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Chapter 1

Introduction



1.1. Requirement of new generation energy system

In recent years, a spreading awareness of global warming attributed to the
emission of greenhouse effect gas has prompted developed countries to rapidly step up
environmental preservation efforts. Above all, due to the prevailing point of view where
an investment in environmental technologies contributes to the economic boost after the
global economic crisis in 2008, the environmental technology would develop much
further.

The huge earthquake and the massive tsunami attacking to Tohoku area in March
2011 had cause the severe nuclear disaster at Fukushima Daiichi nuclear power plant. The
disaster brought about controversies over the safety of nuclear power plants and led to
prolonged shutdown of all nuclear power plants in Japan. While the expectations for
renewable energy like solar- and wind-generated power is growing, increasing costs of
fossil fuel to compensate for the stop of nuclear power generation is Japan-wide issue.
Supply of renewable energies depends strongly on weather conditions in current
technology, and also that is not able to cover the whole amounts of energy demand.

These circumstances bring up challenges of reducing reliance on fossil fuels and
needs for stable and large sources on worldwide. Such needs motivate the exploration of
the quest for advanced fission energy and fusion power. The economics, safety, reliability,
and efficiency of both advanced fission and future fusion energy systems will ultimately
depend on developing new high-performance structural materials that can provide
extended service under extremely hostile conditions [1][2][3].



1.2.  Issues of material design for advanced energy systems

Material property change due to irradiation in the structural materials of
advanced energy systems such as fusion reactors would exceed the range of the existing
data base [3][4] because such materials are used in severe, high dose irradiation
environment. Notably 14MeV neutron bombardment is a remarkable environment for
fusion reactor materials. Therefore the evaluation of the material behavior at high doses
or under 14MeV neutron irradiation is absolutely required [5][6]. However, it is distant
to achieve a high dose irradiation condition in practical irradiation experiments because
it requires enormous amount of labor and experimental time. Besides, the experimental

environment providing 14MeV neutron irradiation is currently not exist in the world.

1.2.1. Traditional approach

To address this situation, prediction methods of materials behavior which are the
combinations of; the simulated irradiation [7]; the heterogeneous irradiation field; the
numerical calculation model [8]; have been taken. Phenomenon that occurs under
irradiation in the material is a multi-scale phenomenon in energy, time, and space. Thus
it has been attempted to understand the nature of the problem with the aid of experimental
techniques and theoretical analysis method complementary [9], and to predict the material
behavior with high accuracy under irradiation.

1.2.2. Multi-scale structure of the phenomena that occur during irradiation

Fig. 1 shows the multi-scale structure of the phenomena under irradiation. The
horizontal axis in Fig. 1 is space scale and time scale. Under irradiation, first atomic
displacement occur by the bombardment of incident particle. For some situations, it is
usually associated with the production of displacement cascade and/or transmutation gas
atoms. This phase is undetectable by any experimental method because it is atomic scale
phenomena and its time range is picosecond revel. The numerical calculation method



would be strong and only way here. Following that, the produced point defects diffuse in
the system and some of them recombine each other or disappear at the grain boundary
and dislocation. But some percentages of point defects survive as defect clusters in the
matrix. These defect clusters continue to grow due to the absorption of an individual point
defect and/or the mutual combination of defect clusters under irradiation, and eventually
they become black dot, dislocation loop, cavity, and void. Occasionally the segregation
of constituent elements of the system occur, so called radiation induced segregation (RIS).
Phenomenon in this phase occur on a time scale of seconds to minutes—hours, and it is
detectable in experimental method such as transmission electron microscopy (TEM),
atom probe tomography (APT), and positron annihilation spectroscopy (PAS). These
defect clusters lead to material property change such as irradiation hardening, irradiation
embrittlement, swelling, and irradiation-assisted stress corrosion cracking (IASCC). Now
these property changes have days—years time scale. In engineering aspect, these property
changes are the most critical issue.

Multi-scale structure

Displacement Diffusion of point defect Microstructural change Characteristic change
* Displacement cascade » Diffusion of point defects ¢ Black dot * Irradiation hardening
* Point defects “  Diffusion of gas atoms “  Dislocation loop “ * Irradiation embrittlement
* Point defect cluster ¢ Irradiation enhanced diffusion  Dislocation network * Swelling
* Transmutation gas atoms * Cavity * IASCC
* RIS
Space scale A nm pm mm-—-m
Time scale ps ms s h day

Fig. 1 Multi-scale structure of the phenomena that occur during irradiation.



1.3.  Objective of this study

In previous studies, the understandings of individual phenomenon and
corresponding analytical method are developed, however, the comprehensive approach
that is able to connect individual method, e.g. connecting the technique and another
method by an equation, etc., have been undeveloped [10] [11]. In other words, with
respect to the irradiation behavior which have a wide range of temporal and spatial scale,
understandings of each individual technique within its own scale have only been made in

the current situation.

In this study, the correlations between each individual phenomenon are revealed
to be able to predict the material properties under irradiation. Several experimental
method which have different space scale is taken particular note.

1.4.  Philosophy of this study

1.4.1. Spurious correlation in the past study

In the past study, sometimes the change of material property have been
summarized in the dependence of irradiation dose. The example is shown in Fig. 2 [12].

The dose dependence of irradiation hardening is described as [13] [14]
Aoy = Aoys [1 — exp(—dpa/dpao)]® + Aco (@)

where Aays IS a saturation hardening, dpao specifies the dose transient prior to saturation,
p is an effective dispersed-barrier hardening exponent, and Aoy IS the constant hardening
increment. Or another equation [15] [16] [17] which is also describe the dose dependence
of irradiation hardening as

Ady = A [1 — exp(—Bxdpa)]°® 2).



These equations have suggested that the change in yield strength under irradiation is a
function of irradiation dose. But this correlation does not describe the essence of issue
under irradiation. Because it is clear that the mechanical property changes under
irradiation are affected by not only irradiation dose but also irradiation temperature and

neutron spectra.
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Neutron fluence (nm2) E>0.1 MeV

Fig. 2 Neutron-induced changes in tensile properties of annealed 1.4988 stainless steel
irradiated in the DFR fast reactor. Reproduced from Ehrlich, K. J. Nucl. Mater. 1985, 133~
134, 119-126 [12].

Fig. 3 shows the philosophy toward the behavior under irradiation in this study.
As shown in Fig. 3, microstructural evolution under irradiation is a function of dose. But
the dose dependency in microstructural evolution should separate from the evolution of
mechanical property under irradiation. The mechanical property changes should directly
correlate with the “resultant microstructure”, but not with the “history” of microstructural
evolution. The attempt to correlate the mechanical property changes to irradiation dose
results in a spurious correlation. This study attempt to correlate the mechanical property
changes and the resultant microstructure thorough the “mechanism-based correlation”.



Irradiation

Mechanical property

"| changes

Mechanism-based correlation
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Fig. 3 Attitude toward the behavior under irradiation in this study.

1.4.2. Correlation in this study

® Microstructure—-mechanical properties correlations:

Yield stress oy (Or oo2) is a basic parameter used in engineering assessment.

Proper determination of oy is an important task for design of fission or fusion reactors.

Basically oy is determined in the interaction between moving dislocation and obstacles

during deformation. To connect microstructure and mechanical properties under

irradiation, following equation is usually used in the past studies [18] [19] [20] [21],

Aoy = Moub(Nd)*?

where M, a, u, b, N, and d are the Taylor factor, the barrier strength of obstacles, the shear
modulus of the matrix, the Burger’s vector of moving dislocation, the number density of

3)

obstacles, and the diameter of obstacles, respectively.




In the eq. (3), the barrier strength of obstacles, «, is one of the critical parameter
to determine yield stress. However, the parameter « is used as an empirical factor without
specific theory. Sometimes o is just a function which adjust the difference between

experimental strength and microstructurally—evaluated strength.

Each type of obstacles is considered to have their own barrier strength, a. In this
study, through the examination of the barrier strength, microstructure—-mechanical
properties correlation are discussed. The conceivable obstacles, corresponding symbols,

and relevant chapters are listed below.

Table 1

Type of obstacles conceivable in the irradiated material.

Obstacle Symbol Relevant chapter
Black dots Otblack dot Chapter 4
Dislocation loops Olloop Chapter 4
Dislocation lines od Chapter 2 and 3
Precipitates Op Chapter 2

\oids Oy Chapter 2

Oxide particles Oloxide Chapter 5

® Property—property correlations (scale bridging):

It is not always possible to determine oy on highly irradiated material using

uniaxial tensile tests. The difficulties are following;
1. inthe case when there are large levels of induced radioactivity;
2. Inthe case when the material volume is too small to produce a tensile sample.

One approach to overcome such difficulties is to establish property—property
correlations using appropriate correlation relations with nano-hardness [22] and Vickers-
hardness [23]. If the appropriate correlation is established, sample size could be small to
assess its mechanical properties. This leads to reduce radioactivity of the sample so the

research work toward designing materials for advanced energy system is expected to be



further accelerated. Notably nano-indentation technique is the only way to evaluate the
mechanical properties of the simulated-irradiation sample involving ion-irradiated sample
because damaged region in such sample is limited to in its near surface, a few micro meter
depth. Thus nano-hardness to Vickers-hardness correlation is also important in this study.
Fig. 4 shows the concept of scale bridging in this study.

Evaluation of mechanical properties

Yield strength

.

Vickers-hardness

.

Nano-hardness

nm um mm

Space scale

Fig. 4 Concept of scale bridging in this study.

® Integrative model:

Finally, the property changes under particle irradiation is summarizing into the
comprehensive model, in chapter 6.
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Chapter 2

Radiation-induced hardening and
softening
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2.1 Introduction

The evolution of mechanical property changes subject to neutron irradiation have
been studied for a long time to make it clear under fission and fusion reactor conditions.
However limited number of data including a high dose condition and/or simulated fusion
reactor condition is available so far [1]. In order to estimate irradiation effects such as
irradiation hardening or softening in that kind of condition, an appropriate equation
describing relationship between microstructure and mechanical properties in an actual

length scale is absolutely required.

Austenitic stainless steels have been used extensively in fission reactor
applications, so that the most extensive database for nuclear applications would be based
on austenitic stainless steels. In this study, modified-SUS316 austenitic stainless steels
irradiated in a fast reactor were investigated. Twelve data sets of irradiated 316 including

the microstructures and the mechanical properties were carefully examined.

2.2 Objective of this chapter

=

Investigation of irradiation-induced change in mechanical properties
2. Investigation of irradiation-induced change in microstructure

3. Proposal of an equation describing relationship between microstructure and

mechanical properties

4. Discussing an accuracy of the proposed equation

2.3 Experimental

A modified-SUS316 stainless steel (PNC316), which has been developed as a
cladding tube material with superior high temperature strength and swelling resistance

14



for a liquid metal cooled fast reactor [2], was examined in this study. The representative
chemical composition of PNC316 is Fe-16Cr-14Ni—0.05C-2.5Mo0-0.7Si-0.025P—
0.004B-0.ITi-0.INDb. The details of chemical composition used in this study are shown in
Table 1. It is, in most cases, used in the 20% cold-worked condition.

The alloys were irradiated in the experimental reactor JOYO using the core
material irradiation rig (CMIR). The range of irradiation temperature was 502-734 °C.
Fast neutron fluencies were in a range from 3.2 to 20.6 x 10% n/m? (E > 0.1 MeV),
equivalent to displacement damage in a range from 16.0 to 103 dpa. Note that the
irradiation time in this study was from about 3,850 to 18,600 h.

Tensile tests were performed for the irradiated cladding tubes at the irradiation
temperature. The procedure of tensile tests was in accordance with JIS (Japanese
Industrial Standards) G 0567. The cross head speed was changed during tensile test for
some samples. Yield strength, oy, was determined as 0.2% offset proof stress. Micro
Vickers hardness tests were also carried out with a load of 4.9 N at room temperature.
Irradiation-induced microstructure was investigated by using an electron microscope
(JEM-4000FX) operated at 400 kV.

15



2.4 Mechanical properties before and after irradiation

Mechanical properties of PNC316 in the as-received condition are summarized
in Table 2, and plotted in Figs. 1. Mechanical properties of PNC316 after irradiation are
summarized in Table 3. Stress-strain curves of PNC316 after irradiation are shown in Figs.
2.
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Figs. 1  Mechanical properties of as-received PNC316 as a function of temperature.
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Table 1
Chemical compositions (wt%) of PNC316 cladding tube.

Steel grade / Lot C Si Mn P S Cr Ni Mo Co B N Cu Ti \ Nb + Ta

PNC316 55MK* 0.052 0.82 1.83 0.028 0.009 16,52 13.84 249 0.01 0.0031 0.003 0.01 0.080 0.01 0.079
60MK** 0.054 0.78 172 0.028 0.003 16.22 1345 235 0.01 0.0039 0.009 0.04 0.078 0.01 0.080
60MS*** 0.056 0.80 1.91 0.028 0.002 16.50 13.77 259 <0.01 0.0037 0.003 0.03 0.077 <0.01 0.091

*55MK: 1080°Cx2min. + CW20%
**60MK: 1080°Cx2min. + CW18%
***60MS: 1095°Cx1min. + CW20.8%

Table 2
Mechanical properties of PNC316 in the as-received condition.
Hardness Tensile properties
Hardness, Hv YS / MPa UTS / MPa UE /% TE /%

Lot  Testtemperature/°C Average S.D."% Lot  Testtemperature/ °C Average S.D."! Average S.D."! Average S.D."! Average S.D."

55MK 20 252 12 55MK 20 662 9.8 812 5.5 7.9 0.7 13.5 1.2
60MK 20 279 7 55MK 500 551 152 658 16.4 49 1.2 6.8 1.7
60MS 20 270 5 55MK 550 513 170 629 124 55 0.5 6.5 2.1
55MK 600 493 18.0 597 6.8 5.8 0.7 8.0 0.9
55MK 650 429 421 541 36.0 5.7 0.8 11.5 3.5
55MK 700 374 33.6 474 308 29 1.0 145 4.0
55MK 750 300 25.6 386 224 - - 19.7 6.4
55MK 800 245 295 312 242 - - 29.2 7.9

*1 S.D.: Standard deviation
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Table 3

Irradiation conditions, hardness and tensile test results of PNC316 cladding tube.

