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EXECUTIVE SUMMARY

The mission of the Nuclear Energy Enabling Technologies (NEET) program is to develop cross-
cutting technologies for nuclear energy applications. Advanced structural materials with superior
performance at elevated temperatures are always desired for nuclear reactors, which can improve reactor
economics, safety margins, and design flexibility. They benefit not only new reactors, including
advanced light water reactors (LWRs) and fast reactors such as sodium-cooled fast reactor (SFR) that is
primarily designed for management of high-level wastes, but also life extension of the existing fleet when
component exchange is needed. Developing and utilizing the modern materials science tools
(experimental, theoretical, and computational tools) is an important path to more efficient alloy
development and process optimization.

Ferritic-martensitic (FM) steels are important structural materials for nuclear reactors due to their
advantages over other applicable materials like austenitic stainless steels, notably their resistance to void
swelling, low thermal expansion coefficients, and higher thermal conductivity. However, traditional FM
steels exhibit a noticeable yield strength reduction at elevated temperatures above ~500°C, which limits
their applications in advanced nuclear reactors which target operating temperatures at 650°C or higher.
Although oxide-dispersion-strengthened (ODS) ferritic steels have shown excellent high-temperature
performance, their extremely high cost, limited size and fabricability of products, as well as the great
difficulty with welding and joining, have limited or precluded their commercial applications. Zirconium
has shown many benefits to Fe-base alloys such as grain refinement, improved phase stability, and
reduced radiation-induced segregation. The ultimate goal of this project is, with the aid of computational
modeling tools, to accelerate the development of a new generation of Zr-bearing ferritic alloys to be
fabricated using conventional steelmaking practices, which have excellent radiation resistance and
enhanced high-temperature creep performance greater than Grade 91.

Using the thermodynamic database that was developed in Year 1 of this project, three series of ferritic
alloys have been developed due to the inherent void swelling resistance of ferrite (body-centered cubic) as
compared to austenite (face-centered cubic). They are T-alloys (9Cr FM steels), Z-alloys (intermetallic-
strengthened Fe-Cr-Zr alloys), and L-alloys (15Cr ferritic steels). Unlike 9Cr FM steels such as T-alloys
and P91, the Z- and L-alloys are fully ferritic alloys, without the ferrite-austenite phase transformation
during heating and cooling, leading to easier alloy fabrication. Experimental lab heats (~0.45 kg each)
were produced by vacuum arc melting and drop casting, followed by different thermomechanical
processing for respective alloy series. Chemical analysis indicated that oxygen impurity could not be
consistently well controlled in the small lab heats. A larger heat (~12.7 kg) was produced by Carpenter
Technology Corporation and achieved a low level of oxygen content, suggesting that oxygen impurity can
be well controlled at industrial facilities.

As compared to P91, T-alloys were designed to have increased MX, reduced M»;C¢, and eliminated
Z-phase for better high temperature strength. Significantly finer MX (~5 nm) precipitates with about two
orders of magnitude increase in density have been observed in some of the T-alloys. Z-alloys were
designed to have fine eutectic structure of ferrite and Fe,Zr Laves phase. The fraction of the eutectic
component has resulted in significant difference in microstructures of the Z-alloys. Additionally, thermal
aging favors the formation of a large number of fine Laves phase particles on the order of ~100 nm in the
ferritic matrix. L-alloys were designed to have strengthening sources primarily from Fe,W-type Laves
phase, assisted with grain refinement by Zr addition. Thermal aging of a L-alloy at 700°C for 7800 h
manifested the formation of a large number of such Laves particles with size ranging from as small as ~90
nm in the ferritic matrix up to a few hundred nanometers at grain boundaries. The formation of such
Laves particles did not result in significant changes in hardness. Thermal aging of the T- and Z-alloys at
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600 and 700°C, targeting up to 5000 h, is in progress. The aging effect on microstructures and
mechanical properties of these alloys will be explored.

Vickers hardness measurements indicate that T-alloys have hardness close to the upper bound of P91
(265 HV) but L-alloys are slightly lower than the lower bound of P91 (196 HV). Z-alloys exhibited a
large variation in hardness from the lower bound of P91 to the values significantly higher than the upper
bound of P91. Due to the limited size of the developmental lab heats, type SS-3 miniature specimens
were used for tensile and creep rupture tests. L-alloys showed the lowest strength, which is lower than or
comparable to P91. T-alloys exhibited the highest strength, significantly higher than P91 at the testing
temperatures up to 800°C. Depending on specific alloys, Z-alloys displayed strength either inferior or
superior to P91 at temperatures less than ~500°C. However, the high temperature (above 500-600°C)
strength of the Z-alloys became similar, which is comparable to T-alloys and noticeably greater than P91.
The total elongation of the three series of alloys was lower or comparable to P91, most of which are
satisfactory considering the significantly smaller testing specimens used in this work (~1.5% of the gauge
cross-section area of the regular specimens used for P91). Creep testing of T- and Z-alloys at 600 and
650°C indicated that Z-alloys had creep resistance comparable or superior to T-alloys, both of which have
improved creep resistance as compared to P91.

A total of twelve T-, Z-, and L-alloys were irradiated using 2 MeV protons at 420°C up to either ~0.1
dpa or ~1 dpa. Vickers microhardness measurements indicated the largest radiation hardening of the L-
alloys (~120%) and the smallest hardening of the T-alloys (~15-40%) after ~1 dpa irradiation. The Z-
alloys exhibited a large variation in hardening (~30-90%), suggesting a strong and variable microstructure
effects. XRD and STEM/EDS investigations suggested the formation of a large amount of radiation-
induced precipitates in the L-alloys and a small amount in the Z-alloys but none in the T-alloys, which is
qualitatively consistent with the largest hardening of the L-alloys and the smallest hardening of the T-
alloys. Detailed microstructural characterization of the irradiated samples is in progress.

According to the collected results, the L-alloys exhibited low strength, high radiation hardening, and
dynamic precipitation of secondary precipitates during thermal aging and irradiation. Additionally, as
suggested by the thermodynamic calculations, a’-phase (Cr-rich) is expected to precipitate during long-
term aging and is accelerated by irradiation at temperature below ~500°C due to the high Cr content in the
L-alloys. Therefore, alloy development of L-alloys will not be continued. Alloy development efforts will
be focused on the T- and Z-alloys, which have superior high temperature strength and radiation
resistance.
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1. BACKGROUND

Nuclear power currently provides a significant fraction of the United States’ non-carbon emitting
electric power generation. In future years, nuclear power must continue to generate a significant portion
of the nation’s electricity to meet the growing power demand, clean energy goals, and ensure energy
independence. New reactors will be an essential part of the expansion of nuclear power. However, given
limits on new builds imposed by economics and industrial capacity, the extended service of the existing
nuclear fleet will also be required. Advanced structural materials with superior performance at elevated
temperatures are always desired for nuclear reactors because they can improve reactor economics, safety
margins, and design flexibility. They benefit not only new reactors including advanced light water
reactors (LWRs) and fast reactors such as sodium-cooled fast reactor (SFR) primarily designed for
management of high-level wastes, but also life extension of the existing fleet when component exchange
is needed.

