heats of CNAs are being
manufactured; creep tests will be repeated on regular-size samples, comparable to those used in

the F82H and Eurofer97 tests.
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Fig. 6. Larson-Miller creep parameter plot for CNAs compared with RAFM steels (i.e., CLAM,

JLF-1, F82H, and Eurofer97) and ODS-Eurofer alloy.

Charpy impact test data for CNAs, together with literature data for Grade 91 [46], Eurofer97
and 9-20Cr ODS alloys [47], all in the T-L sample orientation, are shown in Fig. 7 as absorbed
energy as a function of test temperature. The Eurofer97 (open circles) and 9-20Cr ODS alloys,
including ODS-Eurofer (dash signs), PM2000 (plus signs), and MA956 (crosses), were tested
using KLST specimens with dimensions 3 x 4 x 27 mm with 1 mm notch depth. The T-L
orientation refers to transverse—extrusion orientation for ODS alloys. The absorbed energy is
normalized to the area under the notch of the specimens, shown in the shaded area of the inset in

Fig. 7. To obtain DBTT and USE, the data were fitted by a hyperbolic tangent function E=a + b

15



tanh[(7 — Ty)/c], where T is test temperature and a, b, ¢ and Tj are regression coefficients. 7, gives
the mathematical DBTT, corresponding to the mean value of USE and lower-shelf energy (LSE),
i.e., 1/2USE assuming LSE = 0 in Fig. 7. The results indicate that CNA1 has USE and DBTT
comparable to Grade 91, with comparable or lower DBTT and about two times greater USE than
the 9-20Cr ODS alloys. Eurofer97 exhibited both lower USE and DBTT than Grade 91. However,
DBTT comparison between the Eurofer97 and CNAs/Grade 91 data is not reliable because smaller
specimens (e.g., KLST) tend to yield lower DBTT than larger specimens in Charpy impact tests.
Compared to Grade 91, the CNA2 and CNA3 exhibited remarkable increase in USE with
comparable or lower DBTT. Smaller precipitates have been demonstrated to have a beneficial
effect of lowering DBTT and improving absorbed energy in bainitic and tempered martensitic
steels [48,49]. The refined precipitates and subgrain structures shown in Fig. 4, together with the
adjusted alloy content of Mn, Si, and V, may have contributed to noticeably improving the Charpy
impact toughness of the CNAs. Despite the fine grains in the range of ~0.4-2 um, together with
the high density of fine oxide clusters listed in Table 2, ODS alloys exhibited noticeably lower
impact toughness, which is attributable to the delamination of the heterogeneous microstructure
inherited from the MA fabrication method [50], resulting in an impact fracture mechanism

different from RAFM/FM steels.
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Fig. 7. Charpy impact toughness of CNAs compared with Grade 91 (half-size), Eurofer97 and 9—

20Cr ODS alloys (KLST).

Comparing the measured USE, the estimated total strength (Ao in Table 2) and sink strength
(S, e.g., Fig. 2), the dependence of USE and S on Ao for the three groups of alloys is schematically
shown in Fig. 8. The 9Cr RAFM steels, including conventional 9Cr FM, have the lowest Ag with
a moderate range of USE. The 9-20Cr ODS/NFA steels have the highest Ac but the lowest USE.
The 9Cr CNAs possess significant increases in Ac with noticeably improved USE. As discussed
in connection with Table 2, the Ag is attributed to particles, dislocations, and boundaries, and these
are the primary elements in determining S. While the data on radiation resistance is still scant, the
CNAs with noticeably increased amount of MX nanoprecipitates are expected to have radiation
resistance and helium management performance superior to current RAFM steels because of the
increased defect sinks at the nanoparticle-matrix interface. The relationship of Ag? « S can be

deduced by correlating the strengthening equations in Section 2 with the descriptive equations for
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the sink strength of the primary elements [11]. Therefore, the general increases of S with
increasing Ao are schematically denoted with dotted lines in logarithmic scales of Fig. 8. The 9Cr
CNAs having noticeably increased S, USE, and Ac are expected to have promising applications

for fusion and fission reactor components compared to both 9Cr RAFM/FM and 9-20Cr

NFA/ODS.
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Fig. 8. Schematic dependence of USE and sink strength on the estimated total strength of 9Cr

RAFM/FM (blue), 9Cr CNAs (orange), and 9-20Cr NFA/ODS (red).

S. Conclusions

A new generation of RAFM steels, named as CNAs, has been manufactured using traditional
steelmaking methods. These alloys were designed and manufactured to retain a high density of
stable ultrafine nanoprecipitates, predicted to result in high temperature strength and improved
radiation resistance compared to current RAFM steel. Computational alloy thermodynamics
coupled with strength modeling was used to design CNAs, which are strengthened primarily by

either MN or MC nanoprecipitates. The amount of MN or MC was designed to be ~0.4-0.6 vol%
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in the CNAs, which is lower than the oxide nanocluster content (>~0.7 vol%) in the 9-20Cr ODS
alloys, but significantly higher than the MX (<0.2 vol%) in current RAFM steels. The
experimental heat of CNA2 demonstrated significantly refined MX nanoprecipitates (~7 nm) with
a high density (~2x10%* m™), as well as a refined subgrain structures and a high density of free
dislocations (~3x10'* m?), leading to improvements in strength, creep resistance, and Charpy
impact toughness.

The CNAs exhibited ~100-300 MPa higher yield strength than the RAFM/FM steels at test
temperatures up to 800°C, and comparable or slightly superior strength to PM2000 at temperatures
above ~500°C. The enhanced strength was achieved at the cost of a modest reduction in ductility.
Preliminary creep tests indicated superior creep resistance compared to RAFM steels, which
approached the lower bound of the scatter data of ODS-Eurofer. The CNAs showed Charpy impact
toughness comparable to or significantly greater than Grade 91, in terms of higher USE and lower

DBTT. The improvement levels were even greater when compared to 9—20Cr ODS alloys.
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