Hardness Tensile properties

No. Rig Irradiation  Fluence™/ Irradiation Specimen Lot Test Hardness™, S.D. Specimen Lot Test YS / UTS/ UE TE

time / h 10% n-m2 temperature” ID temperature  Hv ID temperature MPa MPa /% /%

/°C /°C /°C

1 CRIM-1 3852 3.2 502 C5EG51 55MK 20 299 6 — — 500 —_ - —_ —
2 3852 3.9 569 C5EG81 55MK 20 260 7 CBHAT9 60MK 550 488 582 55 7.1
3 3852 3.9 589 C5EG61 55MK 20 264 9 C5AU9 60MS 600 445 501 4.1 129
4 3852 4.0 628 C5EG41 55MK 20 266 3 CBHAT6 60MK 650 350 400 3.0 24.2
5 3852 4.0 709 C5EG11 55MK 20 257 7 C5AU3 60MS 700 248 269 18 27.7
6 3852 3.8 734 — — — — CBHAT3 60MK 740 199 216 12 7.9
7 CMIR-3 14400 155 569 F7AT82 60MK 20 251 6 F7AT81 60MK 550 404 544 8.6 14.0
8 14400 14.7 628 F7AT52 60MK 20 262 6 F7AT51 60MK 650 280 414 75 19.6
9 14400 14.9 734 F7TAT222 60MK 20 204 5 F7TAT21 60MK 750 165 220 16 34
10 14400 15.2 589 F7TAU82 60MS 20 264 4 F7TAU81L 60MS 600 342 503 89 159
11 14400 155 709 F7TAU22 60MS 20 218 6 F7TAU21 60MS 700 205 279 31 56
12 CMIR-4 18624 15.9 502 H6AU52 60MS 20 310 10 H6AU51 60MS 500 496 597 49 59
13 18624 20.6 709 H6AU12 60MS 20 231 3 H6AU11l 60MS 700 198 269 29 48
*1 E>0.1 MeV

*2 CMIR-1 assessed temperature

*3 Hardness measurement was carried out in the thickness-center of the cladding tube.
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Yield strength of PNC316 reduced after neutron irradiation throughout the
temperature and the dose range in the present study, as seen in Fig 3a. The change of the
yield strength (Aocy) increased with increasing the irradiation temperature and the
irradiation dose. Fig. 3b shows Vickers hardness (Hv) as a function of irradiation
temperature. The hardness decreased with increasing the irradiation temperature. Note
that all hardness tests were done in room temperature. From a viewpoint of the change of
the hardness (AHv), the alloy irradiated at around 500 °C showed hardening, while the
one irradiated at around 700 °C showed softening. Just for a reference, mechanical

properties after irradiation are plotted as a function of neutron fluence in Fig. 4.
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Fig. 3 (a) Yield strength and (b) Vickers hardness of PNC316 before and after irradiation
as function of temperature.
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2.5 Microstructure before and after irradiation

The softening and hardening shown in Fig. 3 should result from microstructure
changes due to the long term neutron irradiation. To reveal the microstructural change
due to irradiation, TEM observation was carried out for the irradiated sample. As a
summary, all of the microstructural parameter after irradiation are listed in Table 4. Note
that the foil thickness of the sample observed in TEM, which is necessary to the
determination of defect densities, was assumed to be around 100 nm.

Fig. 5 shows the typical microstructure of as-received and irradiated PNC316 up
to more than 75 dpa at 502, 589 and 709 °C. As seen in Fig. 5a, heavily tangled
dislocations and many deformation bands or twins were observed in as-received PNC316.
They are due to 20 % cold working in a manufacturing process which gives them a high
creep strength and irradiation resistance as a cladding tube. No precipitate formation was

found in as-received condition.

In the microstructure irradiated at 502 °C, the tangled dislocation structure
almost remained while irradiation dose was up to 79.5 dpa. A small density (10'° m™3) of
precipitates was observed after neutron irradiation and the density of precipitates
increased with increasing dose. Small voids were observed at 79.5 dpa while no voids
were observed at 16.0 dpa. Besides, very small number of Frank loop were observed in
the sample irradiated at 502 °C up to 16.0 and 79.5dpa. Moreover, the formation of needle
shape precipitate, which would be a hexagonal Fe2P [3], was observed in 79.5dpa sample.

In irradiation at 550-650 °C, tangled dislocation still remained, similar to as-
received condition. The dislocation density was around 2-3x10** m™, while it was
decreased to 0.96x10'* m2 after irradiation at 628°C up to 73.5dpa. Moreover, relatively
large precipitates were observed both within grain and on grain boundary. These
precipitates are considered to be Laves phase, MeC and M23Cs precipitates [4]. Needle
shape precipitates were also observed in this temperature range (Fig. 6). A void formation

was clearly observed in this temperature range at a dose over 75dpa (Fig. 7).
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In irradiation at more than 700 °C, the tangled dislocation mostly recovered to
the density of ~ 101 m whereas the density in as-received condition was ~ 10** m™, as
seen in Fig. 5d. Precipitates grew significantly and no voids were observed at this
temperature range. Needle shape precipitates were not observed.

Grain growth were observed after neutron irradiation. Grain size in as-received
condition was 11-13 pum while that after irradiation was around 16-17 um (table 4). Note
that grain size measurement for the sample irradiated at over 700 °C did not work because
the resultant surface after etching was not clear so it was inappropriate for measurement
of the grain boundary in an optical microscope. An inappropriate etched-surface might be
due to a lot of large precipitate formed within grain or on grain boundary which was
etched preferentially. A further investigation for grain size measurement such as SEM
observation is necessary. For this purpose, the SEM facility which can operate for
radioactive sample is definitely necessary.

The schematics showing microstructural evolution of PNC316 under neutron

irradiation in several condition are in Fig. 8.
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(a) As-received (b) 79.5 dpa at 502 °C

TR e

(d) 103.0 dpa at 709 °
K Ve

Fig.5 Typical microstructure in PNC316 before and after irradiation. (a) is an image in the
unirradiated specimen, (b) (c) and (d) are in the specimens irradiated up to 79.5 dpa at 502 °C,
76.0 dpa at 589 °C, and 103.0 dpa at 709 °C, respectively.
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Table 4

Summary of radiation-induced microstructure characterization of PNC316 cladding tube neutron-irradiated to 100 dpa at 500-750°C.

Block shape Needle shape precipitates Voids
precipitates

ID Lot Fluence™ Irradiation Number Diameter ~ Number Diameter Diameter  Number Diameter Void-to- Dislocation Grain

/10% temperature™  density / /nm density / (long (short density / /nm void density / size /

n-m-2 /°C 1089 m3 102 m™ axis)/nm axis)/nm 10¥ m3 distance 10 m? pm

/nm

55MK as received 55MK 2.23 11.3
60MK as received 60MK — 13.7
60MS as received  60MS — 11.8
650°C 6000h 13.7
700°C 6000h 18.2
750°C 6000h 19.4
C5EGSH1T 55MK 3.2 502 0.6 80.5 — — — — — — 2.0
C5EGS8LT 55MK 3.9 569 1.2 66 4.0 20.7 4.3 — — — 3.2 145
C5EG61T 55MK 3.9 589 1 65.5 4.8 30.1 4.5 — — — 3.3 14.3
C5EGALT 55MK 4.0 628 2.7 106.2 12.8 22.1 4.2 — — — 35 14.2
C5EGI11T 55MK 4.0 709 3.3 135.3 — — — — — — 1.6
F7AT82T 60MK 155 569 2.1 95.5 9.1 34.2 4.4 11 74.5 120.5 2.6 16.9
F7AT52T 60MK 147 628 3.6 2275 8.8 422 4.0 2.5 108.2 32.7 0.96
F7TAT22T 60MK 14.9 734 1.3 198.7 — — — — — — 0.92
F7AU82T 60MS 15.2 589 3.1 123.3 7.5 34.1 4.5 0.5 45.1 353.6 2.3 17.3
F7TAU22T 60MS 155 709 1.4 188.9 — — — — — — 0.74
HB6AUS2T 60MS 15.9 502 5.4 73.2 9.6 24.9 53 151 21.8 48.8 3.2 15.32
HB6AU12T 60MS  20.6 709 1.9 247.6 — — — — — — 0.88
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Fig. 6  Needle type precipitate in PNC316 Fig. 7 Voids formed in PNC316 after
after irradiation at 569°C up to 77.5dpa irradiation at 628°C up to 73.5dpa (CRIM-3,
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Fig. 8 Schematics showing microstructural evolution of PNC316 under neutron irradiation
in several condition.
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2.6 Estimation of yield strength by Orowan’s equation

2.6.1  Outline of the estimation

Yield strength of PNC316 after irradiation was estimated using Orowan’s
equation. In this study, obstacles for moving dislocation in irradiated PNC316 are forest
dislocations, grain boundary, needle type precipitates, coarse precipitates and voids. Here
actual equations for each types of obstacles are described as

Forest dislocation Ady, ¢ = Maaab(pa2)? — Mogrub(par) 2 1)
Grain boundary Aoy,p =k (D2 Y2 — D1 1?) (2)
Needle precipitates Ady, np = Motnpud(NnpGnp) 2 (3)
Laege precipitates Ay, 1p = Mot (Nipdip) 2 (4)
Voids Ady,v = Mayub(Nvdy)*? (5)

where M, a, u, b and pq are the Taylor factor, the barrier strength of obstacles, the shear
modulus of the matrix, the Burger’s vector of moving dislocation and the total density of
dislocations, respectively. Here, eq. (2) are also known as Hall-Petch relationship [5][6].

To sum each of these yield strength change, following two types of equation have

a potential to be considered.
AO'y = AO'y, dy + AO'y, Dt AO'y, np T AO'y, Ipt AO'y, v (6)
Aoy = Aoy, d + Aoy, 0 + {(Acy, np)? + (Acy,1p) + (Acy,v)*} (7)

Equation (6) is a simple sum of each term, while equation (7) is a combination
of square-root of sum of squares and simple sum. Eq. (7) is based on the concept for short-
range obstacles [7][8]. In this work, short-range obstacles could be needle type
precipitates, coarse precipitates and voids, while long-range obstacles are forest
dislocations and grain boundary.
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2.6.2  Strength factor for each types of obstacles
2.6.2.1 Forest dislocation

Here, the strength factor for forest dislocation, a1 = ad2 = 0.24 was used. This
value was experimentally evaluated for solution-annealed PNC316 sample. The details
for a value evaluation method will be described in Chapter 3. The obtained relationship
between square root of dislocation density and yield strength is shown in Fig. 9. Here, it
is well known that the relationship between yield strength and dislocation density is
described as

oy = 60 + Magub(pa)'? (8)

where oo is a constant. Eq. (8) is usually known as Bailey-Hirsch relationship [9].

2.6.2.2 Grain boundary

The grain boundary strengthening parameter, k, is 10.46 MPa-mm*/2 in this study,
which is the value based on the work of Varin and Kurzydlowski[10]. They investigated
the effect of nitrogen contents, various fractions of coherent twin boundaries per grain
and an ultrafine-grained structure on the Hall-Perch relationship in several commercial
heats of type 316 steel. Fig. 10 shows the plots derived from parameter oo and k listed in
table 2 in ref[10].

2.6.2.3 Needle precipitates

The strength factor for needle type precipitates, anp = 0.33 was used. This value
is for small MC ppts referred from ref [1][11]. The size of needle precipitates which is
used for the estimation is the length of short axis.
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2.6.3  Other parameter in Orowan’s equation
2.6.3.1 Shear modulus

The shear modulus of material depends on temperature. The linear relationship
between shear modulus and temperature was found in type s16 stainless steel according
to ref. [12] (see Fig. 11). Therefore, an appropriate value of shear modulus is used for

each test temperature in the estimation on the basis of following empirical equation;
u=747-3.1x1072T 9)

where ¢ and T are the shear modulus of the matrix in GPa and test temperature in °C,
respectively. For instance, the shear modulus at room temperature and 700 °C are obtained
to be 74 and 53 GPa, respectively.

2.6.3.2 Burger’s vector

Burger’s vector of the material used in this study, PNC316, was experimentally
measured by using XRD. PNC316 powder with 150 um in diameter produced by argon
gas atomization process was used for XRD measurement. Results are shown in Fig. 12,
and resultant Burger’s vector in F.C.C. PNC316 is to be 2.546 A.

2.6.3.3 Taylor factor

Taylor factor, M, was 3.06 [13][14] in this study. Stoller and Zinkle [14] reviewed
variety of radiation effect literature and found that there is some confusion regarding the
choice of this conversion factor for polycrystalline specimens. Some authors have used
values of 1.73 and 2.0, based on an inappropriate application of the von Mises and Tresca
yield criteria, respectively. They recommended as a summary that the value of 3.06 be
used to provide a standard basis of comparison when publishing results of microstructure-
mechanical property correlations.
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Table 5

Comparison of obstacle strengths [1].