Ferritic-martensitic (FM) steels are an important category of structural materials because of their
outstanding resistance to radiation-induced void swelling (e.g., ~1 vol.% per 100 displacement-per-atom
(dpa) in FM steels versus ~1 vol.% per 10 dpa in austenitic stainless steels at temperatures above 300°C
[1]), high thermal conductivity, and low thermal expansion coefficients compared to austenitic stainless
steels [2]. The body-centered cubic (bcc) structure of ferrite provides the inherent resistance to void
swelling compared to face-centered cubic (fcc) structure of austenitic alloys [3]. The formation of
martensite followed by the tempering treatment introduces a large amount of lath boundaries and
dislocations into the ferrite matrix, leading to refined precipitates and increased strength with decent
fracture toughness [4]. However, the dislocations and lath boundaries are not stable at elevated
temperatures, resulting in softening due to the impaired pinning effect induced by the instability of
precipitates [4,5]. Zirconium (Zr) has shown many benefits to Fe-base alloys, such as introduced ultrafine
new phases, improved coarsening resistance of Zr-bearing phases [6], and reduced radiation-induced
segregation (RIS) [7,8]. Thus, it is expected that Zr has a beneficial role in improving high-temperature
performance. This project is to develop Zr-bearing ferritic alloys aided by computational alloy
thermodynamics.

In contrast to traditional experimental trial-error method, computational alloy thermodynamics, a
scientific approach to systematically study the relationship between thermodynamic properties and phase
stability, provides effective and economic practices for alloy development. The primary microstructures
of new alloys can be simulated on a desktop computer within a short period of time, which guide the
design of new alloys for experimental verification and performance examination. To facilitate the
development of Zr-bearing ferritic steels, a thermodynamic database of Fe-C-Cr-Mo-Nb-Ti-W-Zr had
been developed in Year 1 of this project. The computational thermodynamics tool helped design of Zr-
bearing ferritic steels in three series: (I) 9Cr FM, (II) intermetallic-strengthened Fe-Cr-Zr alloys, and (I111)
high-Cr (> 12Cr) ferritic steels.

During the course of alloy development activities in Year 1, it was found that Zr addition greatly
reduces the stable temperature regime of austenite and increases the formation temperature of Laves
phase, which prevents the martensite formation. Therefore, only a small amount of Zr has been designed
in 9Cr FM steels, which have exhibited tensile properties comparable to or moderately improved over
Grade 91. A thermomechanical treatment (TMT) was applied to the alloy showing a moderate
improvement, which exhibited refined microstructure and increased hardness. Eutectically formed Fe,Zr
intermetallics in Fe-Cr-Zr alloys led to significant improvements in both strength and ductility at elevated
temperatures as compared to Grade 91. The Laves phase displayed excellent coarsening resistance during
aging at 750°C for 1800 h. The aging led to slight improvements in creep life without noticeable
reductions in creep strain. However, the room temperature tensile ductility of the alloys was poor.



Composition adjustment and appropriate TMTs will be developed to favor dispersive Fe,Zr particles in
the matrix for superior strength with adequate ductility. The developed high-Cr ferritic steels have shown
controllable tensile properties by TMTs that favor the formation of an increased amount of refined
precipitates. Due to the high affinity of Zr to nitrogen and oxygen, it is critical to minimize those
impurities during the fabrication of the Zr-bearing alloys to have superior performance.

This report describes the progress of optimization and testing results of Zr-bearing ferritic steels in
Year 2 of this project. It is organized as the following: 1) computational thermodynamics aided alloy
design, 2) alloy fabrication and microstructural characterization, 3) basic mechanical properties, 4) ion-
irradiation experiments, and finally 5) a summary of the findings.



2. COMPUTATIONAL THERMODYNAMICS AIDED ALLOY DESIGN

2.1 COMPUTATIONAL THERMODYNAMICS

Thermodynamic properties of phases in the Fe-C-Cr-Mo-Nb-Ti-W-Zr system were modeled for the
development of Zr-bearing ferritic steels. Computational thermodynamics based on the CALPHAD
(CALculation of PHAse Diagram) approach [9] is used to develop thermodynamic models of phases in
this multicomponent system. The essence of this approach is to develop self-consistent thermodynamic
models of phases which cannot only describe thermodynamic properties but also phase equilibria of
materials. The most important component of computational thermodynamics is to develop the
thermodynamic database that is a compilation of Gibbs Energy functions of phases in a system. For each
Gibbs energy function, there are two components, thermodynamic models and model parameters. The
most frequently used models are solution, compound energy formalism, and line compound [10]. The
model selection is based on the crystal structures, defect types and ordering information of phases. Model
parameters are optimized based on experimental data such as phase boundary and thermodynamic
property measurements such as activity and enthalpy of formation. Successful thermodynamic modeling
requires simultaneously satisfying different properties of phases using one set of Gibbs energy functions.
For multicomponent systems where the experimental information is often lacking, the advantage of this
approach is that the Gibbs energies of multicomponent phases can be derived from its constituent lower
order systems through different geometric rules such as Redlich-Kister expansions [11]. Based on the
obtained Gibbs energies, phase property such as fraction (mole, weight and volume), composition,
solidus, liquidus at different temperatures and alloy compositions in an unknown system can be calculated
by numerically finding the lowest energy minimum of the system. The software used in this work for
computational thermodynamic calculation is Pandat [12].

2.2 ALLOY DESIGNS

Using the thermodynamic database and computational tool that were developed in Year 1 of this
project, three series of alloys have been explored. A number of alloys have been designed in each alloy
series. The detailed compositions of the alloys are not presented here due to potential proprietary
concerns. Examples of the alloys in each alloy series can be found in the previous report [13].

