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ABSTRACT

Irradiations to 1.5 dpa at 300-750 °C were conducted to investigate the changes in mechanical properties
of an advanced nanocluster strengthened ferritic alloy, designated 14YWT, and an oxide dispersion
strengthened ferritic alloy ODS-EUROFER. Two non-dispersion strengthened variants, 14WT and EURO-
FER 97, were also irradiated and tested. Tensile results show 14YWT has very high tensile strengths
and experienced some radiation-induced hardening, with an increase in room temperature yield strength
of 125 MPa after irradiation, while results for ODS-EUROFER show a 275 MPa increase following irradia-
tion. Master curve fracture toughness analysis show 14YWT has a cryogenic T, reference temperatures
before and after irradiation of about —188 and —176 °C, respectively, and upper-shelf K;,_values between
175 and 225 MPa,/m. The favorable fracture toughness properties and resistance to radiation-induced
changes in mechanical properties observed for 14YWT are attributed to a fine grain structure and high

number density of Y-Ti-O nanoclusters.

© 20009 Elsevier B.V. All rights reserved.

1. Introduction

Oxide dispersion strengthened (ODS) ferritic alloys containing a
high number density of small oxide particles have been investi-
gated for use as fuel cladding and structural applications in nuclear
systems for several decades, not only because of they have excel-
lent high-temperature tensile properties and creep resistance,
but because the particles also increase an alloy’s resistance to radi-
ation-induced changes in mechanical properties and swelling [1,2].
Recent research efforts in Europe to produce an optimized refer-
ence ferritic alloy for high-temperature structural applications in
nuclear environments have been focused on a 9CrW reduced acti-
vation ferritic/martensitic (RAFM) steel, designated EUROFER 97
[3]. ODS variants of EUROFER 97 were developed to increase the
service temperature from 550 to 650°C by improving high-
temperature strength and creep resistance. ODS-EUROFER was
produced by mechanical alloying small amounts (0.2-0.3 wt%) of
Y,03 powder with gas atomized EUROFER 97 powder followed
by consolidation using hot isostatic pressing. Though tensile and
creep properties of ODS-EUROFER were impressive, early results
showed oxide dispersion strengthening reduced impact toughness
and produced a relatively high ductile to brittle transition temper-
ature (DBTT) compared to non-ODS conventional ferritic alloys
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[4,5]. Subsequent studies attributed the reduced impact toughness
and ductility of ODS-EUROFER to the formation of M,3Cg type pre-
cipitates along grain boundaries [6,7]. Recent optimization of ODS-
EUROFER processing and heat treatment to promote dissolution of
the large M,3Cg precipitates has produced an alloy with improved
impact toughness and tensile ductility compared to the initial alloy
variants [7].

