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EXECUTIVE SUMMARY

This final technical report summarizes the research performed during Octo-
ber 2014 and December 2017, with a focus on investigating the radiation-induced
microstructural and mechanical property modifications in optimized advanced
alloys for sodium-cooled fast reactor (SFR) structural applications.

To accomplish these objectives, the radiation responses of several different
advanced alloys, including austenitic steel Alloy 709 (A709) and 316H, and fer-
ritic/martensitic Fe-9Cr steels T91 and G92, were investigated using a combi-
nation of microstructure characterizations and nanoindentation measurements.
Different types of irradiation, including ex situ bulk ion irradiation and in situ
transmission electron microscopy (TEM) ion irradiation, were employed in this
study. Radiation-induced dislocations, precipitates, and voids were character-
ized by TEM. Scanning transmission electron microscopy with energy dispersive
X-ray spectroscopy (STEM-EDS) and/or atom probe tomography (APT) were
used to study radiation-induced segregation and precipitation. Nanoindentation
was used for hardness measurements to study irradiation hardening.

Austenitic A709 and 316H was bulk-irradiated by 3.5 MeV Fe™ ions to
up to 150 peak dpa at 400, 500, and 600°C. Compared to neutron-irradiated
stainless steel (SS) 316, the Frank loop density of ion-irradiated A709 shows
similar dose dependence at 400°C, but very different temperature dependence.
Due to the noticeable difference in the initial microstructure of A709 and 316H,
no systematic comparison on the Frank loops in A709 vs 316H was made. It
would be helpful that future ion irradiation study on 316 stainless steel could
be conducted to directly compare the temperature dependence of Frank loop
density in ion-irradiated 316 SS with that in neutron-irradiated 316 SS. In ad-
dition, future neutron irradiation on A709 at 400-600°C at relative high dose
(>10 dpa) can be carried out to compare with ion-irradiated A709.

The radiation-induced segregation (RIS) of Ni and Si was observed in both
A709 and 316H in all irradiated conditions and was found at various sinks: line
dislocations, dislocation loops, void surfaces, carbide-matrix interfaces, etc. Ra-
diation also induced the formation of Ni,Si-rich precipitates. As suggested in
a previous study on neutron-irradiated 316 stainless steel, one possible conse-
quence of the significant RIS of Si is that the enrichment at defect sinks depletes
the silicon in the matrix, which can lead to enhanced void nucleation rate. The
enrichment of Ni and Si is accompanied by the depletion of Cr at defect sinks,
which could also affect the corrosion resistance.



Radiation-induced change in the orientation relationship of pre-existing MX
precipitates was observed at 600°C. It is believed that this change is associated
with the network dislocations formed under irradiation. The underlying mecha-
nism is still not well understood. This change could be a positive indication that
the MX precipitates can survive high density network dislocations. It would be
helpful if neutron irradiation at similar dose conditions could be carried out to
verify that this effect is not unique for ion irradiation.

Intragranular Cr-rich carbides with a core-shell structure, i.e. Cr-rich carbide
core and Ni,Si-rich shell was found at 500°C and 600°C in the highest dose (150
peak dpa) specimens. Coarse voids (~30 nm in diameter) were only commonly
found at 500°C in the 50 and 150 peak dpa specimens in regions less than 750
nm in depth. The highest swelling for A709 irradiated to 50 and 150 peak dpa at
500°C is about 0.44% and 0.37%, respectively. Due to the choice of 100 degree
temperature intervals, this study did not attempt to precisely identify peak
void swelling conditions, merely the range of irradiation temperatures where
this could be a concern. It is known high-dose ion irradiation can significantly
suppress void nucleation. Future neutron irradiation in the 500-600°C range
(without considering the temperature shift) is needed to determine the onset of
accelerated void swelling (possibly at lower dose).

Nanoindentation measurements show that the irradiation hardening decreases
with increasing temperature. Microstructure-property correlation shows that
the measured hardening at low dose (~5 dpa) was mostly contributed by Frank
loops at temperatures above 400°C and network dislocations at 300°C.

T91 and G92 are both Fe-9Cr ferritic/martensitic alloy. G92 is optimized
composition and heat treatment for improved performance in nuclear appli-
cations. The chromium content of T91 and G92 is close to the a—a’ phase
boundary. Irradiation hardening in ion-irradiated T91 and G92 is largely due
to dislocation loops and network dislocations. The dislocation structure evo-
lution was characterized by TEM during in situ 1 MeV KrT™ irradiation at
300, 400, and 500°C. At 500°C, the loop density at 1-3 dpa is significantly lower
and the loops are dominantly (100) type. The loops at 400°C are a mixture
of (100) loops and (111) loops. The changes in yield strength were calculated
at different doses and temperatures based on the microstructure observations.
Nanoindentation measurements on bulk-irradiated specimens show that T91
and G92 have similar hardening behavior. The temperature dependence and
dose dependence shown by nanoindentation measurements are consistent with
the typical hardening behavior of neutron-irradiated F/M steels.

In summary, radiation-induced microstructural and mechanical property
modifications in proposed advanced structural alloys were systematically inves-
tigated in this program. The results and discussions advance the understanding
of the material performance under extreme irradiation environment. The results
of our accelerated ion beam irradiation also serve as critical reference for fur-
ther neutron irradiation campaigns. Based on current findings, we are making
several recommendations for future irradiation studies of A709 and G92 in the
following section.
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Recommendations for future irradiation studies
of A709 and G92

For ion-irradiated A709, the results of the current study show that there
are significant irradiation-induced microstructural changes at temperatures be-
tween 300 and 600°C which could significantly influence the alloy performance
in service. These include: Frank loop formation and resulting hardening, major
precipitation effects (e.g. matrix My3Cg), major alloying element segregation
effects (e.g. Ni-Si cosegregation to multiple defect sinks like dislocations, loops
and precipitates) and void swelling. It is well established that, due to the higher
dose rates in heavy ion irradiation studies, the rates (i.e. the dose) at which
some of these effects form can be both accelerated (i.e. form at lower doses)
and can shift in temperature (typically to higher temperatures).

Ferritic/martensitic G92 in optimized heat-treatment condition was shown
to have similar, or maybe somewhat better irradiation-resistance properties
compared to T91. It appears that the compositional control and heat treat-
ment improvements could make G92 better qualified for elevated temperature
application in sodium cooled fast reactor applications than other current ver-
sions of the Fe—9Cr class of alloys. This should be confirmed by a future neutron
irradiation campaign on this alloy.

Future neutron irradiation campaigns on A709 and G92 should concentrate
on these radiation-induced changes over a similar temperature range examined
here: 300 to 600°C, to doses up to and beyond the 10 or 20 dpa anticipated for the
total reactor life of the structural material applications. It is critical (especially
for A709) to perform systematic post-irradiation examiniation on the possible
radiation-induced microstructural and mechanical property modifications, in
order to compare with current ion irradiation results and elucidate the difference
of ion versus neutron irradiation.

The observed microstructural changes will affect mechanical properties and
also potentially affect sodium corrosion resistance, so future neutron irradiation
should also include reasonable scale tensile, fracture toughness and irradiation
creep tests, to characterize potential changes (degradation) in materials struc-
tural properties. Comparisons to the significant data and literature on neutron
irradiated 316-type stainless steels could confirm the superiority of A709 for
SFR long-term structural applications. For G92, additional emphasis should
be placed on characterize lower temperature ductility loss due to irradiation
exposure.
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1. PROGRAM OBJECTIVES AND IMPACT

This program is designed to provide a basis for designing a neutron irradia-
tion campaign for two advanced, irradiation tolerant alloys. The approach is to
develop substantive correlations between neutron and ion irradiation effects in
microstructural evolution, and to assess the influence of these microstructural
modifications on degradation of mechanical properties. The two advanced alloys
are optimized Grade 92 and Alloy 709, both developed for improved resistance to
irradiation effects. This research program will: (1) establish ion-to-neutron irra-
diation correlations between available neutron-irradiated reference alloys (Grade
91, Grade 92 and NF709) and the ion irradiations on these materials (to be per-
formed in this program), and (2) to use these correlations to provide a basis
for estimating neutron performance of the optimized Grade 92 and Alloy 709
materials. Neutron irradiation results for the reference alloys (Grade 91, Grade
92 and NF709, as well as the base materials, are available from a current, on-
going DOE program. The new insights developed here will both provide a firm
basis for the prediction of neutron irradiation response based on ion irradiation
results and a methodology to design a neutron irradiation campaign for the
optimized Grade 92 and Alloy 709 materials.

The alloys for study in this program, optimized Grade 92 and Alloy 709,
are promising candidates for future application in advanced sodium-cooled fast
reactors. The proposed research will focus on a unique set of ion-irradiation con-
ditions of these alloys that directly compare with available neutron-irradiation
data. Appropriate models will be established to accurately estimate the mi-
crostructural modifications and the mechanical property degradation in neutron-
irradiated advanced alloys based on ion irradiation data. The effects of irradiation-
induced microstructural evolution on mechanical properties will also be quanti-
tatively analyzed to better predict the performance of the optimized alloys for
prospective advanced fast reactor applications, and to establish the parameters
of a neutron irradiation campaign to verify their performance.

During the course of this program, the emphasis on materials radiation per-
formance evaluation shifted toward a balance between G92 and Alloy 709 to put
greater emphasis on Alloy 709. It also became clear that useful comparisons
that might have existed with neutron irradiated NF709 did not turn out to be
as meaningful as first thought due to differences in composition and pretreat-
ment conditions between the older NF709 alloy and the new enhanced Alloy
709. These influences on the research program direction will be clear in the



following technical report. The work performed under this program provided
very useful information about and insight into the irradiation performance of
the two enhanced alloys, G92 and Alloy 709, which will be an important part
of constructing a meaningful, future neutron irradiation campaign, as intended.



2. BACKGROUND

2.1 Materials challenges for advanced reactors

As an indispensable part of clean energy, light water reactor (LWR) based
nuclear power currently provides over 11% of the world’s electricity. After the
Fukushima accident, efforts are being made to improve the safety of LWR tech-
nology using accident-tolerant fuels (ATF), or to develop advanced reactor sys-
tems with enhanced safety and efficiency features. All these improved attributes
rely on the materials research and development. The advanced reactors call for
resilient structural materials that can withstand harsh reactor environment such
as high temperature, corrosion, and most importantly, high dose fast neutron
irradiation [1]. Fig. 2.1 shows the temperature and dose ranges for various
nuclear reactors [2]. Compared to current LWRs, All advanced reactors are
designed to operature at higher temperatures, and most of them require much
higher radiation exposures.
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Figure 2.1: Temperature and dose ranges for various nuclear reactors [2].