2.2.1 9Cr FM Steels (T-Alloys)

This group of alloys is designated as T-series alloys (Fe-9CrWMoVNbTaTiZr). The T-series FM
steels have 9 wt.% Cr and are alloyed with W and Mo for solution strengthening, which favors Laves
phase, and Nb, Ta, Ti, and Zr for precipitates (primarily MX-type) strengthening. The 9Cr FM steels are
considered because they have lower d-ferrite formation tendency, lower o’ formation tendency under
irradiation, and lower tendency to increase the ductile-brittle transition temperature (DBTT) under
irradiation, as compared to 12Cr FM steels. The properties generated from this series of alloys will be
compared to the commercial 9Cr FM steels such as P91 and/or T91.

The calculated temperature-dependent mole fraction of phases in a T-alloy, named as TTZ1, is shown
in Figure 1. The calculated phase fraction of a NIMS heat of P91 [14] is plotted in the same scale in Figure
1 for comparison. Similar to P91, a conventional 9Cr FM alloy, the T-alloy is primarily composed of
austenite at high temperatures with a decent range of austenite temperature window, at which
normalization treatment is usually conducted, e.g., ~1100°C. The alloying of additional ferrite stabilizers
in the T-alloy slightly reduced the austenite temperature window as compared to P91. Ferrite primarily
exists at intermediate and lower temperatures, at which tempering is usually conducted, e.g., ~750°C.
Similar to P91, this series of alloys experiences the ferrite-austenite phase transformation at temperatures



between about 800 and 850°C. Figure 1 shows a fraction of y-axis ranging from 0-0.025 to facilitate the
reading of phases with small fractions. Three precipitate phases, designated as MX (primarily carbides),
M,;C¢ and Laves phase, are predicted in the T-alloy. In contrast, an additional phase, designated as Z-
phase, is predicted in P91 at low temperatures, which is transformed by consuming up MX (primarily
nitrides) at high temperatures. Comparing to P91 in Figure 1, the T-alloy satisfies the following alloy
design expectations of this alloy series: 1) increased amount of MX, 2) reduced amount of M»;Cq, and 3)
suppressed the formation of Z-phase.
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Figure 1. Calculated temperature-dependent mole fraction of phases in a T-alloy as compared to P91.



2.2.2 Intermetallic-Strengthened Fe-Cr-Zr Alloys (Z-Alloys)

This group of alloys is designated as Z-series alloys (Fe-12CrZrWMo). The Z-series alloys are Fe-
base ferritic alloys, primarily composed of 12 wt.% Cr and different amounts of Zr with some alloying of
W, Mo, Si, Mn, and Ni. The Z-series alloys develop Fe,Zr-type Laves phase during solidification,
leading to fine eutectic microstructures, and form intermetallics following thermomechanical treatment.

Based on the Fe-Cr-Zr ternary phase diagram, the eutectic composition of the Bcc a2 (ferrite) and
Fe,Zr Laves phases is ~14 wt.% Zr [15]. Z-series alloys are designed to form in-situ composites of Fe,Zr
and Bcc_a2 by forming ultra-fine eutectic microstructure from liquid. The Fe,Zr intermetallic compound
is designed as a strengthening component, and the Bee a2 phase provides necessary toughness. The
relative amount of each phase is critical to reach a balance of mechanical properties. The Fe,Zr phase has
a hexagonal Laves C14 structure. It should be noted that there is a substantial amount of Cr participating
in the Fe,Zr C14 Laves phase. In addition to Cr and Zr, small amounts of Mo, W, Si, Mn, and Ni were
also added to tune the properties of materials. The calculated temperature-dependent mole fraction of
phases in Z-alloys with alloys Z6, Z7, and Z9 as examples are shown in Figure 2. The Z-alloys are located
in the primary phase region of Bcc_a2. Their solidification path is Liquid—Bcc_ A2 followed by the
eutectic reaction of Liquid—Bcc A2+Fe,Zr. The major difference from Z6 to Z9 is the composition of
Zr which decreases in sequence, directly leading to the sequential reduction of eutectic in microstructures.
In alloy Z6, the polymorphic Laves C15 (cubic) structure of Fe,Zr could form, depending on the heat
treatment or testing temperature. In alloys Z7 and Z9, only Laves C14 phase is stable. Compared to T-
alloys, Z-alloys do not have a ferrite-austenite phase transformation.
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Figure 2. Calculated temperature-dependent mole fraction of phases in Z-alloys (a) Z6, (b) Z7 and (c) Z9.

2.2.3 High-Cr Ferritic Steels (L-Alloys)

This group of alloys is designated as L-series alloys (Fe-15CrWMoNbTiZr). The L-series alloys are
Fe-base ferritic steels, having 15 wt.% Cr and alloyed with W, Mo, Nb, Ti, and Zr. Carbonitrides of Zr,
Ti and Nb help grain refinement. Laves phase, primarily Fe,W-type, precipitates from the ferritic matrix
through solid-state reaction during testing and services, which acts as secondary strengthening mechanism
in addition to the primary solid solution strengthening. This series of alloys is anticipated to have better
corrosion resistance than the lower Cr steels and less stress corrosion cracking (SCC) issues compared to
300-series austenitic stainless steels.

Figure 3 shows the calculated temperature-dependent mole fraction of phases in L-alloys with alloys
LTZ1 and LNTZ as examples. Similar to the Z-alloys, L-alloys are fully ferritic matrix below their
melting points. The major difference between alloys LTZ1 and LNTZ is the amount of Laves phase and



MX. Alloy LNTZ has an additional o-phase. As compared to the Z-alloys with 12Cr, the 15 Cr L-alloys
favor the formation of o Cr phase at higher temperatures in greater amounts.

010 L 1 L 1 L 1 L 1 L 1
LTZ1
0.08 -
7]
0]
@
£ 0.06 1
o
Y
(o]
c
2
S 004
y—
9
o
=
0.02 -
0.00 ' T T T T T T T T T T
400 600 800 1000 1200 1400 1600
Temperature (°C)
010 L 1 L 1 L 1 L 1 L 1
LNTZ
— Liquid
0.08 4 ——Bcc_a2
— MX
()
o —— Laves
£ 006- — MX
w— — Sigma
(o]
° —a.Cr
02
S 0044
[y
2
o
=
0.02
0.00 AN \‘
. ' T T T T T T T T T
400 600 800 1000 1200 1400 1600

Temperature (°C)

Figure 3. Calculated temperature-dependent mole fraction of phases in L-alloys of LTZ1 and LNTZ.



3. ALLOY FABRICATION AND MICROSTRUCTURAL CHARACTERIZATION

3.1 ALLOY FABRICATION AND THERMOMECHANICAL TREATMENT

Due to the similarity between the T-alloys and P91, the experience on steelmaking and welding of
P91 can be directly borrowed for the T-alloys. The lack of ferrite-austenite phase transformation during
heating and cooling in the Z- and L-alloys simplifies their steelmaking processes and allows for higher
application temperatures as compared to FM steels.