The recent discovery of nanoclusters in mechanically alloyed
ferritic alloys using three-dimensional atom probe tomography
(3D-APT) has opened a new area of study of dispersion strength-
ened materials and generated much interest in the materials com-
munity concerning the resistance to radiation-induced changes in
mechanical properties for this class of material [8]. 3D-APT examin-
ations have shown advanced nanostructured ferritic alloys (NFAs)
contain a high number density (1.4 x 10** m~3) of ultra-fine (2-
5 nm) regions enriched in Y, Ti, and O atoms, called nanoclusters
(NC), uniformly distributed in the ferritic lattice [9]. High-tempera-
ture annealing studies using local electrode atom probe (LEAP) has
shown nanoclusters are remarkably stable at high temperatures
and do not appreciably coarsen or decrease in number density after
isothermal aging at 1300 °C for 24 h [10]. The small size and high
number density of nanoclusters in NFAs are responsible for their
superior tensile strengths and creep resistance compared to con-
ventional ODS ferritic alloys [11]. This high number density of
nanoclusters may also provide effective trapping centers for point
defects and transmutation products produced during neutron irra-
diation, possibly mitigating their effect on bulk material properties
[12,13].
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Though NFAs were shown to have impressive tensile strengths
compared to other RAFM steels, fracture toughness results from an
early NFA alloy, designated 12YWT, revealed poor fracture tough-
ness properties. Initial fracture toughness test results indicated
12YWT has a fracture toughness transition temperature near
75 °C, a T, master curve reference temperature of 102 °C, and a
ductile initiation upper-shelf fracture toughness value, Kj_, of
about 93 MPa,/m at 100 °C [14]. Ferritic alloys undergo a transi-
tion from ductile deformation behavior at high temperatures to
brittle fracture behavior at low temperatures; the narrow temper-
ature range over which this transition occurs is called the fracture
toughness transition temperature (FTTT). The FTTT reported in this
paper is the midpoint temperature in the transition region be-
tween complete brittle fracture and complete ductile tearing
behavior. Following these disappointing results another NFA was
produced using modified production and processing parameters,
as well as sight composition changes, in an effort to improve grain
structure and fracture toughness properties. The new alloy, desig-
nated 14YWT, was produced by mechanically alloying a 14 wt% Cr
(2% more than 12YWT) ferritic steel base powder with 0.3 wt%
Y,03 powder (compared to 0.25 wt% for 12YWT) followed by
extrusion at 850 °C (decreased from 1150 °C for 12YWT). Trans-
mission electron microscopy (TEM) examination revealed that
14YWT has a more refined microstructure with a lower aspect ra-
tio (1-5) and sub-micrometer grain size compared to the first gen-
eration NFA 12YWT, which has an aspect ratio of ~10 with grains
roughly 5-20 pm in length and 1 pm width, seen in Fig. 1 [15]. The
initial fracture toughness results showed 14YWT had a very low
FTTT of about —150 °C and improved upper-shelf K;,_ values around
175 MPay/m [15].

This paper summarizes unirradiated and irradiated tensile and
fracture toughness properties of a recent experimental extrusion
of 14YWT, which is currently being developed at Oak Ridge Na-
tional Laboratory (ORNL), and an optimized European ODS ferritic
alloy ODS-EUROFER. To quantify the contribution of dispersion
strengthening for each alloy, non-dispersion strengthened variants
of each alloy were also tested in the unirradiated and irradiated
condition. An alloy, designated 14WT, was produced using the
identical ferritic base powder and processing/extrusion parameters
used for 14YWT, but without the Y,03 powder addition prior to
ball milling. Previous work has shown that an addition of Y,03
powder during ball milling is required for nanocluster formation
during powder consolidation [16]. Specimens of a non-ODS-EURO-
FER 97 ferritic/martensitic alloy were also produced and tested in
the unirradiated and irradiated condition. Tensile and fracture

toughness test were performed on all materials to quantify the ef-
fect of irradiation on mechanical properties.

2. Experimental procedure

The experimental ODS-EUROFER alloy was provided by Rainer
Lindau (Forschungszentrum Karlsruhe, Germany) in a final pro-
cessed plate form. The plate was produced by Plansee, with param-
eters defined by Lindau, using an industrial attritor type ball mill
for mechanical alloying and hot isostatic pressing for powder
consolidation. The consolidated alloy was hot rolled at 1150 °C,
air-cooled to room temperature, normalized in an argon atmo-
sphere at 1100 °C for 30 min, and water quenched to produced
an ODS ferritic alloy with a ferritic/martensitic microstructure; this
alloy contained a relatively low carbon content (~0.08 wt%) and
water-cooling was required to induce martensite formation. The
plate was then tempered in an argon atmosphere at 750 °C for
2 h and air-cooled. To serve as a comparison material for this heat
of ODS-EUROFER, specimens were also produced from conven-
tional non-ODS-EUROFER 97 and tested in the unirradiated and
irradiated condition. Similar to 14WT and 14YWT, EUROFER 97
served as a model alloy for ODS-EUROFER without oxide disper-
sions and allowed quantification of the effect of oxide particles
on mechanical properties and radiation resistance.