Neutron irradiation damage represents one of the biggest challenges for re-
actor structural materials. Upon irradiation, the atoms in metals and alloys
undergo successive displacements and point defects are created far exceeding



the equilibrium concentrations. The material system is driven into thermody-
namic nonequilibrium and the microstructure can be modified in many ways:
dislocation loops are formed due to the collapse of the interstitial-rich cascade
shell, the accumulation of vacancies leads to the nucleation of voids, the pref-
erential coupling between alloying elements and the defect fluxes results in the
elemental segregation at defect sinks, the stability of precipitates is strongly
impacted by displacement cascades and radiation-enhanced diffusion, etc.

The radiation-induced microstructure modifications have huge impacts on
the material properties, which set the boundaries on reactor operation condi-
tions and lifetime. No matter it is the life extension of current LWRs, or the
development of advanced reactors, we need to understand how the materials
are degraded during service and what engineering methods could be adopted to
suppress the degradation processes. To achieve higher energy efficiency and cost
reduction goals, advanced reactors should be optimized so that the materials for
each structural component can meet the design requirements and are also the
most economic. It is therefore necessary to have a thorough understanding of
the radiation effects in multiple alloy systems, so that the bottleneck of struc-
trual components could be identified and the most appropriate materials could
be chosen for specific structural applications.

2.2 Radiation effects in austenitic alloys

Austenitic stainless steels are widely used in nuclear reactors. For instance,
in pressurized water reactors (PWRs), austenitic stainless steel 304 is used for
core structurals and piping, austenitic stainless steels 308 and 309 are used for
vessel cladding [3]. In fact, most of the core structural materials are austen-
tiic stainless steels, due to their excellent aqueous corrosion resistance at high
temperatures [3].

Neutron irradiation produces high-density clustered defects that lead to sig-
nificant hardening at low temperatures (~0.35 Ths) [3]. The most representative
clustered defects in austenitic stainless steels are Frank faulted loops. The habit
planes of Frank loops are {111} planes and the Burgers vectors are of 1/3(111)
type. Figs. 2.2 (a) and (b) show the Frank loops in neutron-irradiated 25%
cold-worked (CW) Ti-modified austenitic stainless steel 316 (or prime-candidate
alloy, PCA) imaged using satellite streaks and weak-beam dark-field (WBDF),
respectively [4].

At intermediate temperatures, void swelling becomes one of the most con-
cerning radiation effects for austenitic stainless steels, especially at high doses.
Fig. 2.3 shows the swelling data of austenitic stainless steels. The void swelling
can be roughly divided into two regimes: the low-swelling transient regime
characterized by void nucleation and/or initial growth at low doses, and the
steady-state regime dominated by void growth at higher doses. The steady-
state swelling rate in austenitic stainless steels is typically around 1% /dpa.

Besides void swelling, radiation-induced segregation and precipitation also
occurs at intermediate temperatures. For example, NizSi (1) is a radiation-
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Figure 2.2: Frank loops in CW PCA steel neutron-irradiated to 7.4 dpa and 130
appm He: (a) TEM DF image using (111) satellite streaks near gosoo showing
the Frank loops at 330°C, and (b) TEM WBDF image showing the Frank loops
at 400°C [4].
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Figure 2.3: Swelling of cold-worked austenitic AISI 316 irradiated in EBR-II [5].



induced phase previously found in neutron-irradiated austenitic stainless steel
316 [4,6-9]. Fig. 2.4 shows the dose and temperature regime in which ~/
is expected in 20% CW austenitic stainless steel 316. Previous studies also
suggested that the formation of 7/ phase can be influenced by many factors,
such as thermomechanical pre-treatment and He/dpa ratio [8]. It was found
that 4" form more rapid and also in greater amounts in CW rather than solution-
annealed (SA) material [6,7]. For DO-heat 316 irradiated at 500-550°C, ~" was
found in fast-spectrum EBR-II reactor irradiation (0.5 appm He/dpa) but not
in mixed-spectrum HFIR reactor irradiation (~70 appm He/dpa) [8]. Fig. 2.5
shows the data on ' precipitation in austenitic stainless steels with different
heats irradiated at different reactors. The conditions (alloy composition, He/dpa
ratio, temperature, dose) for 4/ precipitation is still not well understood.

20% CW A

A 77
* M316 (UK.)
B OO M2783
® © O 87210

[\
AN

Neutron fluence (x 10* n/cm?)

400 500 600
Irradiation temperature (°C)

Figure 2.4: Irradiation conditions for 4/ formation in 20% CW austenitic stain-
less steel 316, reproduced from ref. [10]. Solid symbols represent appreciable
amount (> 0.5%) of 4/, half-filled symbols represent low volume fraction of +/,
and open symbols represent no detectable 7’.

Finally, the harsh reactor environment can have much more complex im-
pacts on the structural materials and the degradation mechanisms can be very
complicated. An important and probably the most complex effect in austenitic
stainless steels due to the combination of high-temperature water, mechanical
stress, and neutron irradiation is irradiation-assisted stress corrosion cracking
(IASCC), which is linked to water chemistry, radiation-induced Cr depletion at
grain boundaries, irradiation hardening, and other radiation-induced modifica-
tions [14-16].
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Figure 2.5: Radiation-induced ~" in various austenitic stainless steels [11]. The
shaded region is taken from ref. [7], and the lined region are based on data from
refs. [12,13].

2.3 Radiation effects in ferritic/martensitic al-
loys

Ferritic/martensitic alloys are candidate materials for structural applications
in advanced fission reactors and fusion reactors. Compared to austenitic stain-
less steels, F/M alloys suffer much less from void swelling. As an example, Fig.
2.6 shows the swelling data of F/M alloys neutron-irradiated in EBR-II and
FFTF. It is easy to see that the void swelling in F/M alloys is orders of mag-
nitude smaller than that of austenitic alloys. The steady-state swelling rate of
F/M alloys is around 0.2%/dpa.

Besides superior void swelling resistance, F/M steels also have higher ther-
mal conductivity, lower thermal expansion coefficients, and lower cost. High
chromium (9-12 wt.%) F/M steels are of perticular interest due to their excel-
lent resistance to swelling and irradiation creep [17].

For high chromium F/M steels, the most concerning radiation effect is the
degradation in mechanical properties through irradiation hardening and embrit-
tlement at low temperatues.

Irradiation hardening is represented by significant increase in yield strength,
Aocy. Fig. 2.7 shows the increase in yield strength of 3Cr, 9Cr, and A533B steels
irradiated at low temperatures [18]. It can be seen that for irradiation at low
temperatures (< 160°C), significant hardening can occur as early as 0.01 dpa.
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Figure 2.6: Swelling of Fe—Cr alloys irradiated in EBR-IT and FFTF-MOTA [5].

The temperature dependence and dose dependence of irradiation hardening in
various F /M steels is shown in Fig. 2.8 (a) and (b), respectively. It can be clearly
seen that irradiation hardening strongly depends on the irradiation temperature,
and almost no hardening was observed for temperatures above 500°C. Hardening
also tends to saturate at around 10 dpa.

F/M steels are also susceptible to ductile-to-brittle transition. Low temper-
ature irradiation can induce significant increase in the ductile-to-brittle transi-
tion temperature (DBTT). Fig. 2.9 (a) shows the Charpy imact curves of HT9
(12Cr—1MoVW), suggesting that the fracture toughness is significantly reduced
after irradiation and the DBTT increased by over 150°C. Fig. 2.9 (b) shows
the change in ductile-to-brittle transition temperature (ADBTT) as a function
of the chromium content. It is easy to see that the minimum ADBTT occurs
around 9%Cr, which is one reason why 9Cr F/M steels are of particular interest
for advanced reactor applications.

Irradiation hardening and embrittlement is related to radiation-induced mi-
crostructural modifications such as the buildup of dislocation loops and the
precipitation of new phases [19,22]. In a-iron and Fe-base body-centered cubic
(BCC) alloys, ao(100) loops are produced by irradiation [23-32], in addition to
the typical ag/2(111) loops found in other BCC systems. Previous studies have
also found that irradiation temperature has significant impacts on the stabil-
ity of ap/2(111) loops with respect to ap(100) loops [33]. Fig. 2.10 shows the
dislocation loops in neutron-irradiated a-iron [34]. As shown in Fig. 2.10 (a),
mobile ag/2(111) loops are produced at lower temperature and they tend to
decorate pre-existing dislocations, whereas in Fig. 2.10, sessile a(100) loops
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Figure 2.9: Irradiation embrittlement and DBTT shift in irradiated F /M steels:
(a) Charpy imact curves of Sandvik HT9 [19], and (b) effect of chromium content
on the DBTT shift of various F/M steels neutron-irradiated in FFTF [20,21].

become dominant at higher temperature and the spatial distribution is more
uniform.

£

¢ [

Figure 2.10: Dislocation loops in a-iron neutron-irradiated to 1 dpa at (a) 300°C,
and (b) 450°C [34].

Cr-rich brittle o’ precpitation is closely related to the embrittlement of high
chromium F/M steels irradiated at low temperatures (below 500°C). Standard
(CALPHAD) Fe—Cr phase diagram indicates very low solubility limit, which
was disproved by theoretical predictions, density functional theory (DFT) cal-
culations, and experimental data [35-37]. The actual phase boundary is roughly
located at 8-9% Cr for temperatures below ~450°C [35].

Recent studies have shown that the o’ precpitation is a radiation-enhanced
process [38-42], and the o’ precpitates could be influenced by the cascade dam-
age during irradiation [42]. A previous study on electron-irradiated Fe-15Cr
has shown that without cascade damage, radiation greatly enhanced the o'
precipitation process (shown in Fig. 2.12), and the o’ precipitates reached ther-
modynamic equilibrium Cr concentration (96 at.%Cr) at around 0.7 dpa.
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Figure 2.11: o' phase boundary in the Fe-rich part of the Fe-Cr phase dia-
gram: dashed line is CALPHAD result, points are experimental data showing
Cr ordering (green), precipitation (black), and suggested phase boundary (red).
Solid blue line is the phase boundary based on experimental data [35].
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Figure 2.12: o' precipitation in electron-irradiated Fe-15Cr [40].
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The cascade damage becomes important for heavy ion irradiation, the dose
rate of which is typically 1000-10,000 higher than neutron irradiation. In fact,
many heavy ion irradiation studies using high dose rates (> 1072 dpa/s) failed
to find any o precipitates in irradiated Fe—Cr alloys. Only recently, a study
employing low dose rates (107°-10~* dpa/s) heavy ion irradiation observed o’
precipitates [42] with compositions much lower than phase diagram predictions
[42]. Fig. 2.13 clearly shows the dose rate effect on the o' precipitates in
irradiated Fe-18Cr alloy.