The experimental ingots, about 0.45 kg each with a size of 2.5 x 2.5 x 10.5 cm’, of the designed
alloys have been fabricated using vacuum arc melting and drop casting. Getters of zirconium and
titanium were used during the melting and casting to mitigate oxygen and nitrogen contaminations. An
example of the chemistry control of the ingots in terms of the amounts of impurities oxygen (O) and
sulfur (S) and trace element nitrogen (N) is listed in Table 1. Their contents were analyzed using
Instrumental Gas Analysis (IGA). Impurity S was well controlled to an acceptable low level, ranging
from 21 to 33 ppm (part-per-million). However, impurity O level was more difficult to control, which
ranged from 39 to 460 ppm. The variations in the impurity O level were not closely dependent on the
alloyed amount of elements that have high affinity to oxygen. The N level could be relatively well
controlled down to <10 ppm by best practice. To examining impurity O level control capability for larger
heats, a LNTZ alloy, about 12.7 kg, was fabricated using vacuum induction melting by Carpenter
Technology Corporation. The first practice of the LNTZ heat may suggest that impurity O level can be
well control at industrial facilities. Furthermore, the application of vacuum arc remelting or electro-slag
remelting at industrial facilities will be able to further reduce the impurity content.

Table 1. Chemical analysis results (wt.%) of O, N and S in the T-, Z-, and L-alloys.

Alloy O N S

T-alloys T1 0.0079 0.047 0.0021

T2 0.0039 <0.001 0.0024

Z7 0.023 0.0052 0.0022
Z-alloys 78 0.0072 0.0034 0.0027

79 0.0071 0.001 0.0033

LTI 0.046 0.0051 0.0028

LZ1 0.016 0.035 0.0029
L-alloys

LTZ1 0.013 <0.001 0.0026
LNTZ 0.0035 0.0019 0.001

The as-cast ingots of the alloys were subjected to different thermomechanical treatments. The basic
processing of the T-, Z-, and L-alloys are listed in Table 2. A homogenization process, which was about
0.8 of the melting temperature of the alloys or as low as the normalization temperature, was conducted on
the alloys to obtain homogenous chemical compositions in microvolumes. Hot rolling was applied to the
annealed ingots to achieve more than 50% thickness reduction. Cross-rolling was also applied to improve
the straightness of the work pieces and reduce textures developed during the rolling processing.
Significant amounts of dislocations have been generated during the rolling, which not only increase alloy
strength but also serve as nucleation sites of precipitates during the following processing and testing. The
Z-and L-alloys were air cooled (AC) after the hot rolling processing. In contrast, the T-alloys were
subjected to normalization at about 1100°C after the hot rolling to dissolve as much as possible
precipitates in the austenite matrix. The normalized T-alloys were water quenched to ambient
temperature and then tempered at 750°C followed by air-cooling. The times for the different types of



heat treatments ranged from 15 to 60 min. depending on the applied temperature and the thickness of the
work pieces.

Table 2. Processing of the T-, Z-, and L-alloys

Alloy Processing
T-alloys  Homogenization + hot rolling + Normalization + Tempering + AC
Z-alloys Homogenization + hot rolling + AC
L-alloys Homogenization + hot rolling + AC

3.2 MICROSTRUCTURAL CHARACTERIZATION

Optical microscopy (OM), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) have been primarily employed to characterize the microstructures of the developed
alloys.

3.2.1 T-Alloys

The microstructures of T-alloys are presented in Figure 4 using alloys TTZ1 and TT1 as examples.
The optical images reveal the overall microstructures at a low magnification, while the secondary electron
images exhibit some detailed microstructures at a high magnification. There is no significant difference
between the two alloys. Tempered martensite developed in both of the alloys.

g b o T -

Figure 4. Optical images (OI) and secondary electron images (SEI) of T-alloys.



Bright-field (BF) TEM image of alloy TTZ1, as shown in Figure 5, shows the detailed precipitates and
dislocation microstructures. Three M,;Cs particles, less than ~100 nm by particle length, precipitated at
the prior-austenite grain boundary at the bottom left of the BF image. The lath width is about ~250 nm
according to the small contrast variation from the near center to the up right of the BF image. A large
amount of ultra-fine precipitates (~5 nm) formed in alloy TTZ1, on the order of 10* m™. Additionally, a
large amount of dislocation on the order of 10'* m™ developed in the alloy. The high density of ultrafine
precipitates, high density of dislocations, and fine lath width would all contribute to superior strength at
high temperatures. For comparison, a BF image of P91 is included in Figure 5, which shows only a few
precipitates in nanoscales.

Figure 5. Bright field (BF) TEM images of alloy TTZ1 as compared to P91.

3.2.2  Z-Alloys

Backscattered electron imaging (BEI) mode of SEM was used to examine the microstructures of the
Z-alloys. Figure 6 show the examples of alloys Z4, Z7 and Z9 that have a decreasing content of Zr in
sequence. The bright white features are eutectic of Fe,Zr and ferrite, except for the few large white
particles in alloy Z4, which are the primary phase of Fe,Zr. The gray and dark features are ferrite matrix
in slightly different grain orientations. Figure 6 indicates the increase of ferrite matrix with the reduction
of Zr in the alloys, which is consistent with the calculation results presented in Figure 2.
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Figure 6. Backscattered electron images (BEIs) of Z-alloys.
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Some of the alloys, including the T-, Z-, and L-alloys, are being aged at 600, 650, and 700°C, with a
planned time up to 5000 h. Figure 7 shows an example of alloy Z9 aged at 650°C for 575 h. No
significantly difference occurred on the eutectic structures according to the BEIs in Figure 6 and 7.
However, lots of fine Laves phase particles in a size of ~100 nm formed in the ferrite matrix as shown in
the right BEI of Figure 7, which would improve the strength of the alloy after aging.

Figure 7. Backscattered electron images (BEIs) of alloy Z9 aged at 650°C for 575 h.

3.2.3 L-Alloys

The microstructure of L-alloys is shown in Figure 8 using alloy LNTZ as an example. The BEI of
alloy LNTZ in the as-received (AR) or as-fabricated condition shows many particles in a size of ~2 um,
which refines the microstructure. Thermal aging of the alloy sample was conducted at 700°C for 7800 h.
The BEI at a low magnification exhibits many white particles decorating boundaries, which have a size of
a few hundred nanometers. A high density of fine white particles in a size of ~90-350 nm is revealed in
the ferrite matrix of the BEI at high magnification.