The 14YWT and 14WT alloys were produced at ORNL using high-
energy mechanical alloying and warm extrusion. 14WT was pro-
duced using identical parameters used for 14YWT, but without
the 0.3 wt% Y,03; powder addition required for NC formation. The
Fe-14Cr-3W-0.4Ti (nominal wt%) ferritic base powder for 14YWT
and 14WT production was supplied by Special Metals (Princeton,
KY, USA) and sieved with ASTM sizes +325 to —100 to produce a
particle size distribution of 45-150 pm. The Y,03; powder was sup-
plied by Nanophase Technologies Corporation (Romeoville, IL, USA)
with a particle size distribution of 17-31 nm. The ferritic base pow-
der for 14YWT was mechanically alloyed with the Y,03 powder
using a Simoloyer CMO01 high-energy horizontal attritor type ball
mill produced by Zoz GmbH (Wenden, Germany); the base ferritic
powder used to produce 14WT was ball milled without Y,05 using
the same parameters as used for 14YWT. Four 200 g batches of
14YWT and 14WT powders were milled for 40 h in an inert argon
atmosphere to produce 800 g of powder for each extrusion. After
mechanical alloying the powders were degassed and sealed in
extrusion cans designed for a 7:1 reduction-in-area, which were
preheated to 850 °C for 1 h before extrusion. The extruded bars

Fig. 1. Bright-field TEM images of (a) 12YWT and (b) 14YWT microstructures, reproduced from McClintock et al. [15].
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were cut into 51 mm sections and machined by wire electric
discharge machining (EDM) along the top and bottom length of
each bar to create flat surfaces for rolling. The bars were then an-
nealed at 1000 °C for 1h in an air furnace and air-cooled. Each
bar was preheated to 850 °C for 1 h and rolled in the extrusion
direction using multiple passes (~5% per pass) to produce a total
reduction-in-thickness of 40%.

For this study miniaturized tensile specimens and dual-notch
three-point bend bars were irradiated in small ‘rabbit’ capsules
in the High Flux Isotope Reactor (HFIR) at ORNL. The tensile spec-
imen was a small sheet-type tensile specimen (gauge section
dimensions: 7.62 x 1.52 x 0.76 mm) that was tested by loading
the shoulders of the specimen heads near the gauge section using
a custom specimen holder. The fracture toughness specimen uti-
lized was a dual-notch three-point bend bar, allowing two tests
per bar; dimensions are detailed elsewhere [15]. Tensile and frac-
ture toughness specimens were machined from the rolled 14WT
and 14YWT bars and the final processed EUROFER 97 and ODS-
EUROFER plates using wire EDM. The tensile specimens were ma-
chined in the L orientation, while the bend bars were machined in
the L-T orientation as specified in ASTM E 399-06 for extruded or
rolled plate material.

Specimens were irradiated to a nominal fluence of 2.1 x 10%! n/
cm? [E > 0.1 MeV], corresponding to 1.5 displacements per atom
(dpa), in ‘rabbit’ capsules located in the HFIR center flux trap target
positions. ‘Rabbit’ capsules are small tubes made of aluminum
(6061-T6) and vanadium (V-4Cr4Ti) alloys that contain mechani-
cal and/or microstructural characterization specimens sealed in-
side. These sealed capsules were designed to maintain irradiation
temperatures of 300, 600, and 750 °C for tensile specimens and
300 °C for the bend bars. Results from later examination of SiC
temperature monitors included in the capsules during irradiation
revealed the actual irradiation temperatures for the 600 and
700 °C tensile specimen capsules were 580 and 670 * 20 °C, respec-
tively. Extensive prior experience with the 300 °C irradiation tem-
perature capsule design has repeatedly shown an actual irradiation
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temperature of 300 + 20 °C [17], therefore SiC monitors were not
measured for these capsules.