- Neutrons: 3x 107 dpa/s . lons: 2 x 10°° dpa/s : - Cr concentration (at.%)
o I 75-100
Il s0-75
B 2550

0-25

10 nm

Figure 2.13: Dose rate effect on the o’ precipitation in neutron/ion irradiated
Fe-18Cr alloy [42].

2.4 Investigated Materials

This study aims to cover the radiation response of several different types of
advanced alloys, including austenitic stainless steels Alloy 709 (A709) and 316H,
F/M steels T91 and G92. Table 2.1 lists the nominal chemical compositions of
the alloys investigated in this study [43,44].

Table 2.1: Chemical compositions of the materials in this study (in wt.%).

Material | Fe Cr Ni C W Al Ti \ Mn Si Mo N Nb Co B (0]
A709 bal. 19.80 25.09 0.067 — - <0.01 - 090 040 150 015 0.26 - 0.0043 -
316H bal. 16.23 10.12 0.045 - 0.004 0.002 0.06 1.42 0.65 2.09 0.053 0.014 0279 0.004 -
TI1 bal. 924 0.16 0.089 0.002 0.002 0.21 047 0.28 0.96 0.035 0.054 0.019 0.008
G92 bal. 8.9 - 009 1.8 - - 0.2 - - 0.4 0.05 0.08 - ~ ~

The as-received A709 was taken from the Carpenter Technology Heat #
011502, Lot # H4. It was hot-processed (forged + rolled) and annealed at 1100
°C, followed by water-quenching [43]. The as-received T91 was normalized at
1038 °C for 1 h, and air cooled, then tempered at 760 °C for 1 h and air cooled.
The as-received G92 was normalized at 1130 °C for 0.5 h and tempered at 750
°C for 4 h and air cooled [44].

Fe—Cr—Ni ternary diagram is used to visualize the compositions of the in-
vestigated alloys. Fig. 2.14 shows the relative positions of investigated alloys,
together with Incoloy 800H and type 304, 316 austenitic stainless steels.

The U.S. Advanced Reactor Technologies (ART) program have downselected
one austenitic steel, A709, and one F/M steel, G92, as the primary candidate
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Figure 2.14: Fe-Cr—Ni ternary diagram showing the compositions of investigated
alloys.

structural materials for the sodium-cooled fast reactor [45,46]. As one of the
six Gen-IV reactor concepts, sodium-cooled fast reactors show promising ap-
plications with demonstrated technological feasibility. Sodium-cooled fast re-
actors come with improved features such as high core power density, inherent
safety, high thermal efficiency, low pressure, etc. However, the corrosive coolant,
higher outlet temperature, and intense fast neutron irradiation poses challenges
for structural materials in terms of sodium compatibility, creep resistance, ra-
diation resistance, etc. In order to meet the individual requirements of each
structural components and enhance the performance, safety, and affordability
of sodium-cooled fast reactors, both austenitic stainless steels and F/M steels
are being developed for different structural applications in sodium-cooled fast
reactors. Both T91 and the downselected G92 are 9Cr F /M steels, and G92 has
improved strength and creep resistance over T91 [46].

Austenitic A709 was selected mainly due to its superior high temperature
strength, corrosion resistance, and creep properties. It is the improved version
of a previous austenitic steel known as NF709 [47,48]. Both alloys belong to
the Nb/Ti-stabilized 20Cr—25Ni stainless steel family that was developed in the
1980s [49,50]. A709 contains nano-sized Nb-rich MX precipitates and possesses
improved creep resistance over traditional austenitic stainless steel 316H.

To date, the radiation response of A709 is unkown. Literature data on
Nb/Ti-stabilized 20Cr-25Ni austenitic stainless steels and other austenitic stain-
less steels (e.g. type 316) is therefore a good starting point for this research.

Previous studies provide some general trend of the Frank faulted loops pro-
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duced in neutron-irradiated austentic stainless steels. It was found that the
density of Frank loops highly depdends on the irradiation temperature. Fig.
2.15 shows the temperature dependence of the Frank loop density in high dose
(> 10 dpa) neutron-irradiated austenitic stainless steel 316. It can be seen that
for irradiation temperatures above 300°C, the Frank loop density drops rapidly
with increasing temperature. Note also that cold working only seems to have a
major effect for irradiation temperatures below 300°C. However, there are only
a few studies in this temperature regime, so it is difficult to draw universal
conclusion about the effects of cold work at lower irradiation temperatures.

24
10 T T T T T T
Dose > 10 dpa d
A a3
'E 10 B < .
N\
>
107 :
=
% 21
(el 10 i iasz ( 2) 7]
8 Hamada ef al. (1989)
— [ ] Brager and Straalsund (1973)
1 20 A .
=) 0 A Barton ez al. (1977)
g O Bloom and Stiegler (1973)
= 19 ® O Bragereral (1977)
F;S 10 O Brager (1975) N
» D Maziasz (1981)
18 4 < Tanaka ef al. (1988)
1 0 1 1 1

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 2.15: Temperature dependence of faulted loop density in high-dose
neutron-irradiated type 316 austenitic stainless steel, reproduced form ref. [51].
Original data are from refs. [52-61].

Fig. 2.16 shows the dose dependence of the Frank loop density in austenitic
stainless steels neutron-irradiated around 400°C. It is found that the Frank loop
density saturates after about 3 dpa. Previous studies also indicate that for
higher temperature (> 450°C) irradiations, after saturation at relative low doses,
the loop density started to decrease with increasing dose [51,60-63].

Fig. 2.17 shows the time-temperature-precipitation (TTP) diagram of a
20Cr-25Ni-Nb stablized stainless steel with thermomechanical treatment (TMT).
It can be seen that at sodium-cooled fast reactor relevant temperatures (550—
650°C), My3Cg phase andd G-phase precipitate out at grain boundaries (GB)
first, followed by matrix Nb(C,N) precipitation, and then GB o-phase precipi-
tation, and finally matrix G-phase and matrix o-phase precipitation.

Similar to austenitic stainless steel 316, Ni,Si-rich precipitates were also
found in neutron-irradiated 20Cr—25Ni—Nb stabilized austenitic stainless steel,
and were thought to be of the 4 type [50]. Ni,Si-rich precipitates found in a 15%
CW austenitic stainless steel 316 neutron-irradiated to 12 dpa at 359.85°C con-
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Figure 2.17: TTP diagram of a 20Cr-25Ni-Nb stablized stainless steel with
TMT, reproduced from ref. [49].
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tain ~40 at.% Si and ~50 at.% Ni, differing from the NizSi stoichiometry [69)].
Fig. 2.4 shows the temperature and dose range where the v/ phase is expected
in neutron-irradiated 20% CW austenitic stainless steel 316.
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3. METHODS

This study is focused on the radiation response, including the radiation-
induced modifications in microstructure, microchemistry, and mechanical prop-
erties, of advanced alloys. Two types of irradiation were employed: ex situ bulk
ion irradiation and in situ TEM thin foil irradiation. A series of microstructure
characterization techniques, including transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM), and atom probe tomogra-
phy (APT), were used for microstructure characterization. Small-scale mechan-
ical testing using nanoindentation was used for mechanical property measure-
ments.

3.1 Irradiation experiments

For A709, 316H, T91, and G92 alloys, the as-received materials were cut into
3.0 mm in diameter circular discs by electrical discharging machining. Prior to
ex situ ion irradiation, the disc specimens were mechanically thinned to around
100 pm and then twin-jet polished for ~10 s using electrolyte containing 5%
perchloric acid and 95% methanol at —30°C and 23-24 V. For in situ TEM irra-
diation, the mechanically-thinned disc specimens were jet-polished to electron
transparent with the same electrolyte under similar temperature and voltage
conditions. The jet-polished TEM specimens were then plasma cleaned for ~2
mins.

3.1.1 Dose calculations for ion irradiation

In this study, all the bulk ion irradiations of A709 and 316H used 3.5 MeV
Fet* ions and all the bulk ion irradiations of T91 and G92 used 1.0 MeV or
1.8 MeV KrT ions. All the in situ TEM irradiations used 1.0 MeV Kr* ions.
3.5 MeV Fe™™ ions were chosen because self-ions can better simulate neutron
irradiation (in terms of recoil spectrum) and the energy can produce reasonably
deep damage region for post-irradiation examination. For the in situ TEM
irradiations, 1.0 MeV Krt* were chosen because they are sufficiently energetic
to pass through the TEM foil and produce displacement cascades similar to
that of fast neutrons. The dose and dose rate for ion irradiation were calculated
using the SRIM software with the quick Kinchin-Pease model [70, 71]. The
displacement energy for Fe, Cr, Ni was 40 eV and 60 €V for Mo [72]. Fig. 3.1
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shows the SRIM calculations of the displacement per atom (dpa) and injected
ion fractions for A709, and Fe-9Cr alloys. The dose profile for 316H is almost
identical to A709.
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Figure 3.1: SRIM calculations of dpa and injected ion fractions for (a) 3.5 MeV
Fet* in A709, and (b) 1 MeV Kr™* in Fe-9Cr alloys.

Table 3.1 lists the dpa distribution for A709/316H irradiated by 3.5 MeV
Fe™™ to 10 peak dpa, and Fe-9Cr alloys irradiated by 1.0 MeV Kr** ions to
9 peak dpa. For 3.5 MeV Fe™™ ion irradiation, 200-400 nm region is often
chosen to avoid the impacts due to surfaces effects, oxidation, and chemical
modifications due to injected ions. The corresponding dose for 10 peak dpa
sample in the 200-400 nm region is 4.24 dpa. For in situ irradiations, it is more
meaningful to refer to the local dpa since the TEM specimen is typically 100
nm thick, much less than the depth of the peak dpa region. Unless otherwise
stated (such as peak dpa), all the dpa in this report refers to local dpa. For
Fe-9Cr alloys, 7 dpa and 9 peak dpa refers to the same irradiation.

Table 3.1: Local dpa for A709/316H irradiated to 10 peak dpa by 3.5 MeV Fet™
and Fe-9Cr irradiated to 9 peak dpa by 1.0 MeV Kr*+.