Relative strength  Barrier type System a Reference
Strong Orowan — 1
Voids Austenitic ~1 [15]
Voids Ni ~1 [16]
Voids Austenitic ~1 [8]
Voids Austenitic ~1 [17]
Large precipitates Austenitic ~1 [17]
Intermediate Frank loops Austenitic 0.33 [8]
Frank loops Austenitic 0.45 [11]
Frank loops Austenitic 0.45 [17]
Small MC ppts Austenitic 0.33-0.45 [11]
Weak Small bubbles Austenitic 0.2 [8]
Small loops / clusters Austenitic 0.2 [18]
Vacancy clusters — <0.25 [19]
Dislocations — 0.15-0.3 [20]
Dislocations Austenitic ~0.11 [8]
Dislocations Austenitic 0.2 [17]
025°C
600 (Ribbon)
m700 °C
s 500 | (Ribbon)
E ;:@:1
\b 400
< 5
=] —_—a—
2 300 f B |
£
s 200 fe B
2
> 100
K
O 1 1
0 1.0x 107 2.0x 107 3.0x 107

Square root of dislocation density, p2/ m-1

Fig. 9 Yield strength of solution-annealed PNC316 stainless steel as a function of square
root of dislocation density tested at 25 and 700°C.
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Fig. 10 Yield strength in several commercial heats of type 316 steel as a function of the
reciprocal of square root of grain size. The plots is derived from parameter oo and k listed in
table 2 in ref[10].
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Fig. 11 Temperature dependence of the modules of rigidity in type 304 and type 316 steel [20].
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Fig. 12 X-ray diffraction pattern of argon gas atomized PNC316 powders.
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2.7 Results of estimation

2.7.1  Comparison to tensile test results

The results of the estimation of yield strength derived from eq. (1)—(7) are shown
in Fig. 13 with error bars. The experimentally-obtained change in yield strength are also
shown in Fig. 13. The band in Fig. 13 represents the error for experimental data. In this
case, the contribution of coarse precipitates and voids on yield strength are neglected due
to its low number density (the order of —10*°m™3) shown in Table 4. Thus, eq. (6) become

practically the same as eq. (7).

Comparing the estimation of yield strength to tensile test result, it must be noted
that tensile tests were performed at irradiation temperature so effect of test temperature
should be reflected in the estimation. For this purpose, effect of test temperature is

reflected in the term of shear modulus.
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S 200 | 100dpa
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Irradiation temperature / °C

Fig. 13 Estimated change in yield strength derived from eq. (1)—(7) as a function of irradiation
temperature. Estimated value are plotted with unfilled symbols and solid line. The change in yield
strength in experimental data are also shown with filled symbols and error bands. The strength
factor for forest dislocation, a1 = aq2 = 0.24 was used.
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In Fig. 13, there are wide gaps between the estimated yield strength and the
experimentally-obtained yield strength over the whole temperature range and the whole
dose range of this study. The magnitude of the gaps was almost 100-150 MPa. Comparing
their data trend, they correspond with each other as it decrease with increasing irradiation
temperature. The results here allow the conclusion that Orowan’s equation, whose
detailed description are given above, is able to reconstruct the data trend of yield strength
change but not its absolute value.

2.7.2  Comparing to hardness test results

The estimation of yield strength are also compared with experimentally-obtained
change in hardness, shown in Fig 14. Symbols, error bars, and error bands are used in the

same manner as in Fig. 13. The contribution of coarse precipitates and voids are also
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Fig. 14 Comparison between estimated change derived form Orowan’s eg.—change in hardness.
Estimated value are plotted with unfilled symbols and solid line. Experimentally-obtained change
in hardness are shown with filled symbols and error bands. The strength factor for forest
dislocation, a,, = a4, = 0.24 was used.
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neglected here. When comparing to hardness results, the value of shear modulus at room
temperature are used in the estimation because hardness test were performed at room

temperature.

Here it must be noted that Orowan’s eq. can estimate the change in yield strength,
while mechanical property change here is hardness. So it is not possible to directly
compare these value. Now we need the following equation: the conversion of the change
in hardness into the change in yield strength (AHv—Aay),

Acy = 2.6AHv (10)

with oy expressed in MPa and Hv in kg mm™2. This is evaluated from following

experiment:

We correlated Vickers hardness testing and uniaxial yield stress using tests on
solution-annealed PNC316 samples cold-worked to various levels, resulting in hardness
ranging from 150 to 220 kg mm™2. This data is illustrated in Fig. 15. Both hardness and
yield stress were measured at room temperature. The resulting correlation was linear in

form,
oy =2.6Hv—-61 (12),

also expressed in Fig. 15 where gy is in MPa and Hv is in kg mm2. This relation is quite
similar to that of Bruemmer et al. [21] and Toloczko et al. [22], both in form and in
magnitude of the coefficients. A subtle difference of the intercept between eq. (11), (12),
and (13) are attributed the difference in materials, heat treatment, and the way of cold

working (rolling vs. uniaxial stretching).
Bruemmer et al. [21] oy = 2.6Hv — 195 (12)
Toloczko et al. [22] oy = 2.7THv — 125 (13)

Note here that eq. (12) is derived by Oka from the data originally shown in Figure
2-5 in Ref. [21].
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Fig. 15 Correlation between hardness and 0.2% yield strength in solution annealed
PNC316 stainless steel. Correlation coefficient, Ry, was 0.99. This relation was used for
converting hardness data to yield stress.

In Fig. 14, gaps between the estimated yield strength and experimentally-
obtained yield strength derived from hardness change appear to be small compared to that
in Fig. 13. Especially, irradiation up to more than 80 dpa, the estimation is in good
agreement with experimental data. However the data for irradiation up to 20dpa at 509°C
(Red line) and that for irradiation at 569 and 734°C up to 80dpa show big gaps. The results
here allow the conclusion that Orowan’s equation is able to reconstruct the belief data
trend and absolute value of experimentally-evaluated yield strength change derived from
hardness change.
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2.7.3 Difference in tensile test and hardness test

As mentioned above, the yield strength of PNC316 decreased after long term
neutron irradiation. On the other hand, the hardness, measured at room temperature,
showed both the softening and the hardening. For instance the alloy irradiated at 502 °C
showed the softening in the yield strength whereas that showed the hardening in the
hardness (see Fig. 3). Meanwhile, the one irradiated at more than 700 °C showed the
softening in the yield strength and hardness. According to TEM observation, the softening
at around 700 °C is mainly due to a recovery of tangled dislocation structure as seen in
Fig. 16 describing the dislocation density as a function of irradiation temperature.
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Irradiation temperature / °C

Fig. 16. Dislocation densities in PNC316 before and after irradiation as a function of
irradiation temperature.

In the alloy irradiated at 502 °C, it can be pointed out again that, although the
dislocation density after irradiation is almost the same level as that before irradiation, it
showed the softening in the yield strength whereas that showed the hardening in the
hardness. These fact may be reflected in the deferent behavior among change in yield
strength and that in hardness, in comparison to the estimated strength.
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A difference between the tensile test and the hardness test in the present study is
the test temperature. Again, tensile tests for irradiated material were performed at
irradiation temperature (Table 2). While hardness test was performed at room temperature
for every single sample. Although temperature effect was considered as the shear modulus

depends on temperature in the estimation, they still have gaps (Fig. 13 and 14).

One idea to be able to explain this gap is discussing the factor depending on
temperature except the shear modulus. Again, Orowan’s equations for forest dislocations
is described as:

AO’y, d= Madzlub(pdz)llz — Madlﬂb(pdl)llz (1)

In the eq. (1), M, b, and p cannot depend on temperature. The shear modulus u
depends on temperature, mentioned above. Here, the barrier strength of dislocations, aq,
may have a potential to depend on temperature, but no discussion on this have been done
in the past study among metallurgy.

2.7.4  Where are carbon atoms in the material?

Figure. 17 shows the ratio of amount of carbon in precipitates to total amount of
carbon in the irradiated PNC316 sample as a function of irradiation temperature. In
vertical axis, Cppt denotes the amount of carbon in precipitates, while Ciotar denotes the
total amount of carbon in the material. Here, the value of 1 in vertical axis means that all
of carbon atoms in the sample exists in the form of precipitates. The amount of carbon in
precipitates was assumed from TEM images. The precipitates with aspect ratio of 1-1.5
were counted for the assumption. Precipitates with aspect ratio lager than 1.5 was not
counted in the assumption. For the rhombus symbol, all the precipitates were considered
to be MsC type, while for the square symbol all the precipitates were considered to be
M23Cs type. Crystallographic data of precipitate phases are summarized in Table 6. As
shown in Fig.17, most of the carbon atoms are existing in the form of carbide after neutron
irradiation in the dose of 80-100 dpa. It means that the concentration of carbon in matrix
might be very low. This fact here allow the conclusion that the effect of the depletion of
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carbon atoms from the matrix need to be considered when yield strength is estimated. The
depletion of carbon atoms after irradiation would suggest a possible change of the barrier
strength of dislocation, aq, before/after irradiation.
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Figure. 17 Amount of carbon atoms in the form of precipitates in PNC316 after irradiation
as a function of irradiation temperature. Cppt denotes the amount of carbon in precipitates,
while Ciota denotes the total amount of carbon in the material. The value of 1 in vertical
axis means that all of carbon atoms in the sample exists in the form of precipitates.
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Table 6

Summary of crystallographic data of precipitate phases [4].

Phases Crystal Structure Lattice Parameter /  Solute Atoms per Typical Orientation to
nm Unit Cell Morphology y-matrix
v (gamma) Cubic, A1, Fm3m a0 =0.36 4 Matrix —
v’ (gamma prime)  Cubic, L1, Fm3m a=0.35 4 Small Sphere Cube-on-Cube
G Cubic, Al, Fm3m a0 =1.12 116 Small Rod Random
FEZP HEX, CZZ; P321 do f 8224 6 Thln Lath (1élo)ppt // (011)‘/
Co = 0. (0001)¢ // (001),
n (eta) Cubic, E93, Fd3m ap = 1.08 96 Rhombohedral ~ Cube-on-Cube or
Twin
Laves Hex., C14, P6s/mmc ap=0.47 12 Faulted Lath Many Variants
Co=0.77
M23Cs Cubic, D84, Fm3m a0 = 1.06 92 Rhombohedral Cube-on-Cube or
Platelet Twin
MC Cubic, B1, Fm3m ap=0.433 4 Small Sphere Cube-on-Cube
c (sigma) Tet., D8y, P4/mnm a0 =0.88 30 Various Many Variants
Co=0.46
x. (chi) Cubic. A12. 143m a=0.89 58 Various Many Variants
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Table 7
The principle phases observed in the neutron irradiated 316 and 316 + Ti alloys may be categorized in terms of the preceding discussion as follows [4]:

(a) Y’ (gamma prime) phase: radiation-induced, enriched in Ni, Si. Reversion of this phase during post-irradiation annealing was
demonstrated by Brager and Garner [23].

(b) G phase: radiation-induced, enriched in Ni, Si, Ti, and Mn. Reversion of the G phase produced by Ni ion irradiation of 316+Ti
was described in the previous section.

(c) n(eta) phase: radiation-enhanced, but not modified. Enriched in Ni and Si as well as Mo and Cr during thermal aging. Essentially
the same composition develops during neutron irradiation.

(d) M23Cs_phase: neither enhanced or modified. Enriched in Mo and Cr. Approximately the same compositions occurred in both
thermal and irradiation environments.

(e) Laves phase: radiation-enhanced and modified. Enriched in Mo and Si and rejects Ni during thermal aging. During neutron
irradiation, Ni is accommodated, the proportion of Ni increasing as the irradiation temperature decreases.

() MC phase: enhanced but not modified. Enriched in Ti and Mo and rejects Ni in both thermal and radiation environments. May
be suppressed under conditions favorable for G phase formation.

(9) o (siama) and Fe;P phases: There are presently insufficient data to categorize these phases. There is some evidence that ¢ phase
formation is enhanced by irradiation in HFIR and that Fe;P phase formation is enhanced and modified by irradiation in EBR-II.
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2.8 Summary

A modified-SUS316 cladding tube with 20 % cold work, PNC316 were
irradiated by neutron in the experimental reactor JOYO up to 16.0-103 dpa at 502—734 °C,
then investigated mechanical properties and microstructures by means of tensile tests,
hardness measurements and transmission electron microscopy (TEM). Through the
comparison of the yield strength change, Aoy, between experimentally obtained one and

estimated one from microstructural observation, followings are summarized:

1. Irradiation softening of yield strength more than 100 MPa measured at irradiation
temperature were obtained. On the other hand, for the hardness test, both irradiation
hardening and softening were observed after irradiation. Hardening was for
irradiation at 502°C, while softening was for irradiation at 709-734°C.

2. Microstructure after irradiation can be specified in the temperature range of -500°C,
550-650°C and 700°C-. The recovery of dislocations and large precipitates like
Laves phase, MsC and/or M23Cs were observed, especially in high temperature

irradiation condition.

3. Experimentally-obtained change in mechanical properties and estimated one derived
from Orowan’s equation were compared. Estimation was in good agreement with

hardness data, but not with yield strength data.

4. Apossible dependence of the barrier strength of dislocation, a4, on temperature was
suggested through the discussion of the difference between tensile test and hardness
test. Further, a possible change of aq before/after irradiation was suggested. The
carbon concentration in matrix may be low after irradiation due to a formation of
carbides. The effects of carbon on aq value in high temperature need to be

investigated.
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Chapter 3

Contribution of line dislocation and
residual carbon
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3.1 Introduction

As described in the previous chapter, the comparison between experimentally-
obtained Aoy and estimated Aay by Orowan’s equation in the modified-SUS316 stainless
steel after neutron irradiation suggested that the barrier strength of line dislocations, ad,
could depend on temperature and change before/after irradiation as a result of the
reduction of carbon content in the matrix due to precipitation of carbides. The effects of
carbon on aq4 value need to be investigated. In this chapter, model alloys (Fe—16Cr—14Ni—
2.5Mo) with two different carbon concentration level were cold-worked to various levels,
then the measurement of dislocation density and tensile test at 25 and 700°C were
performed understand details of temperature effect and a role of carbon atoms on the
barrier strength of line dislocations, aq.

3.2 Objective of this chapter

1. Detailed investigation of temperature dependence of the barrier strength of line

dislocations, aq

2. Effects of residual carbon content on the barrier strength of line dislocations, aaq

3.3 Experimental

3.3.1  Fabrication of model alloy

Fe-16Cr-14Ni-2.5Mo model alloys used in this study were produced by arc-
melting from the stating material; Pure iron provided by Johnson Matthey Chemicals;
Pure chromium (4N5) provided by Japan Metals & Chemicals Co., Ltd.; Pure nickel
(4N7) provided by Johnson Matthey Chemicals; Pure molybdenum (3N) provided by
RARE METALLIC Co., Ltd. The chemical compositions of the starting materials are
provided in Tables 1-2. To provide the difference of carbon concentration, cementite
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powder was added for one alloy. In the following, high carbon alloy denotes the alloy

with cementite while low carbon alloy denotes the one without cementite.