Unirradiated tensile specimens were tested from —196 to
700 °C for most of the alloys and irradiated specimens were tested
from room temperature to the irradiation temperature; all tensile
tests were performed at a strain rate of 107> s~!. Fracture tough-
ness bend bars were fatigue precracked prior to testing to produce
an initial crack length to specimen width (a,/W) ratio of 0.5; the
precise initial crack length was measured from the fracture surface
of each specimen after testing and used during data analysis for J.
and Jic calculations. Fracture toughness tests were performed in a
three-point bend configuration using the unloading compliance
method; fracture toughness testing procedures were closely scru-
tinized to ensure ASTM E 1820-06 validity requirements were
met. The fracture toughness stress intensity factors for brittle
cleavage failure behaviorK; , were calculated from the critical J-
integral values at fracture, J., and then size adjusted to results for
a 1-T reference specimen, K 1), as specified in ASTM E 1921-05.
The size adjustment of fracture toughness values in the ductile to
brittle transition region to those for a 1-T reference specimen is
used to compensate for effects caused by a relatively small fracture
toughness specimen and allow for comparative analysis with other
ferritic alloys tested in the transition region. The size adjusted
Kj.ar) values were then used to calculate a master curve reference
temperature, T,, for each material in the unirradiated and irradi-
ated condition to quantify any radiation-induced shift in FTTT. In
the fully ductile region stress intensity factors, K, , were calculated
for specimens experiencing stable crack growth using the critical J-
integral values at the onset of stable crack growth, Ji, which were
determined from J-R curves as defined in ASTM E 1820-06.

3. Results and discussion

All tensile test results are summarized in Table 1. Unirradiated
tensile results for 14YWT and ODS-EUROFER show a clear distinc-

Table 1

Tensile results for alloys tested in unirradiated and irradiated conditions. All irradiated specimens exposed to a nominal 1.5 dpa at the indicated temperatures.
Material Test temperature Yield strength uTsS Failure strength Uniform Total
(Condition) (°C) (MPa) (MPa) (MPa) elongation (%) elongation (%)
EUROFER 97 26 555 682 393 6.4 19.7
(unirradiated) 300 511 559 313 3.2 13.5
EUROFER 97 25 792 793 435 0.3 10.8
(Tire =300 °C) 300 729 730 393 0.2 8.7
ODS EUROFER 26 966 1085 725 3.8 11.7
(unirradiated) 300 911 969 685 24 9.2
ODS EUROFER 25 1243 1254 811 0.4 7.1
(Tire =300 °C) 300 1142 1145 749 0.3 6.8
14WT 26 743 935 608 11.0 21.3
(unirradiated) 300 601 726 496 6.4 13.5
14WT 20 999 1059 736 9.6 18.6
(Tire =300 °C) 300 824 949 640 9.6 18.6
14WT 24 651 881 620 10.0 18.9
(Tire = 580 °C) 580 474 535 328 34 12.7
14WT 24 727 924 657 9.9 18.9
(Tier =670 °C) 670 352 373 39 1.1 17.0
14YWT 26 1435 1564 1166 0.8 12.0
(Unirradiated) 300 1326 1384 1004 0.7 8.0
14YWT 20 1560 1641 1219 0.6 7.4
(Tire =300 °C) 300 1356 1430 1063 0.6 8.3
14YWT 24 1468 1653 1293 1.0 7.3
(Tie = 580 °C) 580 937 1040 799 1.1 8.5
14YWT 24 1443 1466 1198 0.6 7.5
(Tier =670 °C) 670 627 693 505 1.2 11.0
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Fig. 3. Total elongation versus temperature - unirradiated alloys.