3.5 MeV Fe™* (10 peak dpa) 1.0 MeV Kr** (9 peak dpa)

Depth (nm) Local dpa Depth (nm) Local dpa
0-200 3.30 0-100 7.27
200-400 4.24 100-200 8.74
400-600 5.64 200-300 6.37
600-800 7.7 300-400 1.73
800-1000 9.72 400-500 0.11
1000-1200 7.70
1200-1400 1.87

3.1.2 FEx sttu bulk irradiation

For A709 and 316H, the ez situ bulk irradiations were carried out using a
1.7 MV Ionex Tandetron accelerator at Texas A&M University. The specimens
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were irradiated by 3.5 MeV Fe™™ ions at a peak dose rate of around 1.7 x 1073
dpa/s to target doses of 10, 50, and 150 peak dpa. The ion fluence for 10 peak
dpa is approximately 9.7 x 10'% ions/cm?. For T91 and G92, the ez situ bulk
irradiations were carried out using a Van de Graaff accelerator at the University
of llinois at Urbana-Champaign. The specimens were irradiated by 1.0 or 1.8
MeV Kr™ ions at a dose rate of around 1.0 x 1072 dpa/s. Table 3.2 lists the ex
situ bulk irradiation matrix.

Table 3.2: Ez situ bulk irradiation matrix.

Material Facility Tirr. (°C) dose (peak dpa) dose rate (dpa/s) Tons used
A709, 316H | TAMU 400, 500, 600 10, 50 1.7 x 1073 3.5 MeV Fett
A709, 316H | TAMU 500, 600 150 1.7 x 1073 3.5 MeV Fe™™

T91 UIUC 400, 500 3.9 1.0 x 1073 1or 1.8 MeV Krt
G92 UIUC 300, 400, 500 3.9, 19.3 1.0 x 1073 1 or 1.8 MeV Krt

3.1.3 In situ thin foil irradiation

All the in situ thin foil irradiation (or in situ TEM irradiation) experiments
were carried out at the Intermediate Voltage Electron Microscopy (IVEM)-
Tandem Facility, Argonne National Laboratory (ANL). The experimental setup
is shown in Fig. 3.2. A Hitachi 9000 NAR electron microscope operated at 200
kV or 300 kV was used for TEM imaging. The incident ion beam was 30° to the
electron beam and on average 15° to the foil normal. At ~15° tilt, grains sat-
isfying desired diffraction conditions were selected for TEM observations. The
irradiation temperature was measured by a thermocouple attached to the heat-
ing cup of a double tilt heating sample holder and was kept within £+ 3°C during
the irradiation. The ion flux was kept at 6.25 x 10! ions/(cm?: s).

The in situ thin foil irradiation matrix is listed in 3.3.

Table 3.3: In situ thin foil irradiation matrix.

Material | Facility Trr. (°C) Ton fluence (ions/cm?) dose (dpa) dose rate (dpa/s) Tons used
A709 IVEM 400, 500, 600, 700 1.8 x 107 3 1.0 x 10773 1 MeV Krt+
T91 IVEM 300, 400, 500 4.2 x 10'% 7 1.0 x 1073 1 MeV Krt+

The advantages of in situ thin foil irradiation are: (1) it allows microstruc-
ture observations while the specimen is being irradiated, so that the microstruc-
ture evolution can be real-time monitored; (2) the irradiation conditions (spec-
imen orientation, temperature, dose, dose rate) can be very well controlled; (3)
it is possible to track the microstructure evolution of exactly the same area at
different dose levels, excluding the uncertainties due to averaging over different
areas as in bulk irradiations.

However, it should be noted that irradiating a thin foil specimen can differ
significantly from irradiating a bulk specimen, especially at elevated temper-
atures when surface effects beome dominant. In situ thin foil irradiation also
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Figure 3.2: IVEM-Tandem facility for in situ thin foil irradiation.
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requires high quality TEM specimens that have very clean surfaces, as any resid-
ual chemicals can lead to strong interactions at elevated temperatures and bring
in artifacts.

3.2 Post-irradiation sample preparation using fo-
cused ion beam

Focused ion beam (FIB) lift-out was used to prepare TEM and APT speci-
mens for post-irradiation examination (PIE). Fig. 3.3 shows the key steps during
TEM lamella preparation using FIB. In order to protect the surface, electron
beam Pt deposition (~200 nm) was used prior to ion beam Pt deposition. To
minimize FIB-induced damage inside the TEM lamella, 80 pA current of 30 keV
Ga ions was used for final thinning, followed by cleaning with 5 keV Ga ions
and final cleaning with 2 keV Ga ions for 1-3 mins.

Figure 3.3: Hlustration of the key steps during TEM lamella preparation using
FIB.

For A709 and 316H, atom probe tips were prepared by FIB lift-out and
annular milling using a FEI Nova 200 DualBeam FIB/SEM at the Center
for Nanophase Materials Science (CNMS), Oak Ridge National Laboratory
(ORNL).

3.3 Transmission electron microscopy

TEM was primarily used to characterize radiation-induced dislocation loops,
voids, and precipitates. Kinematic bright-field (BF) and weak-beam dark-field
(WBDF) were used for imaging dislocation loops in both body-centered cubic
(BCC) and face-centered cubic (FCC) materials. For FCC materials, rel-rod
dark-field was sometimes used for imaging Frank faulted loops. In addition,
thickness fringes and/or convergent electron beam diffraction (CBED) was used
for TEM specimen thickness determination [73].
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TEM has been widely used for microstructure characterization owing to its
powerful resolution down to sub-nm and also the ability to obtain diffraction
information. Features in the nm to pm scale can be imaged using TEM. By
tilting the specimen to specific orientations, desired diffraction conditions could
be chosen to form images with proper contrast for the microstructure features of
interest. For instance, g(3g) and/or g(5g) WBDF technique has been developed
to image dislocations and stacking faults.

3.3.1 Loop habit plane determination

Radiation-induced dislocation loops can be well characterized by TEM. The
conventional g-b analysis has been widely used to determine the Burgers vector
of loops. The habit planes of loops can also be determined by comparing the
loop orientation with respect to the diffraction vectors. This method can be
used for loops that are large enough so that the orientation can be resolved.

Figs. 3.4-3.6 show the projections of loops lying on {111} planes, {110}
planes, and {100} planes on to [011] plane, respectively. It is then easy to tell
whether the habit planes of the loops are {111}, {110}, or {100} planes by
comparing the TEM images with the predicted projections in Figs. 3.4 and 3.5.

(111) (117) (111) (111)

(e) (f) (9) (h)
Figure 3.4: Illustration of loops lying on {111} planes imaged near [011] zone.

Alternatively, [001] zone can also be used to distinguish {111} loops from
{110} loops. Fig. 3.7 and Fig. 3.8 show the projection of loops lying on {111}
planes and {110} planes on to the [001] plane, respectively. The projection of
loops lying on {100} on to [001] is trivial and is not shown here. Similarly, the
habit planes of the loops can be distinguished by comparing with actual TEM
images.

3.3.2 Thickness determination

In order to obtain quantitative information on the size and density of dislo-
cation loops, voids, and precipitates, it is necessary to determine the specimen
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Figure 3.5: Tllustration of loops lying on {110} planes imaged near [011] zone.
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Figure 3.6: Illustration of loops lying on {100} planes imaged near [011] zone.
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Figure 3.7: Tllustration of loops lying on {111} planes imaged near [001] zone.
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Figure 3.8: Illustration of loops lying on {110} planes imaged near [001] zone.

thickness. For wedge-shaped TEM specimens prepared by jet-polishing, thick-
ness fringes are used for thickness determination.

For thickness fringes, the thickness increment ¢ between two adjacent fringes
is given by [73]: .

t=(sesp) ' =
and
s=(n—1)\/2d3 (3.2)

where &, is the extinction distance for diffraction vector g, A is the electron
wavelength, ng is where the Ewald sphere cuts the row of systematic reflections,
and dpy; is the spacing between [hkl] planes, and s is the magnitude of excitation
error. The t values for BCC ferritic alloys using gi119 and gogo reflections can
be found in ref. [34]. Here, the ¢ values for FCC austenitic alloys are listed in
Table 3.4. The extinction distances are taken from ref. [74].

Table 3.4: Thickness increment values for different diffraction conditions in
austenitic alloys.

Diffraction condition | g1, (g, 52) €111, (g, 58) €200, (2, 58) 8200, (g, 58)
Voltage (kV) 200 300 200 300
A (pm) 251 1.97 2.51 1.97
¢, (nm) 20.9 33.4 34.8 38.9
s (nm~1) 0.114 0.090 0.152 0.120
t (nm) 8.42 10.54 6.64 8.15

CBED was used mostly for FIB-prepared TEM lamellas, which are normally
not wedge-shaped. In order to get the desired CBED pattern, the TEM speci-
men needs to be tilted to a proper two-beam condition with proper C2 aperture.
Fig. 3.9is a CBED pattern of A709 irradiated to 10 peak dpa at 500°C, obtained
by tilting the specimen near [011] zone and exciting gs;7.

The equation for thickness determination using CBED pattern is given by
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Figure 3.9: An example CBED pattern of A709 irradiated to 10 peak dpa at
500°C.

[73]:
2

83 1 1

Zig 3.3

ng &g t2 (3:3)
where s; is the deviation parameter for the i*" fringe, ny is an integer decided
during linear fitting, £, is the extinction distance for diffraction vector g. The
deviation parameter s; is given by:

Ab;
20pd?

where 20p is the separation of the 000 and hkl disks, A is the wavelength of the
electron beam, and d is the d-spacing of hkl planes.

From Eq. 3.3 it is easy to see that we should expect a linear line if we plot
s?/n? vs 1/ni. Fig. 3.10 shows the linear fitting result obtained based on the
CBED pattern in Fig. 3.9. The thickness is then determined to be 106.3 nm
for the A709 10 peak dpa_ 500°C specimen.

3.4 Scanning transmission electron microscopy

Unlike TEM that uses parallel electron beam, a STEM uses convergent beam.
Since the electron probe is very small (sub—A)7 STEM images are obtained by
rastering the electron probe over a certain region of the specimen. By filtering
out the Bragg diffracted electrons, the high angle annular dark field (HAADF)
detector is often used to form Z-contrast (or mass-thickness contrast) HAADF
images. Combined with energy dispersive X-ray spectroscopy (EDS) and/or
electron energy loss spectroscopy (EELS), the chemical information could be
obtained together with the HAADF images. In this study, STEM-EDS was
primarily used to characterize radiation-induced segregation and precipitation
in austenitic stainless steels. High resolution STEM (HRSTEM) was used for
precipitate identification. The STEM-EDS experiments were performed on a
JEOL 2010F EF-FEG STEM operated at 200 kV. The HRSTEM experiments
were performed on a JEOL JEM-2200FS operated at 200 kV.
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Figure 3.10: The linear fitting of s?/n? vs 1/n% gives a thickness of 106.3 nm
for the A709_10 peak dpa_ 500°C specimen.