Figure 8. Backscattered electron images (BEIs) of alloy LNTZ in the AR and aged (700°C for 7800 h)
conditions.
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4. BASIC MECHANICAL PROPERTIES

4.1 HARDNESS

Vickers microhardness measurement was conducted on the metallographic samples according to the
ASTM standard E384-11, “Standard test method for Knoop and Vickers hardness of materials.” Five
measurements with a load of 1 kgf and a holding time of 15 s were conducted for each sample of the
designed alloys.

The Vickers microhardness average values of the developed three series of alloys are plotted in Figure
9. Each bar denotes a different alloy. The hardness of T-alloys is in a range of 238-273 HV1, Z-alloys in
arange of 207-326 HV1, and L-alloys in a range of 168-203 HV1. As compared to P91, having a
hardness range of 196-265 HV specified in the ASTM standard A335-11, “Standard specification for
seamless ferritic alloy-steel pipe for high-temperature service”, the hardness of T-alloys is about at the
higher range of P91. In contrast, the hardness of L-alloys is lower than or comparable to the lower range
of P91. Z-alloys exhibited a large variation in hardness from the values similar to the moderate hardness
of P91 to that significantly higher than P91.
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Figure 9. Vickers hardness (HV1) of T-, Z-, and L-alloys as compared to P91.

4.2 TENSILE PROPERTIES

Type SS-3 miniature specimens were used to screen tensile properties of the designed alloys due to
their limited heat size. The specification of this type of specimens is shown in Figure 10. The specimens
were machined from the heats with specimen length parallel to the longitudinal direction of the heats.
Tensile testing was conducted on the specimens at temperatures from ambient temperature up to 800°C in
accordance with the ASTM standard E8/E8M-13a, “Standard test methods for tension testing of metallic
materials” and E21/E21M-09, “Standard test methods for elevated temperature tension tests of metallic
materials.” Tests were performed using a MTS tensile testing system with a load cell possessing 22 kN
(5,000 1bf) capacity, which is integrated in the load train and placed in the water-cooled zone below the
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hot zone of the furnace. Due to the small specimen size, an extensometer was not used during the tests.
Tensile testing was performed at a crosshead speed of 0.0076 mm/s (0.018 in/min), corresponding to a

nominal strain rate of 0.001 s. The tensile testing system, load cells, and furnace thermocouples were
regularly calibrated.

Stamped or engraved identification on each side;

1.000 letters on one side and numerical on the other.
Ends are marked opposite from one another,
0.350 0.300
— 0.150 [~ /
W \ / r0.030
0.19520.001 § g 1 -
| ! '
L < N
J w2
0.097520.0010 w2 +0,001
w1 - = 0.03«3_0_000
5
R32
(typ. - 4 places) W1 = 0.060 £0.001
W2 = 0.0005 to 0.0010 greater than W1;
. . . . with smooth transition from W1 to W2,
Specimen identification:
Notes:
1. Tolerances: . .
XXX = 001 SS-3 Tensile Specimen
XXXX = 20.005
2. All machined surfaces, 32 finish or better. Drawing #: NMST-092905
3. No burrs. Keep sharp edges on entire specimen. Drawn by: Eric Manneschmidt

Figure 10. Specification of type SS-3 specimen (unit: inch).

4.2.1 T-Alloys

The tensile stress-strain curves of two T-alloys in the as-received (AR) and a thermomechanical
treatment (TMT) conditions are shown in Figure 11. Each line denotes one alloy. Only the testing
temperatures of 24, 400 and 700°C are included in this figure. The 400°C test temperature was included
because 9-12Cr FM steels usually exhibit the minimum total elongation around this temperature. Figure
11 indicates that the two T-alloys have very similar tensile properties with strength decreasing with the
increasing testing temperature and the minimum total elongation at 400°C as compared to the testing at
24 and 700°C. The major difference in Figure 11 is the elongation of the T-alloys in the TMT condition,
which is significantly larger than the alloys in the AR condition. The uniform elongations of the TMT
samples are noticeably larger than those of the AR samples tested at room temperature.
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Figure 11. Typical tensile stress-strain curves of the T-alloys in the AR and TMT conditions.

To have a clear picture on the effect of testing temperature on strength and elongation, the testing
results of yield strength and total elongation of the two T-alloys are plotted as a function of testing
temperature up to 800°C as shown in Figure 12. Each line denotes one alloy. The literature data of P91
are included for comparison [14]. The P91 was tested using regular specimens with a round 10 mm
diameter gauge section. The gauge cross-section comparison of the testing specimens used in this work
(1.16 mm?) and the NIMS P91 (78.5 mm?) is shown as an inset in Figure 12. The two T-alloys have very
similar yield strength and total elongation in both the AR and TMT conditions at testing temperatures.
The yield strength of the T-alloys in the AR condition is approximately 100 MPa higher than the alloys in
the TMT condition. At temperatures above ~550°C, the yield strength of the TMT samples is about 100
MPa higher than P91. Higher strength of alloys is usually associated with lower ductility, which is
clearly manifested in the T-alloys in the AR condition having total elongations ranging from ~12% to
~21%. In contrast, the total elongations of the T-alloys in the TMT condition are noticeably greater than
the AR condition and close to that of P91, especially considering the significantly smaller specimen size
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used in this work. According to the ASTM standard A335-11, a minimum of 20% total elongation is
required for P91 tested using regular specimens at room temperature. For miniature specimens, however,
the minimum total elongation (E) is calculated by E = 32t (in.) + 10.00, or E = 1.25t (mm) + 10.00. For
the SS-3 specimen with a thickness of 0.762 mm (0.03 in.), the minimum total elongation is 10.95% at
room temperature. The T-alloys in both the AR and TMT conditions satisfy this requirement.
Furthermore, the total elongation of the T-alloys in the TMT condition is expected to be comparable or
superior to P91.
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Figure 12. Temperature-dependent yield strength and total elongation of T-alloys in the AR and TMT
conditions as compared to P91.

4.2.2 Z-Alloys

Similar to Figure 12, the temperature-dependent yield and tensile strength and total elongation of four
Z-alloys are plotted in Figure 13 at testing temperatures up to 800°C. Each line denotes one alloy. The
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data of P91 are included for comparison. Yield and tensile strength are denoted using open and solid
symbols and lines, respectively.
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Figure 13. Temperature-dependent yield and tensile strength and total elongation of Z-alloys as compared to
PI1.