Table 1

Chemical composition (wppm) of pure Fe used in this study provided by Johnson Matthey
Chemicals.

Mg Ca Cr Cu Mn Si C H 0 N
7 1 1 1 1 1 35 1.6 34 190
Table 2

Chemical composition (wppm) of 4N5 Cr used in this study provided by Japan Metals & Chemicals
Co., Ltd.

Fe Si Al 0] N C S Cu P Pb
<0.05 0.02 0.01 630 10 <10 23 <0.05 0.03 0.29

Accurately-weighed starting materials were arc-melted into 15g button ingots
under 5.2x102 Pa vacuum condition. For the high carbon alloy, the cementite powder
were wrapped in cold-rolled pure-Fe plate to prevent an expected fly-off during arc-
melting. The alloy buttons were first forged at 1073 K into a rod shape (Fig. 1) then
homogenized at 1173 K for 24 h. Oxide layer was removed completely by a flat file after
forging or homogenizing. The buttons were then cold rolled and cut into 70-mm-length,
5-mm-width, and 0.3-mm-thick sheets, like “ribbons” (Fig. 2). Eventually eleven of
ribbons for each alloys were prepared. The ribbons were capsulated into quarts tubes (2
ribbons / tube) at about 4.0x10* Pa, and then solution-annealed at 1353 K for 20 min

following air cooling.

In order to introduce dislocation structure, uniaxial pre-straining for the ribbon
samples were carried out by using tensile test machine (Instron Series 5560 Load Frames)
with wedge grips. Strain-controlled operation at room temperature were conducted with
a strain rate of 1x1073 s, which corresponds to the crosshead speed of 0.055 mm-s* (a

gauge length of ribbon sample: 55mm). The pre-straining was conducted up to the
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resultant plastic strain of 0, 2.5, 5.0, 7.5 and 10%, then unloaded immediately (Fig. 3).
Then sub-sized sheet tensile specimens with a 5mm long by 1.2mm wide gauge section
and disk-shaped specimens with a diameter of 3 mm were precision punched from the
ribbons (Fig. 4). The punched-out sheet tensile samples were then mechanically ground
with lastly #1000 polish paper to remove shear burrs. Schematics of above preparation

flow was shown in Fig. 5.

Quantitative analysis of chemical composition of the fabricated model alloy were
done for the punch-outed alloy scrap, conducted by Nikko Inspection service Co., LTD.
An infrared absorption method after combustion in a high-frequency induction furnace
for carbon measurement, an absorption spectrophotometry for silicon measurement, an
inductively coupled plasma atomic emission spectrometry for nickel, chromium and
molybdenum measurement and an inert gas transportation fusion-thermal conductivity
method for nitrogen measurement were used. The resultant chemical composition was

shown in Table 3.

Fig. 1 Rod-shaped alloy button after Fig. 2 Ribbons with 70-mm-length, 5-
forging at 1073K. mm-width and 0.3-mm-thick.

Fig.3  Pre-strained ribbon up to 10 % Fig. 4 Sub-sized sheet tensile specimens
engineering strain. and TEM disks punched out from ribbon.
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Fig. 5 Schematics of preparation flow of model alloy.

Table 3
Chemical composition (wt%) of model alloys.
Material Fe Cr Ni Mo Si C (wppm) N (wppm)
High carbon alloy Bal. 15.93 13.86 2.52 0.01 225 106
Low carbon alloy Bal. 15.92 13.85 2.51 0.01 19 132

3.3.2 Tensile test

Tensile tests with the sheet tensile samples at room temperature were carried out
in the Instron machine, while elevated temperature tests at 973K were carried out in the
Shimadzu Servopulser, equipped with a high-temperature furnace capable of maintaining
the temperature constant within £3K, in an Argon gas flow. The applied strain rate was in
all cases 1x1072 s, Since the yield points cannot apparently be obtained, tensile yield
strengths were read at 0.2% strain offset. Two or more tests were carried out for each

alloy-strain-temperature condition.

3.3.3  Measurement of dislocation density in TEM

Thin foils for transmission electron microscopy observation were prepared using
a standard twin-jet electro-polishing technique (TENUPOL device) in an electrolyte (95
vol.% acetic acid, 5 vol.% perchloric acid) at 14 °C and 60 V. TEM observations were
conducted on a JEOL2010, LaB6, high tilt lens, operated at 200 kV. The observation
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conditions are those typical for austenitic stainless steels, with g = {200} as diffraction
vector, B = <110> as beam direction and g(5g) as diffraction condition for weak-beam

observations.

Measurement of dislocation density was done in the manner of Keh’s formula

[1] [2];

pP=—+t—17 1)

where p, n1, N, L1, Lo, and t are dislocation density (m™2), number of cross point with
vertical line, number of cross point with horizontal line, total length of vertical line (m),
total length of horizontal line (m), and thickness of thin foil (m). Fig 6 shows the
schematics of measurement procedure of dislocation density. First strain contrasts derived
from dislocation in WBDF images were picked by eye and hand on the screen monitor
into monochrome image (see Fig. 6) then dislocation density was measured.

7.5% strain

Fig. 6 Schematics of measurement procedure of dislocation density.
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3.3.4  Uncertainty of slope and intercept

Uncertainty of slope and intercept is considered in the manner of least-square
regression and error propagation according to ref [3]. Details are summarized in Appendix
B.

3.4  Results
3.4.1  Stress-strain curves during pre-straining

Fig. 8 shows the typical engineering stress-strain curve of model alloys during
pre-straining. The strength of high carbon alloy was higher than that of low carbon alloy
over the entire range of strain. Although the stress-strain curves of all samples are not
shown in Fig. 8, the deviation of the tensile behavior in stress-strain curves was relatively
small. Of interest is that for high carbon alloy the yield drop and dragging motion around
yield point were observed.

500

400 § High carbon alloy
300 |

200 |

Engineering strength / MPa

100

0 | 1 L I L 1 L L 1 L 1 L 1 L I
0 5 10 15

Engineering strain / %

Fig. 8 Typical engineering stress-strain curve of model alloys during pre-
straining at room temperature.
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3.4.2 Dislocation structure

When the dislocation is introduced by cold rolling, the distribution of
dislocations is considered to be non-uniform perpendicular to the rolling direction of the
sample. In this study, since the pre-straining was done by uniaxial straining, the
introduced dislocation structure should be uniform in the sample. Figs. 9 shows the typical
dislocation structures of high carbon alloy deformed to 0, 2.5, 5.0, and 7.5 % strain. It is
clearly seen that the dislocation density increase with increasing specimen thickness.
Dislocation density were measured from these weak-beam dark-field images. Fig. 10
shows the measured dislocation density as a function of deformation ratio. The error bar
shown in fig. 10 denotes standard deviation. It is clearly seen in Fig. 10 that dislocation

density in both low carbon alloy and high carbon alloy is similar.

0 %, WBDF g/3g, C-09 | | | 2.5 %, WBDF g/5g, C-01

500 nm

Fig.9 Weak-beam dark-field images of high carbon alloy deformed to 0, 2.5,
5.0, and 7.5 % engineering strain.
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Fig. 10 Measured dislocation density as a function of pre-deformation ratio.

3.4.3  Yield strength

Fig. 11 shows yield strength of both low carbon alloy and high carbon alloy
tested at 25 and 700°C as a function of square root of dislocation density. In the test
temperature at 25°C, the high carbon alloy is stronger than the low carbon alloy in any
density of dislocation. At 700°C, the alloys showed a similar tendency in the strength.
For both alloy, the relationship between the total dislocation density pq and yield strength
oy 1S in accordance with the Bailey-Hirsch relationship, described as

oy = 60 + Mag 1b(pa)*, 2)

where oo, M, a4, 1, and b are a constant, the Taylor factor, the barrier strength of forest
dislocations, the shear modulus of the matrix, and the Burger’s vector of moving
dislocation, respectively. Here, the strength factor, aq, for forest dislocation can be derived
from the slope in Fig. 11.
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Fig. 11 Yield strength of both low carbon alloy and high carbon alloy tested at
25 and 700°C as a function of square root of dislocation density.
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3.5 Discussion

3.5.1 Effect of carbon concentration and test temperature on strength factor of line

dislocations, ag

Fig 12 shows a temperature dependence of a4 value in low carbon alloy (19wppm
C), high carbon alloy (225wppm C) and PNC316SA (500wppm C). In PNC316SA
(500wppm C) sample, no temperature dependence of aq value was found while aq value
decrease with increasing temperature in low carbon alloy (19wppm C), to the value of
about 0.1, which is almost half of that in PNC316SA (500wppm C) sample. From Fig. 12,
following things can be stated as a summary that; “strength of the forest dislocation” in
high carbon alloy is bigger than that in low carbon alloy at 700°C.

0.4

os | mEwe

a value

0 200 400 600 800

Temperature / °C

Fig. 12 Temperature dependence of strength factor of forest dislocation, aq as a
function of temperature.
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3.5.2 Discussion of the effect of carbon concentration and test temperature on

strength factor of forest dislocation, aq

The following mechanism of temperature dependence of strength factor, aq, can
be suggested. Dislocation in this FCC model alloy are mostly considered to be extended
(Fig. 13). Considering the cutting of extended dislocation to extended dislocation,
constriction of extended dislocation is necessary (Fig. 14). The energy which is necessary

for constriction can be explain as:

S

15 b

2 %
Uc=ﬂIO W InW

where ws is the distance of extended dislocation [4]. As a forest dislocation, edge
component of the partial dislocation was locked by carbon atmosphere (Fig.15) due to the
stress relaxation by interstitial type carbon atoms, similar to Cottrell effect [5]. Much
more stress need to be apply to be able to constrict. Thermally-activated process can assist

the constriction in high temperature test.

Extended dislocation
Stacking

ar— 3 . E - b3 fault b2
5[101]—> - [112]+ - [211]

b, b, by

b,

Fig. 13  Schematics of extended dislocation in FCC material.
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Fig. 14 Schematics of Crosscutting of extended dislocation (Schoeck and Seeger,
1955 [11]).

Atmosphere

0, Partial

Fig. 15 Schematic showing atmosphere around extended dislocation.

Another possible mechanism to explain could be the one similar to chemical
interaction or Suzuki effect [6] [7]. When dislocation is extended, chemical potential of
solute atoms locating in stacking fault is different from that in the matrix. Thus the
concentration of solute atoms locating in stacking fault is different from that in the matrix,
as well. Stacking fault energy (SFE) ys can vary depending on solute atom concentration.
Here the empirical equations predicting SFE from the concentration of solute atoms

(Wt%) are presented [8] [9] [10]:
SFE (mJ/m?) = 25.7 + 2(Ni) + 410(C) — 0.9(Cr) — 77(N) — 13(Si) — 1.2(Mn)  [8],
SFE (mJ/m?) = — 53 + 6.2(Ni) + 0.7(Cr) + 3.2(Mn) + 9.3(Mo) [9], and

SFE (mJ/m?) = 1.2 + 1.4(Ni) + 0.6(Cr) + 17.7(Mn) — 44.7(Si) [10].
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The first one shows the dependence of carbon atom concentration on SFE, while
the other two do not show. If the extended dislocation move across the area with different
solute atom concentration, change of SFE could be a resisting force. When the solute
atom concentration in the matrix and the stacking fault is expressed in co and ci,

respectively, the resisting force would be

7 ={ys(Co) —ys(c1)} /b

where b is the Burger’s vector of perfect dislocation. Fig. 16 is the schematic of procedure
showing extended dislocation depinning from atmosphere derived from chemical
interaction. This mechanism can explain the lock of moving extended-dislocations.
However, this may also apply to when considering the constriction of forest extended-
dislocations.

Fig. 16 Schematic of procedure showing extended dislocation depinning from atmosphere,
which is derived from chemical interaction. Solute atom concentration in the matrix and the
stacking fault is expressed in ¢ and c1, respectively.
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3.6  Summary

The barrier strength of line dislocations, a4, was investigated for model austenitic
alloys with different carbon concentration at elevated temperature, leading to the

conclusion below.

1. a4 in a low carbon content alloy depended on test temperature, while that in
500wppmC alloy do not. This means that, at high temperature, the “strength” of forest
dislocations in the low carbon alloy was weak compared with that in high carbon
alloy. Due to the locking of partial dislocation by carbon atoms, the constriction of
extended dislocation is hard to occur.

2. This fact, i.e. dependence of ag on test temperature in low carbon alloy, suggested
that ag may decrease in type 316 stainless steel after long-term irradiation at high

temperature due to the depletion of carbon atoms in the matrix.
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Chapter 4

Contribution of irradiation-induced
dislocation loops

61



4.1 Introduction

In this chapter, dislocation loop induced by irradiation were considered as
obstacles to dislocation glide. The contribution of the dislocation loops to mechanical
properties, i.e. the barrier strength of dislocation loops, a, was investigated by using ion-

irradiation and nano-indentation technique.

Nano-indentation technique has been used to evaluate the irradiation hardening
in ion-irradiated materials for simulating the change of mechanical properties under
fission and fusion reactor conditions. The available irradiated volume by ion irradiation,
however, is small and limited from the specimen surface. Additionally there is a damage
gradient in the ion-irradiated volume. These features provide many scientific and
technical challenges such as a hardness depth profile, a softer substrate effect and an
indentation size effect [1]. To utilize the hardness data of ion-irradiated material obtained
by nano-indentation for engineering aspect, an analyzing method needs to be developed
further.

In the past studies, nano-indentation technique for irradiated materials have been
performed to evaluate the irradiation-induced hardening, not softening. Irradiation-
induced hardening is the result of evolution of a damage microstructure, namely
dislocation loops. In austenitic stainless steel, the dislocation loops are formed by
irradiation at around 300°C. lon irradiation is one of the method to introduce the

dislocation loops into materials.