tion in the magnitude of strengthening between these dispersion
strengthened ferritic alloys; with ~1450 MPa measured for yield
strength of 14YWT at room temperature, while ODS-EUROFER
yielded at ~960 MPa. The excellent high-temperature tensile
strength of the two alloys is seen in Fig. 2, where at 600 °C
14YWT and ODS-EUROFER have measured yield strengths of 690
and 460 MPa, respectively. The large yield strength observed for
14WT, 740 MPa at 26 °C, is attributed to the Ti-rich oxide disper-
sions formed in the microstructure during mechanical alloying
and extrusion. Although no Y,03 was included during mechanical
alloying of 14WT, the 0.4 wt% Ti in the base ferritic alloy cause
10-50 nm Ti-rich oxide particles to precipitate throughout the
microstructure during extrusion [18]. Elongation data for ODS-
EUROFER and 14YWT show very similar total elongation behavior,
seen in Fig. 3, with room temperature total elongation of both
alloys around 10-12%. However, uniform elongation was quite dif-
ferent; as shown in Fig. 4 the room temperature uniform elonga-
tion of ODS-EUROFER (~3.5%) was more than three times the
value observed for 14YWT (~1.0%). The uniform elongation for
14WT was larger than EUROFER 97 for all temperatures below
700 °C, where the values for the two alloys converge to about 3%.
Uniform elongation values for 14YWT and ODS-EUROFER remain
lower than those of the two non-dispersion strengthened alloys
for temperatures below 500 °C, where the values for 14WT and
EUROFER 97 decrease rapidly while the values for 14YWT and
ODS-EUROFER increase to 4.6 and 6.8%, respectively, at 700 °C.
The tensile test results for irradiated 14YWT and 14WT, shown
in Fig. 5, show yield strength of each alloy responded differently to
neutron irradiation. No considerable change in yield strength was
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Fig. 4. Uniform elongation versus test temperature — unirradiated alloys.
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Fig. 5. Yield strength of 14YWT and 14WT - irradiated to 1.5 dpa at 300, 580, and
670 °C.

observed for 14WT irradiated at 580 and 670 °C, but a significant
increase of about ~250 MPa was recorded at all test temperatures
for specimens irradiated at 300 °C. Some hardening was observed
for 14YWT specimens irradiated at 300 °C, with an increase in yield
strength of about a 125 MPa (~9% increase) at room temperature,
while an increase ranging from 10 to 215 MPa (~1-20% increase)
was observed for most specimens irradiated at 580 and 670 °C.
The tensile results for the two EUROFER alloys irradiated at
300 °C, seen in Fig. 6, showed uniform hardening for all test tem-
peratures; an increase in yield strength of 225-275 MPa (~19-
29% increase) was measured for ODS-EUROFER, while an increase
of 185-225 MPa (~36-41% increase) was observed for EUROFER
97. The total elongation for irradiated 14YWT and 14WT, seen in
Fig. 7, shows little loss of ductility for either alloy up to about
500 °C, with some irradiated 14WT specimens tested at intermedi-
ate test temperatures (~100-300 °C) actually exhibiting larger to-
tal elongations than unirradiated specimens. Above ~500 °C both
alloys show some loss of ductility for specimens irradiated at
670 °C, though more embrittlement was observed for 14WT; at
700 °C the total elongation of 14WT and 14YWT decreased by
about 25% and 6%, respectively. The elongation data for irradiated
EUROFER 97 and ODS-EUROFER in Fig. 8 show both alloys experi-
enced a loss of ductility following irradiation at 300 °C; total elon-
gation measured for EUROFER 97 decreased about 6-9%, while
ODS-EUROFER decreased about 5% for all test temperatures.
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The fracture toughness results in Fig. 9 show that the transition
from ductile to brittle fracture behavior for 14YWT occurs at very
low temperatures; stable crack growth was observed in both an
unirradiated specimen tested at —175 °C and an irradiated speci-
men tested at —150 °C. The unirradiated and irradiated data fall
on top of one another, and the irradiated upper-shelf result at
—50 °C appears to be larger than the upper-shelf results from unir-
radiated specimens. In the fully ductile region the stress intensity
converted from the J-integral at the onset of stable crack growth,
Kj., for 14YWT in the unirradiated and irradiated condition were
about 175 and 225 MPa,/m, respectively. Exposure to 1.5 dpa at
300 °C appears to have little effect on the transition temperature
but may have increased the upper-shelf values in the fully ductile
region, although these results from the small number of specimens
need to be verified with a larger sample set. The fracture toughness
results in Fig. 10 show ODS-EUROFER also has a low temperature
ductile to brittle transition, with stable crack growth observed in
an unirradiated specimen tested at —100 °C and an irradiated spec-
imen tested at —90 °C.