The yield strength of the Z-alloys is lower, comparable, or higher than P91 at temperatures below
~500°C, above which the Z-alloys exhibited greater yield strength than P91. In contrast, the tensile
strength of the Z-alloys are greater than P91 at all the testing temperatures up to 800°C. The yield
strength of the Z-alloys is lower than that of the T-alloys at temperatures below ~600°C, but then
becomes comparable to that of the T-alloys at higher temperatures. The total elongations of the Z-alloys
range from ~7% to ~19% at room temperature, which are decent considering the miniature testing
specimens. The total elongations approximately increase with increasing temperature up to more than
50% at 800°C, without a distinct minimum total elongation as P91 at 400°C. Figure 13 indicates that Z-
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alloys have a large designable range to have a balanced strength and ductility, which have superior
strength at high temperatures as compared to P91.

4.2.3 L-Alloys

Similar to Figure 12, temperature-dependent yield strength and total elongation of two L-alloys in the
AR and TMT conditions are shown in Figure 14. Each line denotes one alloy in a respective condition.
The data of P91 are included for comparison. The L-alloys in the AR condition had lower strength and
higher total elongation than P91. The TMT increased the strength of the L-alloys to be comparable to
P91 but decreased their total elongation lower than P91. This series of alloys is expected to precipitate
secondary Laves phase during thermal aging (e.g., Figure 8) and testing or service, usually under relatively
low stresses. Such dynamic precipitation of Laves phase may be accelerated under irradiation condition.
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Figure 14. Temperature-dependent yield strength and total elongation of L-alloys in the AR and TMT
conditions as compared to P91.
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4.3 CREEP RESISTANCE

Type SS-3 miniature specimens, with the specimen length parallel to the longitudinal direction of the
heats, were prepared for creep rupture testing. The specimen shoulders were used to apply tensile loads
during the tests. The ASTM standard E139-11, “Standard test methods for conducting creep, creep-
rupture, and stress-rupture tests of metallic materials,” was referenced during the tests. The testing was
primarily conducted at 600 and 650°C with a load below 260 MPa. Only a couple of specimens of L-
alloys were tested at high loads, which indicated very short creep life, inferior to P91. Therefore, creep
testing of L-alloys was not continued. Figure 15 shows an example of the creep resistance of a few T- and
Z-alloys in the AR condition at 650°C. The literature data of NIMS P91 [14] and SUS 304-HP stainless
steel [16] are included for comparison. The Z-alloys exhibited slightly greater resistance to the creep
testing at 650°C as compared to the T-alloys. The limited data indicate that the T- and Z-alloys had creep
life comparable or superior to P91, and close to the SUS 304-HP. The creep curves of a T-alloy and a Z-
alloy tested at 650°C and 110 MPa in Figure 15 illustrate the creep strain evolutions of the specimens
during the creep rupture tests, which had significantly longer creep lives but smaller creep rupture strains
than P91. Considering the miniature SS-3 specimen, the creep rupture strains of the T- and Z-alloys are
satisfactory. It has been found that Z-alloys had noticeably higher creep rupture strains than T-alloys
tested at 600 and 650°C.
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Figure 15. Plots of stress-creep life and strain-creep time showing the creep resistance of T- and Z-alloys at
650°C.

4.4 THERMAL AGING EFFECTS ON MECHANICAL PROPERTIES

Thermal aging is expected to exert significant effects on microstructures such as dislocation density,
new precipitates formation and the stability of pre-existing precipitates, resulting in potential changes in
mechanical properties. For example, the thermal aging experiment on alloy LNTZ at 700°C for 7800 h
led to the formation of many fine particles as shown in the BEIs of Figure 8. The hardness of the aged
sample was measured to be 176 +4 HV1 that is comparable to the as-received condition of 179+ 9 HV1.
Type SS-3 specimens of the developed T- and Z-alloys are being aged at 600 and 700°C, targeting up to
5000 h by late this year. The aging effect on hardness, tensile properties and creep resistance will be
evaluated.
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5. ION-IRRADIATION EXPERIMENTS

A total of twelve T-, Z-, and L-alloys were irradiated using 2 MeV protons at 420°C up to either ~0.1
dpa or ~1 dpa. Vickers microhardness measurements were performed on all irradiated samples and their
unirradiated counterparts. Precipitate formation during irradiation was investigated by X-ray diffraction
(XRD). Investigations for identifying radiation-induced microstructural evolution including
morphologies and chemistry have been initiated. The following sections describe the irradiation
experiments and experimental findings.

5.1 EXPERIMENTAL PROCEDURE
5.1.1 Proton Irradiation
Prior to ion irradiation, all alloys were cut into 5x5 mm® pieces and polished to mirror finish thin

foils, from which 3 mm diameter TEM discs were punched out and cleaned ultrasonically as shown in
Figure 16.

Figure 16. Photos of as-received alloy samples (left) and prepared polished 3-mm disks (right).

A total of twelve T-, Z-, and L-alloys have been irradiated by 2 MeV protons using the 1.7 MV ion
beam accelerator at the University of Wisconsin-Madison. The 3 mm diameter samples were attached to
a stainless steel sample holder using water-soluble carbon paste. The incident ion beam, normal to the
sample face, was rastered across a well-defined aperture exposing the samples uniformly to the H ions.
The beam current ranged between 10-13 pA, resulting in a proton flux of about 3x10" p/(cm’s) and a dpa
rate of 3x10°® dpa/s. The sample temperature of 420°C was maintained through a combination of beam
heating and air cooling on the back side of the samples, recorded on the right and left sides of the sample
holder using two type-K thermocouples (see Figure 17). The irradiation chamber pressure was at or below
1x10°° Torr before and during the irradiation. The irradiation with 2.0 MeV protons, corresponding to a
projected range R, =19 um (see Figure 18), was conducted on the samples to fluences of 1.1x10" and
1.1 x 10" p/em?, which correspond to damage levels of ~0.1 and ~1dpa at a depth of 15 pm,
respectively.
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Figure 17. Sample and thermocouple arrangement in the irradiation stage with six samples ready for 2 MeV
proton irradiation at 420°C up to ~1 dpa.
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Figure 18. Damage profile in a model Fe-15Cr alloy irradiated by 2 MeV protons to a level of 1 dpa at 15 pm.
Calculation was performed using SRIM-2012.03 assuming th displacement threshold energies to be 40 eV for
all elements.
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5.1.2 X-Ray Diffraction and Transmission Electron Microscopy

Structural characterization was performed using X-ray diffraction (XRD) as well as TEM in both
conventional and scanning modes coupled with energy dispersive X-ray spectroscopy (STEM/EDS) to
understand the evolution or suppression of any phases during irradiation in the developed alloys.