4.2  Objective of this chapter

To evaluate the barrier strength of dislocation loops, ai, an attempt to obtain the
depth dependence of the hardness in ion-irradiated material was done by means of nano-
indentation combined with sectioning. The framework of this chapter is as below.

1. Investigation of the relationship between the penetration depth of an indent and the

range of deformed zone induced by means of transmission electron microscopy
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(TEM).

2. Evaluation of “local hardness” in the ion-irradiated region based on the “multi-layer

model”, which is the combination of nano-indentation technique and sectioning.

3. Determination of the barrier strength of dislocation loops, ai, by comparing the local

hardness and the neutron-irradiation data.

4.3 Experimental

A 316 stainless steel solution-annealed at 1473 K for 15 min was used in this
study. The size of the specimen was 1 mm thickness, 6 mm length and 3 mm width. Prior
to irradiation, the specimen was mechanically polished using alumina suspension with a
grain size of 0.3 mm. To remove any deformation layer produced during mechanical

polishing, the sample surface was also electro-polished.

lon irradiation was carried out at the TIARA facility of JAEA with 10.5 MeV
Fe®* ions at the temperature of 523 K. The nominal displacement damage was up to 0.1-
10 dpa at the depth of 1 um from the specimen surface. The displacement damage reached

to 2.5 um depth and a peak of damage was at 2.1 pum depth based on SRIM calculation
[2].

Nano-indentation test was carried out by using an Elionix ENT-1100a with a
triangular pyramidal diamond indentor (Berkovich type tip). To gain the hardness depth
profile of the sample, depth control measurements was performed with a penetration
depth of 50-800 nm with 10 nm interval. Average hardness from 3 indentations were
obtained at each penetration depth. Therefore, one hardness depth profile in this study
consist information of more than 225 indents. To avoid overlapping of the plastically
deformed zones, the indents were performed at intervals of 30 pm.

TEM investigations were performed to evaluate the range of the plastically
deformed zone. For this purpose, cross-sectional TEM samples through an indent were
prepared by using focused ion beam (FIB) machine (JEOL JIB-4600F). To protect the
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imprints against Ga" ion damage, the indentations were covered by carbon deposition
layer. Before depositing the protection layer, the center of the indentation was marked to
get the cross section right through the middle of the indent.

The damage layer was sectioned to the depth of 0.6, 1.2, and 1.8 pum from the
specimen surface by using FIB machine. Ga* beam of FIB was bombarded parallel to the
specimen surface. The size of the sectioned area was about 40 x 100 pm2. Nano-
indentation was carried out to “new surface” produced by the sectioning. Because of the
size of the sectioned area, the distances between each of the imprint was 10 times
penetration depth for each indentation.

4.4  Hardness depth profile and deformation zone in ion-irradiated

region

Fig. 1 shows the plots of inverse depth versus square of hardness obtained from
nano-indentation tests. The inverse depth versus square of hardness relationship showed
an inflection for the irradiated materials. Note that the hardness determined in the manner
outlined by Oliver and Pharr [3] in Fig. 1 and 5. The possible effect of softer substrate
region beyond the irradiated region was discussed within the framework of the studies by
Nix and Gao [4] and Kasada et al. [1]. Kasada et al. [1] showed that the Nix-Gao plots of
ion-irradiated material has an inflection at a critical indentation depth, h;, and a
contribution of bottom softer substrate region in the sample beneath the indent reflects to
the hardness when the penetrate depth is deeper than hc. In the Fig. 1, he appeared to
depend on the irradiation dose, and were obtained to be 330 um for 0.1 dpa sample, and

440 um for 1.0 and 10 dpa sample.

Cross-sectional TEM were performed to observe the plastically deformed zone
which was induced by an indent. Figs. 2a—d show the experimentally observed
deformation zone of the unirradiated sample and the irradiated sample up to 10 dpa with
indentation depth of hc. For unirradiated sample (Fig. 2a), the plastic deformation (mainly
the dislocation structure), introduced by the indent with penetration depth of 400 nm,
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Fig. 1 Inverse depth-square of hardness plot of the samples irradiated up to
0,0.1, 1, and 10 dpa at 523 K.

reached to 3.0 um from the specimen surface. Note that the observed black dots in Fig. 2
are artifacts induced by Ga* ion beam. For figs 2b—d, prior to mention about the
deformation zone, the distribution of defect cluster introduced by Fe®* ion irradiation must
be mentioned. As seen in Figs. 2b—d, the defect cluster were distributed in the region from
the surface to 2.5 um depth. Especially the 10 dpa sample clearly exhibited the defect
cluster distribution and the area with the maximum number density of the defect cluster
appeared to be at 2.3 um depth. The plastically deformed zone produced by the indent
where the indentation depth is he was examined with respect to its range in irradiated
samples. In Fig. 2b—d, the deformed zone appeared to be reached to the peak damage
region in each sample, especially in the left hand side of the deformed region (cross-
section through the face of the indentation). On the other hand, the deformation zone was
not exhibited in the region deeper than the peak damage region. This means that, in the
irradiated sample, the deformation zone introduced by the indent where the penetration
depth is hc spreads right from the surface to the damage region. This important results

were taken into account in the sectioning experiment as mentioned below.
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4.5 Multi-layer model and the results of sectioning experiment

Here, the concept of multi-layer model is as follows:

The irradiated layer, which is the region from the specimen surface to 2.5 pm
depth in this study, can be divided into sub-layers. Additionally, each sub-layer has their
own local hardness, Hi, according to the damage distribution. Fig. 3 shows the schematic
of the sub-layer and the H.. It also shows the displacement damage profile, which was
obtained by using SRIM code [2]. In this study, four sub-layers were considered. Here
the hardness of whole irradiated layer, H, measured by one indent was assumed to be the
product of volume fraction of a deformation zone, f, and local hardness, Hi in each sub-
layer, respectively. Namely, H can be described as

H=Xfi Hy (@8]

with the assumption of a deformed zone to be a hemisphere. According to eq.1, each of
H can be described as

Ho = fi-Hia + fo-Hio+ f3-His + fa-Hig, (2)
Hoe = f2’-Hiz + f3’-His+ f4”-Hia, (3)
Hiz =f3”-His + f4”-Hua, (4)
His=Hus (5)

where the index of H is the sectioning depth from the specimen surface. Fig. 4 is the
schematics showing the sectioning procedure and the measurement of H in each
sectioning distance. Note that f3 and f3’, for instance, was different because the radius of
the deformation zone can be different in every single H measurement. After measuring H
by nano-indentation technique, we experimentally evaluated the local hardness H. of each
layer by solving the equations (2)—(5).

67



Displacement damage / dpa
0 1 2 3 4 5

lon beam o J N —
Indenter@ g \ IH e
' /).5 : !
f -
1 \ H, ISub—Iayer

iated

epth / um
-
o1

/!
1

Deformation zone

Unirradiated region (bulk) 3

Fig. 3 Schematic of the deformation zone by nano-indentation in ion-irradiated sample.
The irradiated layer can be divided into sub-layers which have their own hardness H.. In the
right-hand side, the damage distribution and corresponding sub-layers are shown.
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Fig. 4 Schematics showing the sectioning procedure and the measurement of H in each
sectioning distance.
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The sectioning was carried out to the sample with the nominal displacement
damage of 1 dpa. Nano-indentation were carried out to the “new surface” produced by
sectioning in order to obtain the Nix-Gao plot and hc. It resulted that h¢ for the sectioning
distance of 0.6, 1.2, and 1.8 um was 210, 230, and 190 nm, respectively, as-shown in
Fig.5. Here the values of he was rounded off to one digit as considering the errors of hc.
As mentioned in section 3.1, the deformation zone where the penetration depth is hc
reaches to the bottom of the damage region. So the radius of deformation zone was
assumed to be the distance from the new surface to the bottom of damage region.
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H was obtained as bellow. According to the work of Inamura and Suzuki [5], the
obtained load-displacement profile by nano-indentation technique can be assumed to be

F ~ Ah + Bh? (6)

where F is the indentation load, h is the indentation depth and A and B are constant. The
term of Ah represents the elastic deformation in the very early stage of an indentation due
to the roundness of the tip, where F is proportional to h. The term of Bh? represents the
plastic deformation where F is proportional to the contact area of the tip. Because the
contact area is proportional to h?, F is proportional to h?. Furthermore, they revealed that
the slope of F/h-h plot, B, was good correlation with Vichers hardness as;

B =~ 0.287 Hv )

where B in GPa and Hv in kg mm™2. In this study, the load-displacement profile where
the indentation depth is hc for each sectioning distance was analyzed to obtain B. Then H
was evaluated using eq. (7). Fig. 6 shows the F/h-h profile where the indentation depth is
hc for the sectioning distance of 0, 0.6, 1.2, and 1.8 pum. The evaluated B and H were
summarized in Table 1. Eventually, by solving eq. (2)—(5), the local hardness, Hi, was
experimentally evaluated such that Hii, Hi2, His, and His are 178, 288, 353, and 408,
respectively. Fig. 7 shows the resulted H. and the displacement damage profile as a
function of depth. Hi increased with increasing depth, and it appeared to be good
correlation to the damage profile.

Table 1
B parameter derived from the F/h-h profile (Fig. 6) and corresponding H.

Sectioning Critical indentation Number of B/GPa H/kgmm?

distance / pm depth, hc / nm an indent

0 440 5 79.8 Ho =278
0.6 210 3 95.6  Hos=333
1.2 230 2 106.8  Hi12=372
1.8 190 2 1171 Hig=408
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4.6  Validity of multi-layer model

To confirm the validity of the obtained Hy, the irradiation hardening, AH = H._ —
Hunirr, Was plotted as a function of dose in Fig. 8. Note that Hunir. i the hardness of
unirradiated material obtained through eq. (6) and (7), to be 184 in this study. The value
of Hii—Hunir. became minus so it was neglected in Fig. 8. The irradiation hardening in
this study showed power law as a function of dose with n of 0.6. On the other hand,
compared to the work of Okada et al. in 1996 [6], they showed the power law with n =
0.20 in irradiation hardening of an austenitic stainless steel (Fe-15Cr-16Ni) irradiated in
RTNS-Il and IMTR at 473 K. Here it should be noted that horizontal axis of Fig. 1 in the
work of Okada et al. [6] indicated DEPA eV-atom . Even so, the power index obtained
in this study was large compared to that obtained in neutron irradiation experiment. This
difference might be due to the overestimation of hardness at peak damage area. As seen
in Fig. 6, the loading profile corresponding to the sectioning distance of 1.2 um showed
a concave downward. This might be due to the steep increase of the displacement damage
between 1.2 and 1.8 um of the original depth (Fig. 3), which leads to the damage gradient

effect on the hardness. This damage gradient effect might cause an overestimation of

hardness.
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Fig. 8 Log-log plot of irradiation hardening, AH = H_ — Hynirr. @$ a function of dose.
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On the other hand, the validity of the multi-layer model should be discussed. In
this study, the hardness was simply assumed to be the product of volume fraction of a
deformation zone and the local hardness. Furthermore, the deformation zone was
assumed to be a simple hemisphere. Although Hi obtained reasonably as a function of

depth, the multi-layer model should be improved further.

The difference in the power index between this study and neutron irradiation
should be also discussed in terms of microstructural aspect. In the case that number
density of the defect clusters produced by ion-irradiation increase linearly and its size is
constant as a function of dose, the power index should be close to 0.5 which is explained
by Orowan’s equation. Furthermore, an appropriateness of the power-law discussion
should be considered. In type 316 stainless steel, irradiation hardening achieves the
saturation level by neutron irradiation up to almost 1dpa [7]. Most of the case for the
power-law discussion on irradiation hardening is about the dose ranging from 0.001 to
1dpa [8-12]. This range of dose is narrow compared with that in this study. Besides, these
work was based on tensile test measurement, especially yield strength [13] tested at
irradiation temperature, not on hardness test measurement. These two method detect
completely different properties of material. While yield stresses are measured at
approximately 0.2% strain, hardness measurements represent material properties at much
higher strains, 8% as estimated by Tabor [14]. One assesses the starting of plastic
deformation and the other do the highly deformed state.

Here, Kodama et al. [15] investigated a series of Type 304, 304L, and 21 heats
of Type 316 and 347 stainless steels irradiated in a boiling water reactor to 1.7-2.2x10%
n/m? (E > 1MeV) and 3.3-4.0x10% n/m? (E > 1MeV), corresponding to 2.9 and 5.0dpa.
The data set of hardness which performed at room temperature is listed in ref. [15], so we
can obtain a change in hardness, shown in Fig. 9. The irradiation temperature done by
Kodama et al. is at 288°C (561K) which relevant to LWR core materials, so it is
comparable to the data of this study. As shown in Fig. 9, though the data set exhibits
significant scatter which could be the result of the large number of alloys (23) studied,
the data trend of this study is very much close to that of Kodama et al.
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4.7  Evaluation of strength factor of dislocation loop, a

Edward et al. [16] examined 3 heats of type 316 stainless steels neutron-
irradiated at 275°C (548K) from 0.6 to 13.3dpa by using TEM and hardness test. The
results of TEM observation and hardness are summarized in Table 2 here. They revealed
that the microstructure is dominated by a very high density of small Frank loops. Based
on the microstructural data listed in Table 2, change in yield strength due to the presence
of Frank loop, Aoy, is estimated by using following equation,

Ady,1 = May b (Nidy) 2 (8)

where M, a, i, b, Ni, and d; are the Taylor factor, the barrier strength of dislocation loop
(here it is Frank loop), the shear modulus of the matrix, the Burger’s vector of moving
dislocation, the number density of obstacles, and the mean size of obstacles, respectively.
The changes in yield strength are plotted in Fig. 10. In Fig. 10, four series of plots are
shown. First one is the plot of Agy, | derived from eq. (8). Second one and third one are
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“converted Aoy” form change in hardness, as Aoy = 2.6AHv, which was presented in
chapter 2. Second one is the data obtained by Edward et al. [16], while third one obtained
by the “multi-layer model” in this chapter. Last one is the work of Kodama et al., Aoy at
288°C obtained by tensile test, described in ref. [15]. Kodama et al. performed both
hardness at room temperature and tensile test at irradiation temperature, 288°C, so we are
able to evaluate the change in both hardness and yield strength. Summarizing, the
estimated Aoy is for the first one, while the others are experimentally-obtained Agy. In Fig.
10, the trend of estimated Aay, | is consistent with that derived from the “multi-layer model”

in this chapter. Here, the barrier strength of dislocation loop,
o =0.2,

was obtained. This means that Frank loops here act as a weak obstacle. On the other hand,
Lucas [17] summarized that the strength of Frank loop is intermediate, where ay is equal
to 0.33-0.45. In this study, the size of Frank loop is very small, 6-10nm. These facts allow

the conclusion that small Frank loops act as a weak obstacle, where a is 0.2.