Master curve analysis of the fracture toughness data for each al-
loy was performed to calculate the master curve reference temper-
ature, T,, which is used to characterize the ductile to brittle
transition region and allow objective, quantitative comparison of
transition behavior between different alloys. The T, reference tem-
peratures for the four alloys are given in Table 2 for the unirradi-
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Fig. 10. Fracture toughness stress intensity values for ODS-EUROFER - irradiated
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Table 2

Master curve T, reference temperatures - unirradiated and irradiated.

Alloy T, - unirradiated (°C) T, - irradiated (°C) AT, (°C)
14WYT -188 -176 12
14WT —-112 -31 81
EUROFER 97 -120 -81 39
ODS-EUROFER -115 -30 85

ated and irradiated condition. The extruded alloys 14YWT and
14WT had T, reference temperatures of —188 and —112 °C, respec-
tively. The two EUROFER alloys also had relatively low T, temper-
atures, with —120 and —115 °C calculated for EUROFER 97 and
ODS-EUROFER, respectively, which his comparable to the T, value
of about —105 °C for the conventional RAFM steel F82H [14]. All al-
loys experienced some increase in T, reference temperature fol-
lowing irradiation, but 14YWT had the smallest shift; with only a
12 °C increase in T, following irradiation. EUROFER 97 exhibited
a moderate shift in T, of about 39 °C, while the increase measured
for 14WT and ODS-EUROFER was more pronounced at 81 and
85 °C, respectively.

The fracture toughness results for 14YWT in the unirradiated
condition show a T, value of —188 °C, an upper-shelf Kj,_ value of
approximately 175 MPa/m, while after irradiation the Kj_ values
were 190 and 225 MPa,/m with only a 12 °C increase in T,. These
favorable fracture toughness results for 14YWT are similar to an-
other nanocluster strengthened ferritic alloy designated MA957,
which was developed and commercially produced by the Interna-
tional Nickel Company (INCO) [19]. MA957 and 14YWT are very
similar: both alloys are produced through mechanical alloying
and extrusion, have similar nominal compositions: Fe-14 wt%Cr-
0.9Ti-0.3M0-0.25Y,0; and Fe-14 wt%Cr-3W-0.4Ti-0.3Y,03,
respectively, and both have been shown to contain a fine disper-
sion of small 2-10 nm Y-Ti-0O enriched nanoclusters [9,20]. Previ-
ous work with MA957 has shown the upper-shelf K values to be
about 130 MPay/m and a FTTT between —80 and —100 °C when
tested in C-R orientation [21]. The low toughness values observed
for MA957 were attributed to alumina stringers embedded in the
microstructure during extrusion, and it was predicted that an alloy
similar to MA957 with fewer stringers and reduced grain anisot-
ropy would have improved fracture toughness. The grain structure
of 14YWT has relatively fewer stringers, a sub-micrometer grain
size (~100 nm-1 pm), and a lower aspect ratio (~1-5) compared
to MA957 (~10). The preliminary results outline here show that in-
deed 14YWT has improved fracture toughness properties with in-
creased upper-shelf K values near 225 MPa,/m and a lower FTTT
of about —175 °C, compared to an upper-shelf K; value around
130 MPa,/m and a FTTT of about —80 °C for MA957 [21].

In addition to an improved grain structure, 14YWT has a very
high number density (~2 x 102 m~3) of nanoclusters that are
thought to have a coherent interface with the surrounding ferritic
matrix. Conventional oxide particles in ODS materials generally do
not have fully coherent interfaces with the surrounding lattice,
whereas recent work has suggested that nanoclusters in 14YWT
are Y, Ti, and O atoms positioned on a continuation of the body
centered cubic crystal structure that may be stabilized by O-va-
cancy pairs produced during mechanical alloying [22]. The large
oxide particles found in conventional ODS alloys may generate rel-
atively large microcracks at the particle/matrix interface, which
produce higher stress concentration at the tips of those micro-
cracks and may result in premature propagation of cracks. The
coherent structure of Y-Ti-O nanoclusters may significantly re-
duce the number and size of microcracks at the nanocluster/matrix
interface, which may increase the stress and time required to cause
microcracks to reach critical size for propagation compared to con-
ventional ODS ferritic alloys. Though nanoclusters appear to in-

crease the fracture toughness of ferritic alloys and increase
resistance to radiation-induced changes, more research is needed
to fully understand the interactions taking place between nanocl-
usters and microcrack defects.