The XRD analysis of all the alloys was performed on Bruker D8 Discovery at 50 kW and 1000 pA,
using Cu anode with A=1.54184 A. A 0.5 mm incident slit and 0.5 mm collimator in combination with
the Montel mirror and Soller mount were used. The 2D Vantec 500 detector was located 200 mm from
the sample. Standard 0-20 scans were taken at the range between 20°-85° with three steps (300 s/step)
starting at 20 = 25° and increment of 25°. In order to include the maximum number of grains (as large as
a couple of hundreds of micrometers for L-alloys) in the XRD analysis, the x-y rastering (1 mm by 1 mm,
x-speed: 0.1 mm/s, y-speed: 0.2 mm/s) with simultaneous phi rotation (360°, speed 72°/s) was performed.
Same parameters were used for all investigated samples and 1-3 samples per condition, i.e., 0 (reference),
0.1, and 1 dpa, for all the alloys were measured.

X-ray penetration depth was calculated to determine the thickness of the damage zone being
investigated. The mass absorption coefficients for Fe and Cr for the Cu-Ka radiation are 302 and 247
cm®/g. Using the L-alloys with a nominal density of 7.77 g/cm’ as an example, the mass absorption
coefficient of this series of alloys is expressed as follows:

(E> = 0.85x302 + 0.15%247 = 294 (cm?/g)

P L—alloys
The linear absorption coefficient is then:

Ui—alloys = 294x7.77 = 2284 (cm™1)
Therefore the half value layer thickness is:
= = 3
¥ = 28g M

which is much shorter than the implantation depth (about 20 um).

TEM samples were prepared in a Zeiss 1500XB focused ion beam (FIB) system. Platinum coating
was deposited to protect specimen surface before cutting. TEM lamellac were created by coarse
trenching to produce samples of 20 um % 15 pm X 1 um in dimensions using the FIB technique. The
samples were then welded to a copper TEM grid for final thinning to a final thickness of roughly 100-200
nm using 30 kV gallium ions and further polished using 5 kV gallium ions. The TEM lamellaec were
finally cleaned with a Fischione’s Model 1040 Nanomill with 900 eV Ar ions for 30 min at each side. A
Titan STEM with CEOS (corrected electron optical systems) probe aberration corrector operated at 200
kV, equipped with a high-angle angular-dark-field (HAADF) detector and an EDS system, was used for
microstructure and composition analysis. The probe size for EDS line-scan was less than 1 nm with a
step size of ~1 nm.

5.1.3 Vickers Microhardness

Low load Vickers microhardness tests were performed at a load of 25 gf with two indents per sample.
Indentation depth varied between 1.9 — 2.6 pum depending on the sample type and dpa level, which may
still incorporate substrate effects. In the future, nano-indentation will be performed to obtain data which
comply more specific to the irradiated zone.
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5.2 RESULTS
5.2.1 L-Alloys

All L-alloys showed some discoloration (see Figure 19) after the proton irradiation. Further TEM
analysis suggests a build-up layer of ~1 um thick titanium oxide on the surface (see Figure 23).
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Figure 19. L-alloy sample arrangement and appearance before and after 2 MeV proton irradiation at 420°C
up to 0.1 dpa.

The XRD data of L-alloy LTZ1 as shown in Figure 20 indicate the evolution of certain new phases as
a result of irradiation, particularly at 1 dpa damage levels. These are speculated to be Ti-rich phases
however their exact stoichiometry has yet to be confirmed. To more accurately confirm these phases as
well as their morphology and spatial distribution, TEM samples are presently being prepared using FIB
technique to minimize any aberrations due to the magnetic nature of the samples. The as-received LTZ1
was denuded of precipitates at grain boundaries (GBs) and a high density of dislocation was found in the
samples (Figure 21). After irradiation at a damage level of 0.1 dpa, Ti and W rich phases were found at
GBs (Figure 22). As the damage level reached 1 dpa, a thick Ti-rich phase was observed at the sample
surface (Figure 23). It was possibly induced by the oxidation of partial outward diffusing Ti. Similar Ti-
rich phase can also be found in the LT1 sample (Figure 24). However, the damage in the irradiated
samples has not been well characterized. The FIB samples were still too thick with high surface damages.
Further ion polishing at lower energies could help reveal the fine microstructure in the irradiated samples.
Additionally, o’-phase (Cr-rich) would form during the proton irradiation due to the high Cr content in the
L-alloys as suggested in Figure 3, which is thermodynamically stable at temperatures below ~500°C.
Neutron irradiation studies on ferritic steels at 380-550°C have observed the presence of o’-phase in
alloys having Cr greater than 10 wt.% [17]. Based on the limited TEM data, no firm scientific conclusion
could be made to summarize the irradiation effects in these samples, but this work is ongoing.

Radiation hardening at 420°C was clearly observed in all the alloys as shown in Figure 25. L-alloys
performed worst with ~120% of increase in hardness at 1 dpa. T-alloys exhibited the least radiation
hardening after up to ~2 dpa irradiation. Z-alloys showed a large variation in hardening from ~30%
comparable to the T-alloys to ~90%, indicating that the alloy composition (or phase components as shown
in Figure 2 and Figure 6) can significantly adjust the radiation hardening of this series of alloys. According
to Gupta’s work on 2 MeV proton-irradiated T91 [18], significant recovery in radiation hardening
occurred at irradiation temperatures above 450°C. The irradiation temperature at 420°C in this work still
reflects dominant radiation hardening effects to the T-alloys and expect to be applicable to the Z- and L-
alloys.
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2 MeV protons into LTZI, 420°C
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Figure 20. XRD patterns of L-alloy LTZ]1 at various damage levels. The possible Ti-rich peaks are marked
in magenta.

Figure 21. STEM image of L-alloy LTZ1 before proton irradiation: (a) low magnification and (b) high
magnification.
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Figure 22. (a) STEM image and (b) EDS mapping of L-alloy LTZ1 irradiated with protons at 420°C for up to
0.1 dpa.
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Figure 23. (a) STEM image and (b) EDS line-scan of L-alloy LTZ]1 irradiated with protons at 420°C for up to
1 dpa.
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Figure 24. (a) STEM image and (b) EDS line-scan of L-alloy LT1 irradiated with protons at 420°C for up to
1 dpa.
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Figure 25. Vickers hardness (25 gf) changes of the irradiated advanced alloys as compared to their non-
irradiated condition.