Table 2

Average size and density of Frank loops in the irradiated 316SS heats and summary of hardness
results.

ABB  Dose Loop density Meansize (Nd)1/2/ HvatRT AHv/ 2.6AHv Est.Acy

heat  /dpa /102 m / nm 10'm?  /kg-mm?2 kg-mm?2 /MPa /MPa
316-F 0 - - - 161 - - -
11 1.8 7.2 3.6 219 58 151 415
4.7 17 11.2 4.4 282 121 315 503
316-P 0 - - - 161 - - -
1.1 1.3 6.4 2.9 277 116 302 332
1.6 1.6 7.5 3.5 297 136 354 399
2.9 1.1 9.7 3.3 - 376
4.9 2 9.6 4.4 331 170 442 505
316-K 0 - - - 161 - - -
1 3.2 6.3 4.5 307 146 380 517
1.6 1.6 7.4 3.4 282 121 315 396
3.7 3.4 8.5 54 342 181 471 619
5.7 1.9 9.1 4.2 419 258 671 479
13.3 1.9 9.4 4.2 - - - 487
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4.8  Summary

The barrier strength of dislocation loop, a1, was investigated for ion-irradiated
316 stainless steel by using nano-indentation technique. The followings are summary:

1. The range of plastic deformation zone and the depth dependence of nano-indentation
hardness were investigated. When the indentation depth was critical depth, hc,
obtained from Nix-Gao plot, the deformation zone reaches to the bottom of the
irradiated layer. This means that hc can be a reasonable parameter to assume the range

of deformed zone in ion-irradiated materials.

2. The multi-layer model was suggested with the assumption of the hardness as the
product of volume fraction of a deformation zone and local hardness. The obtained
local hardness HL was reasonable for the evaluating the radiation hardening as a
function of depth. Comparing with neutron-irradiation data, the local hardness
obtained by multi-layer model here is reasonable. The power index on the power law
of irradiation hardening in this study was large compared to neutron irradiation,
however, the power-law discussion is not appropriate in this case because irradiation

hardening is thought to reach to the saturation level (around 1dpa).

3. The barrier strength of dislocation loops obtained here is equal to 0.2. Although this
value is small compared with the one shown inref [17], au = 0.2 would be appropriate
because the size of loops considered here is relatively small so act as a weak obstacle.
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Chapter 5

Contribution of finely-dispersed
oxide particles
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5.1 Introduction

In this chapter, oxide particles presented in oxide dispersion strengthened (ODS)
austenitic stainless steel were considered as obstacles to dislocation glide. The
contribution of the oxide particles to mechanical properties, i.e. the barrier strength of

oxide particle, aoxide, Was investigated.

5.2 Objective of this chapter

1. Development of ODS austenitic stainless steel and production of its bulk—prototype,
named ODS316

2. Investigation of microstructure and mechanical properties of ODS316

3. Evaluation of the barrier strength of oxide particle, ooxide

5.3  Development of ODS austenitic stainless steel and production of

its bulk—prototype

5.3.1  Motivation for ODS austenitic stainless steel

Oxide dispersion strengthened (ODS) ferritic steels, which are candidates for
structural materials of fusion reactors and core components of advanced fission reactors,
show excellent properties in high-temperature strength, creep rupture life times, and
irradiation resistance due to the presence of stable nano-sized oxide particles introduced
by mechanical alloying (MA) and hot consolidation [1] [2] [3] [4]. In addition to these
advantageous properties, ODS ferritic steels suffer from poorer corrosion resistance than

commonly used austenitic stainless steels.

Austenitic stainless steel is an attractive materials as a structural components

when compared to ferritic steel due to good corrosion resistance and the much experience
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with actual use in industry. However, austenitic stainless steel has poor swelling resistance.
For structural materials of fusion reactors and core components of advanced fission
reactors, modified austenitic stainless steel [5] with better performance in the swelling
characteristics, needs to be developed. One such candidates is ODS austenitic stainless
steel because ODS steels have the potential to suppress void formation due to the slow
recovery of initial dislocation structure immobilized by oxide particles [6].

5.3.2  Development of ODS austenitic stainless steel

According to the recent researches on ODS 9Cr ferritic steels with Y>03, adding
the group 4 elements, including titanium, zirconium, and hafnium, is effective to make
finer particles dispersed, as shown in Fig. 1 [7], than that in an ordinary ODS steels that
do not originally include such minor elements. Okuda et al. [8] reported that the addition
of a small amount of Ti sufficiently reduces the size of the oxide particle from 10 to
around 3 nm in ODS-12Cr ferritic steels. Figure 2 shows size distribution of oxide
particles determined by TEM in 12Cr-ODS ferritic steels in various elements addition: Ti,
Nb, V and Zr [8]. The formation mechanism of extremely fine oxide particles was
explained that Y-Ti-O complex oxides would precipitate as more stable oxide particles
than Y20s. Additionally, in 16Cr-4Al ODS ferritic sttels, which aim to improve corrosion
behavior, an addition of Ti and Hf increases the number density of oxide particles one
order of magnitude and decreases the average diameter [9]. Further, the Ti-added-ODS
ferritic steels shows improved creep rupture strength as the manufactured cladding tubes
[10]. The development of finer oxide particle would be associated with the formation of
complex oxides composed of Y and the group 4 element.

The initial study of ODS austenitic stainless steels was carried out by Watanabe
[11]. The effect of mechanically alloying for dissolving Y20z in austenitic matrix was
studied using X-ray diffraction for the mechanically milled powders. The austenitic
stainless steel powder and 0.35 wt% Y203 powder were mechanically-alloyed (MA) using
a planetary ball mill with steel balls for 3-96 h under an argon atmosphere. MA was
performed with a rotation speed of 440 rpm and ball-to-powder ratio of 5.5:1. The results
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of XRD are shown in fig. 3 [11]. 6 h mechanically milled powders do not give the specific
diffraction peak of Y20s. Therefore, it is considered that thermally stable Y203
decomposed into yttrium and oxygen atoms, and dissolved into the austenitic matrix at
the process of MA during introduction of super-heavy energy. After annealing at elevated

temperatures above 800 °C, oxide particles were observed in the matrix examined by
TEM.

Wiatanabe also reported [11] the most effective content of Hf and Zr for making
finer particles in ODS austenitic stainless steels based on the results of hardness test.
Figure 4 shows the micro Vickers hardness (50 gf) of ODS austenitic stainless steels with
the addition of 0.35Y,03—xHf-0.1Ti or 0.35Y>03-yZr-0.1Ti (x = 0.4-0.8, y = 0.1-0.5;
wt%) mechanically alloyed for 48 h and annealed at 1150 °C for 2 h. It is indicated that
the optimum condition of element and its content for hardness of ODS austenitic stainless
steels was 0.6 wt% Hf.

)
= 4

Volume fraction (%)

Fig. 1. Volume fraction and size of oxide particles in Fe—9Cr-0.1C-2W-0.35Y,03-1.0X [7].
X represents the group 4 elements.

82



40

30t

20}
10+ -
0 .

30t

20
10

0
30

0

Relative frequency (%)

20
10

0
30
20
10

20
10F

30r

12Cr—0.25Y.0,

12Cr—0.8Ti—0.25Y,0,

12Cr—0.5Nb—0.25Y,0,

s

L 12Cr—0.7Zr—0.25Y,0,

-

12Cr—1V—0.25Y,0, |

0

Fig. 2. Size distribution of oxide particles determined by TEM in 12Cr-ODS ferritic steels

in various elements add

T

Normalized intensity
=

V'W‘ﬁw
#‘ "
Mty ety
Wmmwwmuww g

&Rﬂww.hwmwmw

NPNP S |

0 24 6 8 1012 14 16 18 20 22 24 26 28 30

Particle size (nm)

ition: Ti, Nb, V and Zr [8].

Ni-Cr
-Fe
? complex g \V( o
ferric oxide oxide 23

iy Lo

14'[,\] W"‘H""’M ;,. Wk ’ffnﬁl,wﬁmﬂm WM@( 96h
|*4wﬁ" o Vﬁmwﬁ Wﬂh«m 72h
i "pwwﬁm@*mﬂ,wmwﬁwm 48h
' HMWWMMWMJ r*#ru# M Ly M%MmMMI. 24h

*“mwm‘*"‘f*’ﬂ vt Nyt 120
Mﬂwﬁwﬁmm1% Lmu,l.d-wmwm\m ‘M g
WMM 6h

AWAM"WW W/HHWM*WM‘MW MVJ'WI 3h

‘gh

20

Fig. 3. X-ray diffraction patterns of MA powders milled for 3-96 h [11].

30 40 50 60 70 80 90

20/ degrees

83



400

<« 035Y,0,-0.1Ti-xHf |

£ 350 1
g 035 + <+ 0.35Y,0,0.1TiyzZr [~
] Y,05
£ i |
5 300 jf ; |
: i /
)
X I
= I ﬁ ,L
> 250 FEfHe e ] 1 o
: 7 7
s f'f f
Ts;s 7 /
0 S 1 1 1 1 1 1 f 1 Al 1
o < To) © N~ o] — N ™ < To)
Q 5 & 8 8 S o o6 S o o
> 1 1 11 I 1 1 I I 11 I
g x x < < < > > > >
o
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5.3.3  Fabrication of bulk—prototype ODS austenitic stainless steel

An advanced austenitic stainless steel, PNC316, was used as the starting material
here. PNC316 is developed by the Power Reactor and Nuclear Fuel Development
Corporation (presently the Japan Atomic Energy Agency: JAEA) [5]. The chemical
composition of PNC316 is shown in Table 1.

Table 1
Chemical composition of PNC316 (wt%)

Material Fe Cr Ni Mo Mn Ti Si Nb C

PNC316  Bal. 16.16 13.66 2.33 1.82 0.08 0.75 0.08 0.05
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The production of the ODS austenitic stainless steel involved the following
process. Pre-alloyed PNC316 powder with 150 um in diameter was produced by argon
gas atomization process. The pre-alloyed powder and 0.35 wt% Y03 powder with 0.1
wt% Ti and 0.6 wt% Hf were mechanically-alloyed (MA) using a planetary ball mill
(Fritsch GmbH) with steel balls for 24 h under an argon atmosphere. MA was performed
with a rotation speed of 440 rpm and ball-to-powder ratio of 1.9:1. Figure 5(a) and (b)
show steel balls and mechanically-alloyed flakes after 24 h milling, respectively. As
shown in fig. 5, austenitic stainless steel adhered to steel balls during ball mill due to its
ductility. The mechanically-alloyed flakes have an average diameter of 1 mm, which is
quite large comparing with that of ferritic ODS steels. The flakes were sealed in a steel
can after degassing for 3 h at 400 °C in a vacuum of 10-3 torr, and then heat treated at
1150 °C for 2 h followed by hot extrusion into a bar with extrusion ratio of 6.4. And then
the bar was hot-forged at 1150 °C to correct the bend then was solution- annealed at
1100 °C for 1 h with water-cooling. Figure 6 shows an overview of extruded bar,
referenced in the following as ODS316. Weight of a bar was about 1 kg.

Componential analysis of gas atoms were carried out for the extruded ODS316
bar with the inert gas fusion method and inductively coupled plasma atomic emission
spectrometry (ICP-AES). The results are summarized in Table 2. Content of Y,03
estimated from the amount of Y was 0.34 wt%, which consists with initial content of
Y203, 0.35 wt%. The content of excess oxygen was calculated to be 0.09 wt%, which is
relatively low. The content of nitrogen, 0.05 wt%, is relatively high.

Figure 7 shows longitudinal-section microstructure of an ODS316 bar.

Anisotropic microstructure was observed.
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Fig. 5. Steel balls and mechanically-alloyed flakes after 24 h milling.

Top Bottom

Fig. 6. An overview of extruded ODS316 bar.

Table 2
Amount of Y, O, and N in the extruded ODS316 (wt%).

Y 0] N

0.27 0.16 0.053

86



PRLILE
> i e T e i o

X

Fig. 7. Photomicrographs of longitudinal-section microstructure in ODS316 steels.
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54 Investigation of microstructure and mechanical properties of
ODS316

5.4.1 Microstructure

Samples for TEM observation were cut from the extruded alloy. Samples were
thinned mechanically to < 0.15 mm, and then punched to 3mm diameter disks followed
by electrochemical-polishing. Final thinning of the foils was performed using a standard
twin-jet electro-polishing technique (TENUPOL device) in an electrolyte (95 vol.% acetic
acid, 5 vol.% perchloric acid) at 15 °C and 40 V. The thinned samples were investigated
in a JEOL2010 TEM, which has a LaBs gun, operated at 200 kV.

Figure 8 shows typical microstructure of ODS316. We observed dispersed fine
oxide particles and dislocations with low density. The austenitic grains were apt to be
stretched along with extrusion direction. No pores on grain boundary were observed. As
shown in fig. 9, oxide distribution was scattered especially in number density. The size
distribution of oxide particles was measured from TEM micrograph, as shown in fig. 10.

Microstructural parameters of ODS316 were summarized in Table 3.