3.5 Atom probe tomography

The atom probe tomography is currently the only technique that can charac-
terize both the 3D microstructure and chemical composition of materials. Fig.
3.11 is a schematic diagram of APT [75]. During an APT experiment, the atoms
from the needle-shape specimen are ionized and then field evaporated. The ions
are then collected by a position-sensitive detector. The x-y position is deter-
mined from the hit position on the detector and the z-position is determined
from the evaporation sequence. Utilizing the time-of-flight (TOF) mass spec-
trometry, the ions are identified by their mass-to-charge ratio. Together, the 3D
microstructure and chemical composition are obtained.

For A709 and 316H, the APT experiments were carried out on a CAMECA
LEAP 4000x HR at the Center for Nanophase Materials Sciences, ORNL. The
APT specimens were analyzed in the 200 kHz pulsed-laser mode at a specimen
temperature of 50 K, and a focused laser beam energy of 50-85 pJ. Data analyses
were performed using the CAMECA IVAS software.

3.5.1 Isosurface analysis

An isoconcentration surface (isosurface) is a surface that connects a desig-
nated concentration level in 3D. Isosurface is an effective way of visualizing the
precipitates and elemental segregation. In this study, isosurfaces were used to
characterize secondary precipitates and elemental segregation at defect sinks in
irradiated specimens.
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Figure 3.11: Schematic diagram of a local electrode atom probe [75].

3.5.2 Proxigram analysis

Proximity histogram (proxigram) is commonly used to quantify the composi-
tion of adjacent phases. An example is previous studies on the Cr concentration
of the o/ phase and the Cr concentration of the matrix in irradiated Fe-Cr
model alloys. In this study, proxigrams were used to analyze the concentra-
tion of alloying elements at dislocation loops, composition of radiation-induced
precipitates in ion-irradiated austenitic stainless steels.

3.6 Nanoindentation

Nanoindentation is widely used to study the mechanical properties of mate-
rials at sub-micron scale. The most common properties measured from nanoin-
dentation experiments are hardness and elastic modulus.

In this study, the nanoindentation on austenitic stainless steels was carried
out on a Hysitron TI 950 Triboindenter with a Berkovich tip under quasi-static
mode. Displacement control with norminal maximum displacement of 200 nm
or 300 nm was used for all measurements on unirradiated and ion-irradiated
austenitic stainless steels. This depth was chosen as a compromise to reduce
the impacts due to the size effects on shallow indents and the substrate effects
on deep indents. In order to reduce statistical errors, multiple indents (10-16)
with a separation of 30 pm were performed for each sample.

The nanoindentation on ion-irradiated F/M steels was carried out at UC
Berkeley under either quasi-static mode or continous stiffness measurement
(CSM) mode. For quasi-static mode, displacement control mode was used and
multiple indents (> 10) were performed for each sample to reduce the statistical
errors.
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4. RADIATION RESPONSE OF AUSTENITIC
STAINLESS STEEL A709

To understand the radiation response of A709, it is necessary to character-
ize the unirradiated microstructure, such as the grain size, initial dislocation
density, and pre-existing precipitates.

Fig. 4.1 is a EBSD map showing the grain orientation of A709. The average
grain size of A709 is about 20-40 pm.

111

Figure 4.1: EBSD inverse pole figure of A709.

Some of the results of A709 will be compared with those of 316H, which is
a Fe-16Cr—10Ni austenitic stainless steel widely used for elevated temperature
applications. Figs. 4.2 (a) and (b) shows the dislocations in unirradiated A709
and 316H, respectively. It is easy to see that the initial dislocation density of
316H is orders of magnitude higher than that of A709. The dislocation density
in unirradiated A709 is very low (~ 102 m~=2).

The precipitates in the unirradiated Alloy 709 is shown in Fig. 4.3. Fig.
4.3 (a) is a high-angle annular dark-field (HAADF) STEM image showing the
distribution of MX precipitates, some of which are indicated by the arrows.
The MX precipitates are much heavier than the matrix, and they can be easily
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Figure 4.2: TEM WBDF image showing the dislocations in (a) unirradiated
A709, and (b) 316H, respectively.

identified from the darker background in the Z-contrast HAADF STEM images.
Fig. 4.3 (b) shows the representative EDS spectrum of the MX precipitates. The
enrichment of Nb can be clearly seen. The EDS gives an Nb content of 69.7
wt.%, and the actual value should be even higher since the matrix containing
Cr, Fe, and Ni also contributes to the measured EDS result.

Nb (b)

Fe Nb
CroNi
5 10 15 20 25
Energy (keV)

Figure 4.3: Unirradiated A709: (a) STEM HAADF image showing the MX
precipitates, and (b) EDS spectrum of a MX precipitate.

APT was used to check if there is any clustering in the unirradiated A709.
Fig. 4.4 shows the reconstructed atom maps of unirradiated A709. It is easy to
see that the elements are uniformly distributed and little clustering was found.

The chemical composition (VIM Final) certified by Carpenter in wt.% is
converted to at.% and compared with APT measurement, and the results are
tabulated in Table 4.1. It is easy to see that the APT measurement is basically
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100 nm

Figure 4.4: Reconstructed atom maps of unirradiated A709 showing little clus-
tering.

consistent with Carpenter provided composition.

Table 4.1: Chemical composition (at.%) of unirradiated A709.

Element | Carpenter ~APT
Cr 21.131 22.198
Ni 23.721 21.565
C 0.3096 0.4932
Mo 0.868 0.882
Si 0.790 1.031
Mn 0.909 0.968

4.1 Radiation-induced dislocation loops

4.1.1 In situ thin foil irradiation at 300°C

It is well known that in austenitic steels, the dislocation loops produced
by irradiation are dominantly black-dots (~2 nm) and larger Frank faulted
loops. The black-dots are small clustered defects and become prevailing for
low temperature irradiations. All the TEM characterization on bulk-irradiated
A709 relies on the TEM sample preparation using FIB, and it is very hard to
distinguish radiation-induced black-dots from FIB-induced damage. Therefore,
in order to avoid possible artifacts from FIB-induced damage, the irradiation
at 300°C was carried out on a jet-polished TEM thin foil in situ with 1.0 MeV
Kr** ions using the IVEM facility. The Kr™" ions were sufficient energetic to
pass through the thin foil, so that effects due to injected ions were avoided.

Fig. 4.5 shows the microstructural evolution of A709 irradiated by 1 MeV
Kr *+ ions up to 5 dpa at 300°C. It can be seen that black-dots occurred as
early as 0.1 dpa, dislocation segements started to form at 0.55 dpa. Pre-existing
dislocations were dissolved and uniform network dislocations formed at 3.0 dpa.
The microstructure was basically unchanged from 3.0 dpa to 5.0 dpa. The final
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microstructure is consist of uniform network dislocations and black-dots. No
large Frank loops were observed.

100 n
——

0 dpa 01dpa  055dpa  3.0dpa

Figure 4.5: TEM kinematic BF images showing the microstructural evolution
in A709 irradiated by 1 MeV Kr *+ ions up to 5 dpa at 300°C. The images were
taken near [011] zone with g7 strongly excited.

4.1.2 Ex situ bulk irradiation at 400°C

At 400°C and above, larger Frank loops become dominant and they can be
easily distinguished from FIB-induced damage. In order to avoid the possible
surface effects from thin foil irradiation, bulk-irradiation was employed and FIB-
prepared TEM lamellae were used for the PIE work.

It is known that the habit plane of Frank loops are {111} planes and their
Burgers vectors are of a/3(111) type. Frank loops can be well characterized
using the WBDF technique or the rel-rod dark-field technique [76,77].

The dislocation loops in A709 irradiated to 10 peak dpa at 400°C are shown
in Fig. 4.6. The image was taken near [011] zone and all the loops are close to
edge-on.

In order to verify that these loops are Frank loops, the orientation of the
loops was then compared to the diffraction vectors. Fig. 4.7 is another set of
TEM images taken near the peak damage region. It is easy to see that g;;7 is
perpendicular to the loops marked by green arrows, g;1; is perpendicular to the
loops marked by blue arrows, and gsgo is perpendicular to the loops marked by
yellow arrows. Recall that in the illustration shown Fig. 3.4, near [011] zone,
loops that reside on (111) plane are perpendicular to g;1; diffraction vector
and are close to edge-on, loops that reside on (111) plane are perpendicular to
g1 diffraction vector and are close to edge-on, and loops that reside on (111)
or (111) planes are perpendicular to gagg diffraction vector and are elliptical.
Therefore, the edge-on loops marked by green arrows are (111) loops, the edge-
on loops marked by blue arrows are (111) loops, and the elliptical loops marked
by yellow arrows are (111) or (111) loops. In addition, the fault contrast of
these loops indicate they are all faulted loops. Therefore, it is confirmed that
they are Frank faulted loops.
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200

Figure 4.6: TEM kinematic BF image showing the dislocation loops in A709
irradiated to 10 peak dpa at 400°C.

Figure 4.7: TEM kinematic BF and WBDF images showing the Frank loops
in A709 irradiated to 10 peak dpa at 400°C: (a) and (b) are BF and WBDF
images taken with g1, strongly excited, (¢) and (d) are BF and WBDF images
of another region taken with g;,7 strongly excited. The zone axis is [011].
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The average Frank loop size in the 200-400 nm region is 14.99+6.03 nm.
The measured (111) Frank loop density is 4.03 x 102" m~3. The total projected
Frank loop density is 4 times the density of (111) Frank loops, 1.61 x 10?2 m~=3.

The dislocation loops can also be observed in APT specimens if there is
detectable elemental segregation at loop periphery. As an example, Fig. 4.8
shows the APT results of reconstructed atom maps and 30% Ni isosurfaces of
A709 irraidated to 10 peak dpa at 400°C. Note that the top of the tip is ~200
nm beneath the sample surface. The dislocation loops are readily visible in the
Si map and become quite obvious in the 30% Ni isosurface image.

Fe Cr Ni C Si 30%Ni

Figure 4.8: APT results showing dislocation loops in A709 irradiated to 10 peak
dpa at 400°C.