These results suggest the nanocluster strengthened alloy
14YWT has favorable fracture toughness and is more resistant to
radiation-induced shift in FTTT compared to conventional ODS fer-
ritic alloys. The 14WT and EUROFER 97 specimens tested in the
fully ductile upper-shelf region did not experienced stable crack
growth, only crack tip blunting, and the results from these tests
were not included in the T, reference temperature calculations
for these two alloys. Crack blunting during testing in the upper-
shelf region indicate the specimen size being used is not large en-
ough for the particular material being examined to adequately
measure fracture properties in the fully ductile region. Though
there may be some difference in T, values calculated with larger
specimens, the results from these experiments do show a general
trend of greater resistance to radiation-induced increase of T, for
the nanocluster strengthened alloy relative to the other ferritic al-
loys examined.

4. Conclusions

This project provided scoping information on the effects of irra-
diation on tensile and fracture toughness properties of two
advanced dispersion strengthened ferritic alloys, 14YWT and
ODS-EUROFER, which are currently being developed for structural
applications in nuclear environments. Tensile results show that
nanocluster strengthened 14YWT has tensile strength superior to
the other ferritic alloys tested, with yield strengths of 1450 and
690 MPa measured at 26 and 600 °C, respectively. The yield
strength results for ODS-EUROFER also show significant strength-
ening compared to non-ODS-EUROFER 97, with yield strengths of
960 and 460 MPa at 26 and 600 °C, respectively. A slight increase
in yield strength (10-215 MPa, ~1-20%) was observed for most
14YWT specimens irradiated at 580 and 670 °C, while no apprecia-
ble hardening was observed for 14YWT specimens irradiated at
300 °C. Results from specimens irradiated at 670 °C show 14YWT
has good resistance to radiation-induced hardening during high-
temperature irradiation for the relatively low-dose (1.5 dpa) in this
study. The results suggest 14WT is also resistant to radiation-in-
duced hardening during high-temperature irradiation, but a con-
siderable uniform increase in yield strength of about 250 MPa
(~35% increase) was observed following relatively low-tempera-
ture (300 °C) irradiation. EUROFER 97 and ODS-EUROFER showed
some radiation-induced hardening and loss of ductility, with an in-
crease in yield strength of about 225 and 275 MPa and decrease in
total elongation of about 9% and 4.5%, respectively, measured at
room temperature following irradiation.

The fracture toughness results were favorable for all four ferritic
alloys tested and show all alloys have low FTTT, with T, master
curve reference temperatures for the unirradiated condition rang-
ing from —188 to —112 °C. Results from irradiated fracture tough-
ness tests show 14YWT is resistant to radiation-induced shift in
FTTT and degradation of the upper-shelf K;_values, with only a
12 °C increase in T, following irradiation and no decrease in Kj,
values. A moderate shift in T, (39 °C) was observed for EUROFER
97, while significant increases were exhibited by 14WT and ODS-
EUROFER, at 81 and 85 °C, respectively. The low transition temper-
ature for ductile to brittle fracture and resistance to shift in T, ob-
served for the 14YWT specimens tested show this alloy has
significantly improved fracture toughness properties relative to
previous nanocluster alloys [14]. Though the excellent fracture
toughness properties observed for 14YWT, K;  values near
225 MPay/m and T, reference temperature of —188 °C, are attrib-
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uted to a refined grain structure, the coherent structure of the Y-
Ti-O nanoclusters in these alloys may also reduce the number
and size of microcracks that improve fracture toughness relative
to conventional ODS ferritic alloys. The fracture toughness results
for this nanocluster strengthened alloy are promising, and perhaps
in the future dispersion strengthening may be used to increase the
fracture toughness of ferritic alloys and will no longer be consid-
ered a trade-off when increasing tensile strength and creep
resistance.
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