5.2.2 T- and Z-Alloys

Post-irradiation discoloration was not observed on the surfaces of the T- and Z-alloys. All the T-
alloys seem to be resistant to precipitate formation or phase changes due to proton irradiation (see Figure
26 and Figure 27). Almost no change in XRD spectra is observed between various damage levels, which
also results in the least hardness changes (see Figure 25) with only up to 10% of hardening at 0.1 dpa and
less than 40% at 1 dpa. TiOy layer build-up was not observed in those alloys despite the fact that they
had similar Ti content to L-alloys.

Z-alloys underwent some phase change during proton irradiation at various damage levels (see Figure
28), however not as drastic as the L-alloys. Fe,Zr hexagonal phase could be clearly identified, especially
in the samples with a higher Zr content (see Figure 29). In almost all the Z-alloys and some of the T-
alloys, a new peak at 20 ~26° showed up after proton irradiation, which was impossible to identify. In
terms of hardness, the Z-alloys appear to harden a little bit more at a certain damage level than the T-
alloys, however this trend has to be confirmed for Fe-ion irradiated samples where high dpa levels can be
achieved.

Qo0
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2 MeV protons into T12, 420°C
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Figure 26. XRD patterns of T-alloy T12 at various damages levels.
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Figure 27. XRD patterns of T-alloys irradiated up to 1 dpa. Main peaks at 20 of 45°, 65°, and 82° correspond
to diffraction from CrFe (PDF04-033-4099).
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2 MeV protons into Z3, 420°C
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Figure 28. XRD patterns of Z-alloy Z3 at various damages levels. The possible Zr-rich peaks are marked in
red.
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Figure 29. XRD patterns of Z-alloy irradiated up to 1 dpa. Main peaks at 20 of 45°, 65°, and 82° correspond
to diffraction from CrFe (PDF04-033-4099).
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6. SUMMARY

Using the thermodynamic database that was developed in this project, three series of ferritic alloys
have been developed due to the inherent void swelling resistance of ferrite (bcc) as compared to austenite
(fcc). They are T-alloys (9Cr FM steels), Z-alloys (intermetallic-strengthened Fe-Cr-Zr alloys), and L-
alloys (15Cr ferritic steels). Unlike 9Cr FM steels such as T-alloys and P91, Z- and L-alloys are full
ferritic alloys, without the ferrite-austenite phase transformation during heating and cooling, leading to
easier alloy fabrication. The experimental lab heats (~0.45 kg each) were produced by vacuum arc
melting and drop casting followed by different thermomechanical processing for respective alloy series.
Chemical analysis indicated that oxygen impurity could not be consistently well controlled in the small
lab heats. A larger heat (~12.7 kg) was produced by Carpenter Technology Corporation and achieved a
low level of oxygen content, suggesting oxygen impurity can be well controlled in larger scale castings at
industrial facilities.

As compared to P91, T-alloys were designed to have increased MX, reduced M,;C¢, and eliminated
Z-phase for better high temperature strength. Significantly finer MX (~5 nm) precipitates with about two
orders of magnitude increase in density have been observed in some of the T-alloys. Z-alloys were
designed to have fine eutectic structure of ferrite and Fe,Zr Laves phase. The fraction of the eutectic
component has resulted in significant difference in microstructures of the Z-alloys. Additionally, thermal
aging favors the formation of a large number of fine Laves phase particles on the order of ~100 nm in the
ferritic matrix. L-alloys were designed to have strengthening sources primarily from Fe,W-type Laves
phase, assisted with grain refinement by Zr addition. Thermal aging of a L-alloy at 700°C for 7800 h
manifested the formation of a large number of such Laves particles in a size ranging from as small as ~90
nm in the ferritic matrix up to a few hundred nanometers at grain boundaries. The formation of such
Laves particles did not result in significant changes in hardness. Thermal aging of the T- and Z-alloys at
600 and 700°C, targeting up to 5000 h, is in progress. The aging effect on microstructures and
mechanical properties will be explored.

Vickers hardness measurements indicate that T-alloys have hardness close to the upper bound of P91
(265 HV) but L-alloys are slightly lower than the lower bound of P91 (196 HV). Z-alloys exhibited a
large variation in hardness from the lower bound of P91 to the values significantly higher than the upper
bound of P91. Due to the limited size of the developmental lab heats, type SS-3 miniature specimens
were used for tensile and creep rupture tests. L-alloys showed the lowest strength that is lower than or
comparable to P91. T-alloys exhibited the highest strength, significantly higher than P91 at the testing
temperatures up to 800°C. Depending on specific alloys, Z-alloys displayed strength either inferior or
superior to P91 at temperatures less than ~500°C. However, the high temperature (above 500-600°C)
strength of the Z-alloys became similar, which is comparable to T-alloys and noticeably greater than P91.
The total elongation of the three series of alloys was lower or comparable to P91, most of which are
satisfactory considering the significantly smaller testing specimens used in this work as compared to the
regular specimens of P91, e.g., 1.16 mm” of SS-3 in this work vs. 78.5 mm? of P91 for gauge cross-
section. Creep testing of T- and Z-alloys at 600 and 650°C indicated that Z-alloys had creep resistance
comparable or superior to T-alloys, both of which have improved creep resistance as compared to P91.

A total of twelve T-, Z-, and L-alloys were irradiated using 2 MeV protons at 420°C up to either ~0.1
dpa or ~1 dpa. Vickers microhardness measurements indicated the largest radiation hardening of the L-
alloys (~120%) and the smallest hardening of the T-alloys (~15-40%) after ~1 dpa irradiation. The Z-
alloys exhibited a large variation in hardening (~30-90%), suggesting a strong microstructure effect.
XRD and STEM/EDS investigations suggested the formation of a large amount of radiation-induced
precipitates in the L-alloys and a small amount in the Z-alloys, but none in the T-alloys, which is
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qualitatively consistent with the largest hardening of the L-alloys and the smallest hardening of the T-
alloys. Detailed microstructural characterization of the irradiated samples is in progress.

According to the collected results, the L-alloys exhibited low strength, high radiation hardening, and
dynamic precipitation of secondary precipitates during thermal aging and irradiation. Additionally, as
suggested by the thermodynamic calculations, a’-phase (Cr-rich) is expected to precipitate during long-
term aging and accelerated by irradiation at temperature below ~500°C due to the high Cr content in the
L-alloys. Therefore, alloy development of L-alloys will not be continued. Future alloy development
efforts will be focused on the T- and Z-alloys, which have superior high temperature strength and
radiation resistance.
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