Fig. 4.10 shows the rel-rod DF image of the Frank loops in A709 irradiated
to 50 peak dpa at 400°C. The Frank loop size and density seem to be similar to
the 10 peak dpa case. Further quantitative measurement shows that the average
Frank loop size in the 200-400 nm region is 13.4443.32 nm, slightly smaller than
that of 10 peak dpa. The measured Frank loop density (one variant) is 2.68 x
102" m~3, smaller than the 10 peak dpa case. The total projected Frank loop
density is 1.07 x 10?2 m—3.

For 400°C irradiation, neither loop size nor loop density increased from 4.24
dpa (10 peak dpa) to 12.72 dpa (50 peak dpa). The Frank loop density even
dropped at the higher dose.

4.1.3 FEzx situ bulk irradiation at 500°C

For A709 irradiated to 10 peak dpa at 500°C, Fig. 4.11 is an overview
showing the depth-dependent loop distribution. It can be seen that dislocation
loops distributed all the way along the irradiation direction up to ~1300 nm,
which is consistent with SRIM calculated dose profile. The loop density is much
lower at near-surface region and is the highest at about ~1000 nm depth region,
also consistent with SRIM calculated dose profile.
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Figure 4.9: TEM and APT image of dislocation loops in A709 irradiated to 10
peak dpa at 400°C.

Irradiation direction

Figure 4.10: TEM rel-rod DF image showing the Frank loops in A709 irradiated
to 50 peak dpa at 400°C. The zone axis is [011].
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Figure 4.11: TEM kinematic BF images of dislocation loops in A709 irradiated
to 10 peak dpa at 500°C.

Fig. 4.12 shows higher magnification TEM images of the dislocation loops.
Using the same projection method, it is easy to tell that in Fig. 4.12 (a), the near
edge-on loops perpendicular to g7 are (111) loops and the near edge-on loops
perpendicular to gi;7 are (111) loops, and the elliptical loops perpendicular to
goo0 are (111) or (111) loops. Fig. 4.12 (b) clearly shows the stacking fault
contrast of these loops, confirming that they are faulted loops.

Figure 4.12: TEM images showing the characteristics of loops in A709 irradiated
to 10 peak dpa at 500°C: (a) kinematic BF image of 200-500 nm depth region
showing the orientation of the loops, and (b) high mag image showing the faulted
nature of the loops.

The rel-rod DF images of the Frank loops in A709 irradiated at 500°C to 10,
50, and 150 peak dpa are shown in Figs. 4.13 (a), (b), and (c), respectively. The
loop size for all three cases looks similar. Overall, the Frank loop density seems
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lowest for 50 peak dpa and the highest for 150 peak dpa. Quantitative results on
the Frank loop size and density are shown in Figs. 4.14 and 4.15, respectively.
Fig. 4.14 shows that the Frank loop size distribution is almost identical for all
three cases. The loop size is almost constant for depth less than 1 pm. Near
the tail (1-1.4 pm in depth) region, both large loops and small loops are found.
At regions over 400 nm in depth, the loop density dropped noticeably from 10
peak dpa to 50 peak dpa, and then increased again at 150 peak dpa.

Figure 4.13: Rel-rod dark-field images showing the Frank loops in A709 irradi-
ated to (a) 10, (b) 50, and (c¢) 150 peak dpa at 500°C.

4.1.4 FEx situ bulk irradiation at 600°C

The Frank loops in A709 irradiated at 600°C to 10 and 50 peak dpa are
shown in Figs. 4.16 and 4.17, respectively. The loop size is significantly larger
than 400 and 500°C irradiations. Loops over 50 nm are found in both 10 and 50
peak dpa specimens. Compared to 400 and 500°C irradiations, the loop density
dropped significantly. Only several loops were found in the 200-400 nm depth
region.

4.1.5 Summary of Frank loops in ion-irradiated A709

Table 4.2 lists the quantitative results on the Frank loops in A709 ex situ
irradiated at 400, 500, and 600°C to 10 and 50 peak dpa. All the data are from
the 200-400 nm depth region.

Efforts were also made to quantitatively compare the dose dependence and
temperature dependence of the Frank loops in ion-irradiated A709 with existing
austenitic stainless steel (mostly 316) neutron irradiation data. Fig. 4.18 shows
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Figure 4.14: Frank loop size in A709 irradiated to 10, 50, and 150 peak dpa at
500°C. The error bars represent the standard deviations.
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Figure 4.15: Frank loop density in A709 irradiated to 10, 50, and 150 peak dpa

at 500°C.

Table 4.2: Quantitative results of the Frank loops in A709 ez situ irradiated at

400-600°C.

Loop density (one variant)

Projected density

Irr. condition Loop size (nm) (x 10% m~3) (x 102 m—3) local dpa
10 peak dpa, 400°C 14.99 + 6.03 4.03 16.11 4.24
50 peak dpa, 400°C 13.44 £+ 3.32 2.68 10.71 12.72
10 peak dpa, 500°C 17.21 £ 7.83 1.87 7.54 4.24
50 peak dpa, 500°C | 18.39 & 10.12 1.66 6.62 12.72
10 peak dpa, 600°C | 26.34 £ 25.10 0.70 2.79 4.24
50 peak dpa, 600°C | 41.02 + 10.97 0.26 1.04 12.72
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Figure 4.16: TEM rel-rod DF image showing the Frank loops in A709 irradiated
to 10 peak dpa at 600°C.

Figure 4.17: TEM rel-rod DF image showing the Frank loops in A709 irradiated
to 50 peak dpa at 600°C.

the dose dependence of Frank loop density in A709 irradiated at 400°C together
with existing austenitic stainless steel neutron irradiation data. It is easy to see
that at 400°C, the density of ion-irradiated A709 shows similar saturation trend
as other austenitic stainless steels and the absolute density values are also in
line with existing stainless steel neutron irradiation data.

Fig. 4.19 shows the temperature dependence of the Frank loop density in
AT709 together with existing austenitic stainless steel 316 neutron irradiation
data. As can be seen, the Frank loop density of A709 at 400°C is close to the
density of austenitic stainless steel 316 neutron-irradiated at 400°C. The Frank
loop density of A709 ion-irradiated at 500°C is similar to the density of austenitic
stainless steel 316 neutron-irradiated at 425°C. The Frank loop density of A709
ion-irradiated at 600°C is similar to the density of austenitic stainless steel 316
neutron-irradiated at 475°C.
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4.2 Radiation-induced segregation and precipi-
tation

Radiation-induced segregation (RIS) is a major issue for austenitic stainless
steels irradiated at elevated temperatures. RIS is caused by the perferential
coupling between the fluxes of alloying elements and the defect fluxes [1]. As
a result, the alloying elements can undergo enrichment or depletion at defect
sinks. In irradiated austenitic stainless steels, Cr is always found depleted at
grain boundaries, which could contribute to intergranular corrosion and stress
corrosion cracking [1].

For A709, it was found that the RIS of Ni and Si happened under all in-
vestigated irradiation conditions, i.e. temperature from 300 to 600°C, and dose
from 10 peak dpa to 150 peak dpa.

Fig. 4.20 is the APT result showing the segregation of Ni at network dis-
locations in A709 irradiated to 10 peak dpa at 300°C. The dislocation network
structure is similar to TEM observations in Fig. 4.5. The enrichment of Si at
network dislocations was also observed (not shown here).

Figure 4.20: APT 26% Ni isosurfaces showing Ni segregation at network dis-
locations in A709 irradiated to 10 peak dpa at 300°C. The top corresponds to
~200 nm depth and the irradiation direction is from top to bottom.

The segregation of Ni and Si at dislocation segements and dislocation loops
in A709 irradiated to 10 peak dpa at 400°C was shown in Fig. 4.8. It should be
noted that at 10 peak dpa, in addition to RIS of Ni and Si, some precipitate-like
Ni,Si-rich clusters were found. The proxigram in Fig. 4.21 shows that near the
edge of the chosen dislocation loop, Ni enriched from a base composition level of
21.7 at.% to ~53 at.%, and Si enriched from a base composition level of 0.3 at.%
to around 11 at.%, whereas Fe depleted from a base composition level of 53.5
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at.% to ~26.5 at.% and Cr depleted from a base composition level of 21.5 at.%
to ~8.5 at.%. For the Ni,Si-rich precipitates, Fig. 4.22 shows the proxigram
of chosen precipitates. It was found that the Ni and Si concentrations of these
Ni,Si-rich precipitates is only slightly higher than the Ni and Si concentrations
of the dislocation loop edge.
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Figure 4.21: Proxigram showing the enrichment of Ni and Si and depletion of
Fe and Cr at a dislocation loop in A709 irradiated to 10 peak dpa at 400°C.
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Figure 4.22: Proxigram of selected Ni,Si-rich clusters in A709 irradiated to 10
peak dpa at 400°C.

Figs. 4.23-4.25 show the APT results of A709 irradiated at 500°C to 10, and
50 peak dpa, respectively. Again, RIS of Ni and Si was observed at all three
doses. At 10 peak dpa, as shown in the proxigrams of dislocation loops in Fig.
4.24 (a), Ni and Si enriched to 60 at.% and 13 at.%, whereas Fe and Cr depleted
to 21 at.% and 6 at.%, respectively. For the Ni,Si-rich clusters shown in Fig.
4.24 (b), Ni and Si enriched to 70 at.% and 23 at.%, and Fe and Cr depleted to
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5.1 at.% and 0.6 at.%, respectively.

It is reasonable to believe that the Ni,Si-rich clusters are radiation-induced
precipitates, for two reasons: (1) the proxigram of the Ni,Si-rich precipitates is
very similar to that of the dislocation loops, and the Ni and Si segregation at
defect sinks such as dislocation loops is radiation-induced. The same mecha-
nism can lead to the precipitation of Ni,Si-rich phase when local concentration
exceeds the solubility, and (2) the composition of these Ni,Si-rich clusters is very
close to the radiation-induced NizSi (y') precipitates found in neutron-irradiated
austenitic stainless steel 316.

Although it is believed that the Ni,Si-rich clusters are radiation-induced,
they are different from the radiation-induced NizSi precipitates found in neutron-
irradiated austenitic stainless steel 316, as no extra spots showed up in the
diffraction pattern. The reason should be that in our high dose-rate (1.7 x
1073 dpa/s) ion irradiation, the displacement cascades frequently knock the
atoms of the +" precipitates out and the crystal structure is distorted. Similar
phemonema happened to the o’ precipitates in ion-irradiated BCC Fe-Cr al-
loys. The Cr concentation of the o’ precipitates is below equilibrium in lower
dose-rate ion irradiated Fe-18Cr [42] and no o’ precipitates could be found in
high dose-rate (> 1072 dpa/s) ion-irradiated Fe-Cr alloys.