Fig. 8.  Typical microstructure of ODS316.
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Fig. 9. Microstructure of ODS316 in (a) low density region and (b) high density region of the

oxide particles.
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Fig. 10. Size distributions of oxide particles in ODS316 measured from TEM micrograph.
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Table 3

Summary of microstructural parameters of ODS316.

Parameter Value
Grain size / pm 0.6
Dislocation density / m™ 1.4 x 10%

Mean diameter of oxide particles/nm  8.1+£0.6

Number density of oxide particles/ m® 6.6 x 10%

5.4.2 Mechanical properties

The samples for tensile test are ODS316 and PNC316SA. To serve as a reference
material for ODS316, specimens were also prepared from wrapper shaped PNC316,
where the cold worked by 20%. PNC316 were solution annealed at 1150 °C for 2 hin a
vacuum to decrease the dislocation density, referenced in the following as PNC316SA,
which served as a model alloy for ODS316 without oxide dispersions and allowed
quantification of the effect of oxide particles on mechanical properties. Table 4 shows the
initial conditions of both specimens measured from TEM images.

Table 4
Microstructural parameters of ODS316 and PNC316SA measured from TEM images.

ODS316 PNC316SA
Grain size / pm 1.0+£0.1 57+3
Dislocation density / m™ 1.4 x 10% 1.0 x 10%
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The miniaturized tensile specimens were cut and machined by wire electric
discharge cutting machining (EDM) from the extruded ODS316 bar. The tensile specimen
was a small sheet-type tensile specimen (SS-J2), 0.3-0.8 mm thick, 1.2 mm wide and
with a gauge length of 5.0 mm, illustrated in fig. 11. The holes of grip pin were made

using drilling machine.

16mm

5mm

v
O O 4mm
4 | 1.2mm ~—

< > 1.4 rad
11mm

t=0.3-0.8mm

Fig. 11. Illustration of SS-J2 specimen.

Uni-axial tensile testing was performed on an instrumented Instron machine and
The Shimadzu Servopulser, allowing testing temperatures from room temperature to
900 °C, in an Ar flow to avoid oxidation. The applied strain rate was in all cases 103 s

Yield strength, ultimate tensile strength, uniform elongation and total elongation

were defined from result of tensile test as shown in Fig. 12.
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Table 5
Conditions of tensile test.

Item Condition
Temperature / °C RT-900
Atmosphere Argon gas flow
Strain rate / s 1073
/Yield Point
[}
3
n
O—UtS
O'ys
et
eU
7) % Strain

Fig. 12. Definition of yield strength, ultimate tensile strength, uniform elongation, and

total elongation from the tensile test result.
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Figure 13 presents the typical stress-strain curves of ODS316 steel as a function
of temperature. Figuer 14 shows fractured specimen of ODS316 tested at 700 °C. It
indicates that ductile deformation and necking fracture occurred.

Figure 15 (a) presents their 0.2 % vyield strength as a function of temperature. It
appears that ODS316 has, as expected, a higher yield strength than the base material,
PNC316SA. At room temperature, the yield strength of ODS316 is over 150% higher
than that of PNC316SA. With increasing temperature the gap between the two materials
decrease, that is, strength of ODS316 and PNC316SA at 700 °C is 242 MPa and 82 MPa,
respectively. Figure 15 (b) shows ultimate tensile strength as a function of temperature.
The ultimate tensile strength of both ODS316 and PNC316SA exhibits similar behavior
to the yield strength. The value of ODS316 at room temperature and 700 °C are 40% and
27% higher than of PNC316SA.

The uniform elongation and the total elongation are presented in fig. 16 as a
function of temperature. Both values of ODS316 present above 20% at room temperature,
which is a practicable ductility. With increasing temperature below 500 °C, the uniform
elongation increases, however, decrease from 550 °C. With increasing temperature the
total elongation increases for ODS316, but not for PNC316SA. From the room
temperature to 500 °C, the values of uniform and total elongation in ODS316 are similar,
while the gap between uniform elongation and total elongation increase above 500 °C.
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Fig. 14. A fractured specimen of ODS316 tested at 700 °C.
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55 Barrier strength of oxide particles, aoxide, iIn an ODS austenitic

stainless steel

As ODS steels, it is expected that the increment of yield strength for ODS316
was explained by the existence of fine oxide particles as obstacles to dislocation glide.
According to the theory of dispersed barrier hardening [12][13], an increase in yield
strengths, Aay, is related to the increase in applied stress required to move a dislocation
through obstacles with strength factor aoxige Such that

Ady, oxide = Matoxide 10 (Noxide Qoxide) /2, (1)

where M, ooxide, i, b, Noxide, and doxide are the Taylor [12] factor, barrier strength of
obstacles, the shear modulus of the matrix, the Burger’s vector of moving dislocation, the
density of obstacles and the mean diameter of obstacles, respectively. In the present study;,
with the Taylor factor of 3.06 [14], the shear modulus of 74 x 10° MPa at room
temperature, the Burger’s vector of 0.2546 nm, and a value of aoxide = 1, Aoy, oxide = 422
(MPa) was obtained at room temperature. In Fig. 17, the comparison of the increase in

yield strength is shown.

On the other hand, a significant Hall-Petch type contribution originated from the
small grain size of ODS316 is also expected. As shown in Table 1, the grain size of
ODS316 is quite small compared with that of PNC316SA. The increase in yield strength

by grain size reduction, Aoy, b, is estimated thorough the equation as
Aoy, b = k (Dops V2 — Daiesa +2), (2)

where k, Dops, and Dsi1esa are the Hall-Petch parameter, the grain size of ODS316, and
the grain size of PNC316SA, respectively. The Hall-Petch parameter here is 10.46
MPa-mm'2, which is the quoted value from the work of Varin and Kurzydlowski[15].
The result of the estimation is also shown in Fig. 17.

Looking at Fig. 17, a Hall-Petch type contribution for the increase in yield
strength, Aoy, b, is 287 MPa, which is mostly the same as the actual change Aoy: 325MPa.

This results here allow the conclusion that the difference in yield strength between
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ODS316 and PNC316SA can be explained mostly by the reduction of grain size.
Therefore, little contribution of fine oxide particles in the increment of yield strength can
be considered at room temperature. In the room temperature test, the Hall-Petch

mechanism may be dominant to determine the yield strength.

500
S I
S o Ao-y, oxide
} 400 |
< I
= L
‘a | AO'yY D
S 300 I
= i ”
® i /
T i
[ L
S 200 I
£ -
@ L
(7)) -
g 100 r
£ - A‘)'y, oxide
0 I A
Actual Increment by Increment by Increment
increment oxide particle oxide particle by grain size
(=1) (2=0.1) reduction

Fig. 17 Comparison of the increase in yield strength. (a) Actual difference in yield strength
between ODS316 and PNC316SA. (b) Increase due to the presence of oxide particle, estimated by
eqg. (1) with a=1. (b) Increase due to the presence of oxide particle, estimated by eq. (1) with ¢=0.1.
(d) Increase due to grain size reduction, estimated by eq. (2).

To fill the little difference between Aagy and Aoy, p, the contribution of oxide
particles can be estimated as decreasing the value of aoxige. USe aoxide = 0.1 in eq. (1),
Aaoy,xide results in 42 MPa. With considering the error in Aoy, b, doxide Should result in the
range of 0.08-0.1. This value is quite small compared with that discussed in the past study
[16]. ODS316 has a heterogeneous distribution of oxide particles in the matrix, so the
preferential dislocation gliding in low density region of oxide particles may occur. That’s

the reason why the apparent value of aoxige Was small.
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One of the possible contribution of the presence of oxide particle is the suppression of
grain growth in ODS316. During the processing of ODS316, annealing at 1150°C for 2h
is performed. If there are no oxide particle in the stainless steel, 2h-annealing at 1150°C
would be leading to grain growth. But the resultant grain size in ODS316 is about 0.6um.
Thus during annealing, pinning effect by the oxide particles against grain boundary
migration could be expected [17].

In the present research, ODS316 is not cold—worked. So the values of yield
strength or ultimate tensile strength were not so high and not satisfying the criteria of
stainless steels for core component of fast breeder reactor. Basically ODS steels are hot—
or cold-rolled and induced dislocations in the matrix during their fabrication process [18].
Indeed, in the past study, ODS steels have showed excellent properties in creep rupture
life times due to the presence of stable and nano-sized oxide particles [4]. This is because
the oxide particle allow to the slow recovery of initial dislocation structure by
immobilizing them [6] during creep deformation at elevated temperature. In ODS316, an
excellent creep strength due to the presence of oxide particles is also expected as well.
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5.6  Summary

The barrier strength of oxide particle, ooxide, Was investigated for the ODS
austenitic stainless steel (ODS316). The followings are summarized:

1. ODS316 had dispersed fine oxide particles with a low dislocation density. The mean
diameter and number density of oxide particles were 8.1 nm and 6.6 x 10 m?,

respectively.

2. Yield strength and ultimate tensile strength of ODS316 were higher compared to
those of PNC316SA in room temperature to 700 °C.

3. Little direct contribution of fine oxide particles as obstacles in the increment of yield
strength of ODS316 was revealed at room temperature. The apparent value of aoxide
was in the range of 0.08-0.1. The role of oxide particle in ODS316 may be
summarized as; oxide particles are effective for the suppression of grain growth in
ODS316; oxide particles may immobilize an initial dislocation structure and impede

its recovery in elevated temperature creep testing.
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Chapter 6

Integrative model for mechanical
property changes under irradiation
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To predict the material properties under irradiation, “microstructure-mechanical

properties correlations” and “property—property correlations” are investigated.

6.1 Microstructure—mechanical properties correlations

Through the investigation on; neutron-irradiated stainless steel; solution-
annealed model austenitic alloy with different carbon concentration; ion-irradiated
stainless steel; oxide dispersion strengthened stainless steel; microstructure—-mechanical

properties correlations are established based on Orowan’s equation,
Aoy = Moub(Nd)*? 2).

The barrier strength of dislocation line, aq, is investigated in neutron-irradiated PNC316
up to 16.0-103dpa at 502—-734°C. Yield strength decreased after neutron irradiation
mainly due to recovery of network dislocation structure. The changes in yield strength
are not in agreement with that evaluated from Orowan’s equation. But the different
tendency between the results of tensile test and hardness test is obtained and the formation
of large-size carbide is observed. Thus a possible dependence of aq on temperature and
carbon concentration was suggested. Detailed examination on aq4 in the model austenitic
alloy revealed that aq depend on test temperature when carbon concentration in matrix is
low. This can apply to neutron-irradiated stainless steel such that the depletion of carbon
atoms in the matrix due to precipitation of carbide leads to decrease of aq.

The barrier strength of dislocation loop, i, is investigated in ion-irradiated
stainless steel. Nano-indentation technique and the “multi-layer model” of hardness were
applied to the investigation of ai. The local hardness Hi in the irradiated region was
obtained by means of sectioning and the suggested multi-layer model. Irradiation
hardening, evaluated by AH = HL — Hunirr, was comparable to the past research. The
evaluated a is equal to 0.2, which would be appropriate because the size of loops
considered here is relatively small so act as a weak obstacle.

The barrier strength of dislocation loop, aoxice, IS investigated in oxide dispersion
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strengthened stainless steel. Investigation of mechanical properties and microstructure of
the fabricated ODS316 bulk sample showed smal contribution of fine oxide particles as
obstacles in the increment of yield strength of ODS316 at room temperature, leading to
the conclusion that ooxide 1S equal to 0.08-0.1. Little contribution to yield strength was
found, however, the contribution to suppress the grain growth in ODS316 was suggested.
Further, a strain field surrounding the oxide particle was found, which may have a role
for pinning glide dislocations repulsively or attractively during creep deformation.

The strength factor a evaluated in this study is summarized in Table 1.

Table 1

Strength factors evaluated in this study.

Obstacle Symbol Value Description

Dislocation loops  auoop 0.2 This value is evaluated by comparing to the work of
Edward et al., where dislocation loop is assumed to be
small-size Frank loop.

Dislocation lines  aq 0.24 This value is the one in PNC316SA at room
temperature. When the concentration of carbon atoms in
the matrix is low, ag depends on temperature. For
example, aq is equal to 0.1 in the model alloy with 19

wppmC at 700°C.
Precipitates Op - Not discussed here due to its small number density.
\oids Oy - Not discussed here due to its small number density.

Oxide particles Oioxide 0.08-0.1 This value is evaluated in the tensile test at the strain
rate of 107 s at room temperature. Oxide particles may
contribute to the suppression of grain growth and the
pinning glide dislocations during creep deformation at
elevated temperature.
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6.2 Property—property correlations (scale bridging)

6.2.1  Nano-hardness — Vickers hardness

In the ion-irradiated sample, the multi-layer model was suggested with the
assumption of the hardness as the product of volume fraction of a deformation zone and
local hardness, where the deformation zone was assumed to be a simple hemisphere. The
obtained local hardness H. was reasonable for the evaluating the radiation hardening as
a function of depth.

6.2.2  Vickers hardness — Yield strength

Linear relationship between Vickers hardness and yield strength was found in
solution-annealed PNC316 at room temperature. The correlation was

oy = 2.6Hv — 61 (1)

where the slope of the eq. (1) is consistent with the relevant study. The intercept in the
correlation might depend on materials, heat treatment, and the way of cold working

(rolling vs. uniaxial stretching).
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6.3 Integrative model

As a summary, the following integrative model was suggested in this study.

Evaluation of mechanical properties

Scale bridging Scale bridging
Nano-hardness Vickers-hardness Yield strength

v

Space scale nm ' um . mm
Sectioning for ion- Linear relationship (A=2.6)
irradiated materials at room temperature

Spurious correlation .
pmmemesmssssssssssssosoooooooooooooo-oo--UN O Mechanical property

Irradiation ; >
------------------------------------------ " | changes

v Orowan’s equation, Ac, = Maub(Nd)*/2

v’ Strength factor for obstacles, a
Dislocation loops: 0.2
Dislocation lines : 0.24

Precipitates H
Voids g =
Oxide particles : 0.08-0.1

Resultant microstructure (TEM detectable)

Fig. 1 Schematics describing integrative model suggested in this study.