Fe Ni Cr C Si 4%Si 40%Ni

Figure 4.23: APT results showing Ni,Si-rich clusters and RIS of Ni and Si at
dislocation loops in A709 irradiated to 10 peak dpa at 500°C.

The RIS of Ni and Si not only happened at dislocation loops and network
dislocations, but also at the interfaces of voids. Figs. 4.26 and 4.27 show
the EDS mapping of A709 irradiated to 150 peak dpa at 500°C and 600°C,
respectively. The interfaces of voids are clearly enriched in Ni (the count of Si
is too low for EDS mapping).

Similar Ni and Si segragation and Ni,Si-rich precipitates have also been
observed in irradiated 316H. Fig. 4.28 is the STEM-EDS mapping result of
316H irradiated to 150 peak dpa at 500°C. Several big Ni,Si-rich precipitates
were found. Ni (and possibly Si) segregation also happened near voids and
Cr-rich carbide particle-matrix interfaces.
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Figure 4.24: Proxigrams of (a) dislocation loops, and (b) Ni,Si-rich clusters in
AT709 irradiated to 10 peak dpa at 500°C.
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Figure 4.25: APT results showing large Ni,Si-rich particles and RIS of Ni and
Si at dislocation loops in A709 irradiated to 50 peak dpa at 500°C.

STEM HAADF

Figure 4.26: STEM-EDS mapping showing Ni,Si-rich precipitates and segrega-
tion of Ni and Si at void surfaces, Cr-rich carbide particle-matrix interfaces in
A709 irradiated to 150 peak dpa at 500°C.
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Figure 4.27: STEM-EDS mapping showing Ni,Si-rich precipitates, Cr-rich car-
bides, and segregation of Ni and Si in A709 irradiated to 150 peak dpa at 600°C.

STEM HAADF

Ni

Figure 4.28: STEM-EDS mapping showing Ni,Si-rich precipitates and segrega-
tion of Ni at Cr-rich carbide particle-matrix interfaces in 316H irradiated to 150
peak dpa at 500°C.
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4.3 Radiation-modified precipitation

Besides radiation-induced Ni,Si-rich clusters, Cr-rich carbides were frequently
found in highest dose (150 peak dpa) specimens. The Cr-rich carbides are read-
ily visible in the EDS mapping results in Figs. 4.26 and 4.27. Ni is also found
enriched at the carbide-matrix interfaces.

The Cr-rich carbides can be studied in more detail using APT. Fig. 4.29
shows the APT result of A709 irradiated at 500°C to 150 peak dpa. Three
Cr-rich carbides can be easily seen. It is also found that the carbides have a
core-shell structure: carbide core with Ni,Si shell. The Ni,Si shell can be easily
understood by radiation-induced segregation at defect sinks, and in this case
the sinks are the carbide-matrix interfaces.

Fe Cr Ni Mo C Si 36%Ni+11%C

Ni,Si shell
5 Carbide core

50 nm

Figure 4.29: APT results showing Ni,Si shell with carbide core structure in A709
irradiated to 150 peak dpa at 500°C.

Proxigrams were used to quantitatively characterize the Cr-rich carbide pre-
cipitates and the enrichment of Ni and Si at the carbide interfaces. Fig. 4.30
shows the proxigrams of a carbide in A709 irradiated at 500°C to 150 peak dpa.
It can be seen that the peak Ni and Si concentrations at the carbide interface
are around 37 at.%, and 2.2 at.%, respectively. The carbide is enriched in Cr
and Mo. The composition of the carbide (defined at the FWHM) is about 52.4
at.% Cr, 2.7 at.% Mo, 13.0 at.% Fe, 9.6 at.% Ni, and 20.6 at.% C. The metal
to carbon ratio (M/C) is about 3.76, very close to that of Ma3Cg (3.83). The
enrichment of Cr and Mo in these carbides is also consistent with the fact that
M33Cg carbides are likely to be enriched in Cr and Mo.

However, it should be noted that these Cr-rich carbides (presumably My3Cyg)
formed at 500°C differ from the My3Cg carbides occurred during thermal aging
in several aspects: (1) the morphology of the carbides found in A709 irradiated
at 500°C is different from the My3Cg carbides found in thermally-aged Fe—20Cr—
25Ni-Nb stainless steels, the former are thin plate-like, whereas the latter are
typically cuboidal, (2) the Mo3Cg carbides in irradiated A709 are intragran-
ular precipitates, whereas Ma3Cg carbides found in thermally-aged Fe—20Cr—
25Ni-Nb stainless steels are located at grain boundaries as suggested in Fig.
2.17, and (3) the carbides in irradiated A709 formed after irradiation for about
24 h, whereas the My3Cg carbides are only expected after thermal aging for

45



5000-10,000 h at 500°C. Based on above information, these carbides should be
identified as radiation-modified precipitates.
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Figure 4.30: APT results of A709 irradiated to 150 peak dpa at 500°C show-
ing: (a) three carbides, (b) and (c) are the proxigrams of the chosen carbide
showing the Ni and Si segregation at carbide interface and also the elemental
concentrations inside the carbide.

At 600°C, Cr-rich carbides of similar thin plate shape were also found in the
150 peak dpa specimen, as shown in Fig.4.27. The carbide number density is
higher at 600°C. APT was also used to check the composition of the carbides.
Fig. 4.31 shows the APT results of a Cr-rich carbide in A709 irradiated at
600°C to 150 peak dpa. From the reconstructed atom maps, it is easy to see
that the carbide is enriched in Cr, Mo, Nb, and depleted in Fe, Mn. Ni and Si
enrichment at the carbide interface was again observed.
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Mn

N
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3

Figure 4.31: Reconstructed atom maps showing a carbide in A709 irradiated to
150 peak dpa at 600°C.

The composition of the caribde can be obtained from the proxigrams shown
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in Fig. 4.32. The proxigrams were generated based a 35% Ni isosurface. From
Fig. 4.32, the composition of major elements of the carbide is roughly 71.3%
Cr, 6.1% Mo, 3.7% Fe, 2.6% Ni, 14.4 % C. The carbide also contains ~0.3% Nb
and ~0.6% N. The metal to carbon ratio (M/C) is about 5.81, very close to 6.
Therefore, this carbide is likely to be MgC type, different from the 500°C case.
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Figure 4.32: Proxigrams showing the Ni and Si segregation and the composition
of a carbide in A709 irradiated to 150 peak dpa at 600°C.

In addition, small Ni,Fe-rich clusters were found inside the carbide shown in
Fig. 4.31. Fig. 4.33 shows the four Ni,Fe-rich clusters and the corresponding
proxigram. These four clusters are enriched in only Ni and Fe, and the measured
Ni and Fe concentrations are 41.3 at.% and 24.5 at.%, respectively. It is unclear
how these Ni,Fe-rich clusters formed inside the Cr-rich carbide. It should be
noted that similar Ni,Fe-rich clusters were also observed in the Cr-rich carbide
at 500°C (Fig. 4.30) but not shown.
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Figure 4.33: Proxigrams showing the composition of four Ni,Fe-rich clusters
inside the carbide in Fig. 4.31.

In order to verify that the carbides observed at 600°C are MgC carbides, TEM
diffraction patterns were employed. As shown in the diffraction pattern in Fig.
4.34, The carbide has an [011],,]|/[011],, (111),,]/(333),, orientation relationship
with respect to the matrix. The corresponding lattice constant is about 3 times
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that of the matrix, or ~1.08 nm, also consistent with the MgC phase.

Figure 4.34: Diffraction pattern of a Cr-rich carbide in A709 irradiated to 150
peak dpa at 600°C.

In addition to the MgC carbides, another type of Cr-rich carbide was also
observed in A709 irradiated to 150 peak dpa at 600°C. Fig. 4.35 shows the
HRSTEM results of a carbide. It was found that the carbide is of hcp crystal
structure and has an [110],,]/[1210],, (111),,|/(0002), orientation relationship
with respect to the matrix. The measured d-spacing of (0002) planes is ~2.220
A, and the d-spacing of (1010) planes is ~2.425 A. The corresponding lattice
constants are a ~ 2.80A and ¢ ~ 4.44A, and the ¢/a ratio is about 1.59. EDS
result (not shown here) of this carbide shows it is enriched in Cr and slightly
enriched in Mo. Combining all the information, the precipitate is idenfied as
(Cr,Mo)3(C,N), the space group of which is P63/mmc (194). To the author’s
best knowledge, this phase has not been reported in thermally-aged NF709 or
Fe—20Cr—25Ni austenitic stainless steels.

4.4 Radiation-induced changes in precipitate ori-
entation relationship

The MX precipitates in the unirradiated A709 are incoherent precipitates.
Fig. 4.36 (a) shows a ~70 nm MX precipitate and Fig. 4.36 (b) is the diffraction
pattern taken on the [001] zone of the matrix. Besides the diffraction spots of the
matrix, only two 020 diffraction spots from the MX precipitate were identified.
The remaining extra spots were due to double diffraction. On [001] zone, the
projected angle between go20.m and gozo,p is roughly 7.5° (subscripts m and p
represent matrix and precipitate, respectively). This rotation angle indicates
that the 020 lattice planes of the precipitate is rotated with respect to the 020
lattice planes of the matrix.

It was also found that the unirradiated incoherent MX precipitates have dif-
ferent orientations with respect to the matrix. Figs. 4.36 (c)—(e) are diffraction
patterns of different MX precipitates. Fig. 4.36 (c) is another diffraction pat-
tern taken on the [001] zone, and the projected angle between goz20,m and go20,p

48



B=[1210)u1501e
B=[110]matix

Matrix

Figure 4.35: HRSTEM results of a carbide in A709 irradiated to 150 peak dpa
at 600°C: (a) and (b) HRSTEM images, (¢) FFT-IFFT enhanced image showing
the lattice fringes, (d) FFT of the matrix, (e) FFT of the region in (b), and (f)
indexed lattice planes showing the orientation relationship.

is roughly 11.1°. Fig. 4.36 (d) and (e) are diffraction patterns of two different
MX precipitates taken both on the [011] zone of the matrix. Again, different
orientations with respect to the matrix was observed. In all cases, only one pair
of diffraction spots (e.g. 020 and 020) from the MX precipitate was observed
and they are always rotated relative to the matrix diffraction spots.