105



106



Appendix A

Morphology of oxide particles In
ODS austenitic stainless steel
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1.1 Introduction

Oxide dispersion strengthened (ODS) steels, which are a candidate for structural
materials for fusion reactors, have an excellent thermal creep resistance due to a high
density of small oxide particles dispersed in the matrix. Although the ODS method has
been applied to the development of ferritic steels, ODS steels still have poor corrosion
resistance compared to austenitic steels. To improve the corrosion resistance of ODS
steels, an ODS austenitic stainless steel, based on an advanced SUS316 steel, has been
developed by mechanically alloying (MA) and hot extrusion with an addition of minor
alloying elements.

Knowledge about oxide particles and their relation with the matrix would help
to improve the base austenitic steels. One study shows that the lattice coherency of the
particles with the surrounding matrix is important for strengthening mechanisms [1]. On
the other hand, the observed trapping of helium at the interfaces of Y,0Oz3 particles in
ferritic ODS alloy PM2000 in Ref. [2] suggests that these particles may be able to reduce
high-temperature helium embrittlement, similar to the effect of coherent Ti carbides in
austenitic steels [3]. Small oxide particles dispersed with a high density are also expected
to be effective traps for vacancies and interstitials [4][5]. Therefore, microstructural
analysis on oxide particles would provide valuable knowledge to improve the irradiation
resistance of ODS austenitic steels.

The main focus of this section is to understand the structure and the orientation
relationship of the dispersed oxide particles with respect to the matrix by using
transmission electron microscopy (TEM).

1.2 Experimental

ODS316 was prepared as described in chapter 5. Samples were investigated in
JEOL JEM-2010 and JEM-2010F microscopes. High resolution transmission electron

microscopy (HRTEM) images were evaluated using fast Fourier transformation (FFT).
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X-ray energy dispersive spectroscopy (EDS) equipped with TEM was used to identify the
chemical composition of the oxide particles.

1.3 Results

1.3.1  Crystal structure and composition of complex oxide

The high magnification observation revealed that the particles basically have a
faceted shape, as shown in Fig. 1. From the results of EDS, it was found that most of
particles were mainly complex oxides, where the atomic ratio of metallic elements is
roughly Y:Hf = 1:1. Fig. 2a and b show a HRTEM image and an electron diffraction
pattern from an oxide particle, respectively. The oxide particle is clearly faceted. The
lattice spacing obtained from Fig. 2b is consistent with the database table for defected
fluorite Y Hf,07 [6] based on powder diffraction pattern (Table 1). Moreover, the
HRTEM image and its inverse fast Fourier transformation (IFFT) image indicated that
the atomic plane spacing of the lattice fringes from {200} and {111} is also consistent

with the database table, respectively (see Fig. 2d and e).

. —|

Ea. .. oonm
. RN ol

Fig. 1 TEM micrograph showing faceted particles having a diameter of around 10 nm in the
ODS austenitic stainless steel.
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Table 1
Crystallographic data of defect fluorite Y2Hf207 based on powder diffraction pattern [6].

hkl d(A)
111 3.001
200 2,601
220 1.839
311 1.563
222 1.5012

The details of the crystal structure of Y2Hf20O7 can be discussed. The crystal

structure written as a general formula of A2B20¢O’ is known as an oxide pyrochlore with
a space group symmetry of Fd 3 m [7]1[8]. The pyrochlore structure is a derivative of the

fluorite structure (AXz), e.g., cubic ZrO, except that there are two cation sites and one-
eighth of the anions are absent [9]. There are three distinct anion sites, i.e., O: 48f (x 1/8
1/8), O': 8b (3/8 3/8 3/8) and the 8a (1/8 1/8 1/8) anion site is generally vacant, while the
A- and B-site cations are located on 16d (1/2 1/2 1/2) and 16c¢ (0 0 0), respectively, using
Wyckoff notation with the origin on B site (cell choice 2). The 48f oxygen is described
with the positional parameter x. In the case where x = 0.3125 (= 5/16), the crystal structure
is the ideal pyrochlore, with the coordination polyhedron of the A- and B-site as a trigonal
scalenohedron (distorted cubic) and a regular octahedron, respectively. On the other hand,
the A-site is a regular cube and B-site is a trigonal antiprism (distorted octahedral) where
x is 0.375 (3/8). The A- and B-site cations are ordered parallel to the <110> directions.
The unit cell edge of pyrochlore is doubled (2 x 2 x 2) by ordering of the A- and B-site
cations on the fluorite lattice [6][7][8]. A characteristic feature of pyrochlore in selected
area diffraction (SAD) patterns is the presence of 1/2 {111}r type satellite reflections,
which arise from the correlated {111} ordering of metal ion and oxygen vacancies [8][10].
The “F” subscript represents the parent fluorite reflection.

The fluorite-related structure, including pyrochlore, depends on the ionic radius
ratio of A- and B-site cations, ra/rs. When the ratio is less than 1.46, which means A- and
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B-site cations are similar in size, the anion-deficient fluorite structure is favored (e.g.,
Y2Zr,07, ralrs = 1.42 [11]) by disordering of A- and B-site cations. When the ratio lies
in the range 1.46-1.78, the material is the ordered pyrochlore structure (e.g., LaZr.07,
ralre = 1.61 [11][12]). If the radius ratio is higher than 1.78, a monoclinic layered
perovskite type structure is formed (e.g., La>Ti2O7, ra/rg = 1.92) [11][13].

In the SAD patterns obtained from Y:Hf207 in this study, the 1/2 {111}
superlattice reflection was absent. Additionally, using the ionic radius of Y** in eight-fold
coordination (ry = 1.019 A) and Hf** in six-fold coordination (rus = 0.71 A) [14], the ionic
radius ratio, rv/rus, was calculated to be 1.44, which is slightly lower than the threshold
value of 1.46. Based on these results, most of the oxide particles were identified as the
anion-deficient fluorite structure Y2Hf,O7 (cubic) with a lattice constant of 5.201 A. The
determination of the precise crystal structure of this particle, such as cationic disorder or
the 48f oxygen positional parameter x, requires additional investigations, for instance,

neutron diffractometry.

1.3.2  Nano-scale shape and orientation relationship of oxide particle

As mentioned above, the oxide particles basically have a faceted shape. When
discussing the interface structure of an oxide particle, revealing its shape could be a key
because the character of the interface is expected to depend on its face, i.e., the plane

index.

Fig. 3 presents HRTEM and FFT images of a faceted oxide particle observed
along (a) z = <110> and (b) z = <100>. The shape of an actual projection view of the
particle can be deduced, as shown by the white line in Fig. 3, as a distorted octagon along
the z = <110> projection and a near regular octagon for the z = <100> projection,
respectively. These observations suggest a model of oxide particle as a polyhedron
surrounded with {100}, {110} and {111} planes, as shown in Fig. 4a. Fig. 4b and ¢ show
the projected view of the model from the <110> and <100> directions corresponding to

the experimental image of the oxide particle, as shown in Fig. 3.
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Additionally, from Fig. 3c and d, an orderly orientation relationship between the
faceted particle and the surrounding matrix can be expressed as follows:

<110>matrix // <110>0xide and {200 }matrix // {200 }oxide,
<110>matrix // <110>0xide and {111 }matrix // {111} oxide
<100>Mmatrix // <100>0xide and {220 }matrix // {220} oxide
<100>Mmatrix // <100>0xide and {200 }matrix // {200} oxide

Thus, the oxide particle with a face-centered cubic (FCC) base crystalline
structure, defected fluorite structure, is embedded in the FCC matrix without any rotation.

A well-oriented relationship between the particle and the surrounding matrix
exhibits extra spots originating from double diffraction in SAD patterns as per the details
shown in Fig. 5. In the SAD image, there are double-diffraction spots occurring when the
matrix-diffracted beam is rediffracted by the oxide (black filled circles), and then
occurring when the above reflection is rediffracted, again, by the oxide (gray filled
circles). The double-diffraction spots were also seen in Fig. 6, located between the direct
beam and the oxide particle reflection.
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Fig. 3 HRTEM images of an oxide particle viewed along the zone axis of (a) z = <110> and
(b) z = <100>, and corresponding FFT images for (c) z = <110> and (d) z = <100>.
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1.4 Discussion

The confirmed orientation relationship of the embedded particle in the
surrounding matrix indicates that the crystalline structure of the matrix would strongly
affect nucleation and growth of the particle, especially when it is an embryo. This is
because the orderly orientation relationship between the particle and the matrix still
remains when the oxide particle is relatively large, as reflected in Fig. 3. Furthermore,
this orderly orientation could imply a coherent particle/matrix interface. If the
particle/matrix interface is coherent, an elastic strain field would be introduced. The
presumed elastic strain field can be expected to have a significant role in pinning glide
dislocations in the ODS steel and should have important strengthening effects. Besides,
as for the displacement damage induced by irradiation, the elastic strain field can also

affect the migration and segregation of point defects.

Fig. 6 is a TEM micrograph indicating the strain field that appeared around a
faceted oxide particle for each g vector condition. The black and white contrast deriving
from the strain field can be confirmed in the bright field and the weak beam dark field
images in Fig. 6, respectively. Note that the existence of another oxide particle located
just near the faceted oxide particle in Fig. 6 should be carefully taken into account when
analyzing the contrast. A significant point to be emphasized in Fig. 6 is that the contrast
of the strain field is extended along the g vector direction in each case. This implies that

the strain field completely surrounds the faceted particle.

Generally, a spherical particle with a spherically symmetrical strain field, where
the particle is coherent with a matrix, derives a double lobed contrast that extends in the
direction of the g vector [15][16]. In the present study, the fully surrounding strain field,
as stated previously, is similar to a double lobed contrast in that it depends on the g vector.
However, it is not intuitively understood that the strain fields observed in Fig. 6 originate
from a perfect coherent particle/matrix interface, because the lattice misfit between the
oxide particle and the matrix, which is calculated experimentally to be 31.4 % for {200}
and 27.9 % for {111}, is quite large to consider forming a perfectly coherent

particle/matrix interface. On the other hand, since the strain field is observed it suggests
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that the particle/matrix interface cannot be completely incoherent.

One possibility is that an introduction of misfit dislocations on the interface
could potentially be expected to relax the misfit strain. The possible existence of misfit
dislocations was pointed out by Ribis et al. [17] in a ferritic ODS material. Additionally,
the anion deficits in a defect fluorite structure of the oxide particles could be attributed to
the introduction of a localized atomic disarray or non-stoichiometric vacancies in the
interface. That could also relax the misfit strain. Although the interface needs to be
investigated further, the observed strain field in Fig. 6 can be considered to have a
significant role for pinning glide dislocations or migration of point defects.
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1.5 Summary

The crystal structure and the orientation relationship of oxide particles with the
matrix in ODS316 were investigated.

® Most of the oxide particles were complex oxides, the anion-deficient fluorite
structure Y2Hf,O7. The oxide particles basically had a faceted shape, and a model of
the oxide particle that is a polyhedron surrounded with {100}, {110} and {111}
planes was suggested. The faceted Y:Hf,O; particles presented a cube-on-cube

orientation relationship to the surrounding FCC matrix without any rotation.

® The strain contrast analysis confirmed a strain field around a faceted oxide particle
for given g vector conditions, suggesting that the strain field completely surrounds
the faceted particle. The strain field may have some role for pinning glide dislocations
during creep testing, and also have some role for migration of point defects induced
by irradiation.
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Appendix B

Least-square regression and error
propagation
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Least-square regression [1]

A straight line, y = A + Bx; Equal weights

If y is expected to lie on a straight liney = A +
Bx, and if the measurements of y all have the
same uncertainties, then the best estimates for
the constants A and B are:

NDRINEIRIN
A

and

SLORRING
A

where the denominator, A, is

A=N> x° —(Zx)z.
Based on the observed points, the best estimate
for the uncertainty in the measurements of y is

o= g - ALY

i=1

The uncertainties in A and B are:

X2
aAzawaZA

Og =0

and

y

ﬁ

N
R
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Weighted fit for a straight line,y = A + Bx

If y is expected to lie on a straight liney = A +
Bx, and if the measured values y; have different,
known uncertainties g;, then we introduce the
weights w; = 1/6,2, and the best estimates for the
constants A and B are:

A DWXED Wy — > WX Wy
A

and

5 ZWZny;ZWxZWy |
where the denominator, A, is
A=Y w) wx’ —( WX)Z.

The uncertainties in A and B are:
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2. Error propagation [1]

Uncertainty in Sums and Differences

Suppose that x, ..., w are measured with uncertainties
oX, ..., oW, and the measured values are used to compute

g=x+...+z2-(u+...+w).

If the uncertainties in x, ..., w are known to be independent
and random, then the uncertainty in q is the quadratic sum

5 = /(8%)? 4+ (62)7 +(8U ) +++-+ (5w)

of the original uncertainties. In any case, 6q is never larger
than their ordinary sum,

00 <OX +...+ 3z + ouU +...+ oW,
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Uncertainty in Products and Quotients

Suppose that x, ..., w are measured with uncertainties
oX, ..., ow, and the measured values are used to compute

XX...XZ

UX...XW

If the uncertainties in x, ..., w are independent and random,
then the fractional uncertainty in g is the sum in quadrature
of the original uncertainties,
(%)
+— .
w

B ()4

In any case, it is never larger than their ordinary sum,

6_q<g+...+g+8_u+...+8_w
o Kol

Uncertainty in a Function of Several Variables

Suppose that X, ..., z are measured with uncertainties

X, ..., 0Z and the measured values are used to compute
the function q(x, ..., z). If the uncertainties in x, ..., z are
independent and random, then the uncertainty in g is

2 2
Bq:\/(a_qéx) +...+[aj82j )
OX 0z

In any case, it is never larger than the ordinary sum

6—q8x+---+

OX

a—qé}z.

og <
“ 0z
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