However, the orientation relationship was found changed after irradiation at
600°C to 50 peak dpa. Fig. 4.37 shows the diffraction patterns of a MX precip-
itate in A709 irradiated at 600°C to 50 peak dpa. The size of this precipitate
is similar to unirradiated MX and the EDS result in Fig. 4.37 shows that this
precipitate is still Nb-enriched. The diffraction patterns shown in Figs. 4.37
(c)—(e) in three zones [112], [001], and [114] all confirm that this precipitate has
a cubic-on-cubic orientation relationship with respect to the matrix. The lattice
constant of this precipitate is measured to be ~4.42 A, consistent with that of
MX phase.

The radiation-induced changes in MX precipitate orientation relationship is
believed to be due to both collisional events and radiation-enhanced diffusion.

Besides the change in orientation relationship, RIS of Ni (and also possibly
Si) was observed at the MX particle-matrix interface. As shown in Fig. 4.38
(a), the MX precipitate before irradiation is enriched in Nb and no segergation
was observed at the MX particle-matrix interface. However, as shown in Fig.
4.38 (b), EDS mapping on a MX precipitate in A709 irradiated to 50 peak dpa
at 600°C shows significant segregation of Ni at the MX particle-matrix interface.
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Figure 4.36: Unirradiated incoherent MX precipitates in Alloy 709: (a) TEM
bright-field (BF) image showing the MX precipitate, and (b) the diffraction
pattern of the precipitate taken on [001] zone. (c)—(e) are diffraction patterns
of different MX precipitates showing distinct relative orientations with respect
to the matrix.
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Figure 4.37: A MX precipitate in A709 irradiated to 50 peak dpa at 600°C:
(a) STEM bright-field image showing the dislocation microstructure and a MX
precipitate at around 850 nm depth. The blue curve and orange curve rep-
resent dose in displacement per atom (dpa) and injected ion fraction (at.%),
respectively. (b) EDS result showing that the MX precipitate is still enriched in
Nb, (c)—(e) are diffraction patterns of the precipitate taken on [112], [001], and
[114] zones, respectively. The large solid green circles, small solid blue circles,
and small open red circles represent the diffraction spots from the matrix, the
precipitate, and double diffraction, respectively.
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STEM-HAADF

Figure 4.38: STEM-EDS mapping showing RIS of Ni at the MX particle-matrix
interface in A709 irradiated to 50 peak dpa at 600°C: (a) a MX precipitate before
irradiation, and (b) another MX precipitate after irradiation.

4.5 Radiation-induced voids

For A709 irradiated to 10 peak dpa, no voids were found at 300-500°C,
and only 1 void (~25 nm) was found in the 600°C specimen. At 50 peak dpa,
voids were only found in the 500°C specimen and the 600°C specimen, and the
number density at 600°Cis extremely low (only 1 void in the entire specimen).
Fig. 4.39 shows the microstructure of the same depth region (200-600 nm) in
A709 irradiated to 50 peak dpa at 400, 500, and 600°C, respectively. Voids were
only found in Fig. 4.39 (b).

Figure 4.39: TEM BF images showing the microstructure of A709 irradiated
to 50 peak dpa at (a) 400°C, (b) 500°C, and (c) 600°C. All the images are from
the 200-600 nm depth region and the average dose is 4.94 dpa. The irradiation
direction is from top to bottom. The top edge is at 200 nm depth and the
bottom edge is at 600 nm depth.

AT709 was irradiated to 150 peak dpa only at two temperatures: 500°C and
600°C. At 150 peak dpa, voids in the 600°C are relatively large (50-120 nm), but
the number density is very low (< 2 x 10* m~3). Only quantitative analysis
for A709 irradiated to 50 peak dpa and 150 peak dpa at 500°C was carried out.

To quantify the depth-dependent distribution of voids, the STEM HAADF
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Figure 4.40: TEM BF images showing the radiation-induced voids in A709
irradiated to 50 peak dpa at 500°C.

Figure 4.41: STEM HAADF images showing the radiation-induced voids in
A709 irradiated to 150 peak dpa at 500°C.

(or TEM) images were divided into regions with depth intervals of 200 nm. The
void swelling is estimated using:
AV/Vo(%) Vooid 19 (4.1)
0) — 57— .
’ V — Vooid
where V' is the volume of the region of interest (ROI), V, ;4 is the volume of
voids inside the ROI.

The number density and size of voids, and swelling of A709 irradiated at
500°C to 50 and 150 peak dpa are listed in Tables 4.3 and 4.4, respectively.
The error bars of the void size represent the standard deviations, and the error
bars of swelling are calculated based on the Student’s ¢-distribution with 90%
(double sided) confidence level.

Table 4.3: Void number density, size, and swelling of A709 irradiated to 50 peak
dpa at 500°C.

Depth (nm) | Nygig (x 1020 /m3)  dyoia (nm)  swelling (%) local dpa
0-200 0.29 28.9 £4.8 0.039 £ 0.020 16.5
200400 1.61 30.6 £54 0.263 £ 0.039 21.2
400-600 2.67 30.5 £6.0 0.441 £ 0.052 28.2
600-800 0.78 278 £7.4 0.103 £ 0.031 38.8

The void swelling data from Tables 4.3 and 4.4 are also plotted in Fig. 4.42,
together with the dose profile and injected ion profile in arbitrary unit (a.u.).
It can be clearly seen that the swelling of 50 peak dpa specimen is about the
same as that of the 150 peak dpa specimen, indicating that the swelling is still
inside the incubation period. This can also be confirmed by the fact that the
number density and size of the voids in the 150 peak dpa specimen is roughly the
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Table 4.4: Void number density, size, and swelling of A709 irradiated to 150
peak dpa at 500°C.

Depth (nm) | Nyoia (x 1020 /m3)  dypiq (nm)  swelling (%)  local dpa
0-200 0.57 20.1 £8.1 0.035 £ 0.020 49.5
200-400 1.01 30.8 £58 0.171 £ 0.35 63.6
400-600 1.89 324 £6.0 0.372 £ 0.053 84.5
600-800 0.64 30.5 £4.5 0.102 £ 0.021 116.5

same as that in the 50 peak dpa specimen. Fig. 4.42 also shows that the peak
swelling for both 50 and 150 peak dpa specimens is located at a depth of ~500
nm from the surface, whereas the peak dpa occurs at ~1000 nm. The swelling
approaches 0 for regions over ~800 nm, where the injected ions are distributed.
This kind of suppressed swelling behavior in the injected ion region has also
been reported by many previous studies on self-ion irradiated F/M steels and
ODS F/M steels [78,79], and can be well-explained by the defect imbalance and
injected interstitials [80,81].
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Figure 4.42: Void swelling of A709 irradiated to 50 and 150 peak dpa at 500°C.

For comparison, Fig. 4.43 shows the void distribution in 316H irradiated to
150 peak dpa at 500°C. Similar to A709, the voids were only found in regions
with depth less than 750 nm.

A more direct comparison on the voids in A709 with the voids in 316H is
shown in Fig. 4.44. Both alloys were irradiated to 150 peak dpa at 500°C. It is
easy to see that the voids in A709 are much bigger than those in 316H, and the
number density is much lower (roughly by a factor of 3).

The quantitative swelling data of 316H irradiated to 150 peak dpa at 500°C
are listed in Table 4.5. It is easy to see that the highest swelling is located in the
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Figure 4.43: STEM HAADF images showing the radiation-induced voids in
316H irradiated to 150 peak dpa at 500°C.

Figure 4.44: STEM HAADF images showing the voids in (a) 316H and (b)
A709. Both were irradiated to 150 peak dpa at 500°C.
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400-600 nm depth region, and the amount of swelling (0.170%) is lower than
that of A709 (0.372%), largely due to the fact that the voids in 316H is only
about half the size of the voids in A709.

Table 4.5: Void number density, size, and swelling of 316H irradiated to 150
peak dpa at 500°C.

Depth (nm) | Nyoia (x 1020 /m3)  dypiq (nm)  swelling (%)  local dpa
0-200 4.53 16.1 £3.7 0.114 £ 0.024 49.5
200-400 4.15 15.2 £3.5 0.089 &+ 0.017 63.6
400-600 5.98 16.6 = 4.0 0.170 %+ 0.032 84.5
600-800 3.08 14.3 £3.0 0.053 £ 0.012 116.5

It should be noted that the less swelling of 316H does not indicate that 316H
is superior to A709 in terms of swelling resistance. This is because the two alloys
strarted from very different initial conditions. The much higher dislocation
density in unirradiated 316H can have significant impacts on the void nucleation
and growth. In order to compare these two alloys, the unirradiated 316H should
be heat-treated (solution annealing) to similar initial condition as A709, or much
higher dose irradiations that are relatively insensitive to the initial conditions
need to be carried out. A rigorous comparison on the swelling of these two
alloys is not yet available.

4.6 Irradiation hardening

4.6.1 Nanoindentation measurement

All aforementioned microstructural modifications can have impacts on the
mechanical properties of irradiated A709. Examples of changes in mechanical
properties are increase in the yield strength and loss of fracture toughness.

Here, since the depth of the irradiated region is on the pm scale, nanoin-
dentation was used to measure the changes in hardness in different irradiation
conditions. Fig. 4.45 shows the hardness values of A709 irradiated to 10, 50,
and 150 peak dpa at 500°C, measured using two different contact depths, ~165
nm and ~250 nm. The trend shown by two different depths is similar: sharp
increase in hardness at 10 peak dpa, and than gradual increase from 10 peak
dpa to 150 peak dpa. The hardness values using ~165 nm contact depth are
consistently higher, which should be due to the well-known indentation size
effect.

The temperature dependence and dose dependence of irradiation hardening
of A709 is shown in Fig. 4.46, together with the data of 316H. The contact
depth is ~250 nm for all measurements.

From Fig. 4.46, it is easy to see that the hardness of unirradiated 316H is
higher than A709, which should be due to the much higher dislocation density
in 316H before irradiation. At the lowest dose (10 peak dpa), the irradiated
hardness of A709 is almost the same as 316H, as shown in Fig. 4.46 (a). At
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Figure 4.45: Hardness data of A709 irradiated at 500°C, measured at two dif-
ferent contact depths.

500°C, the hardness of A709 is higher than that of 316H at higher doses, as shown
in Fig. 4.46 (b). The hardness values are also tabulated in Tables. 4.6-4.8.
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Figure 4.46: Hardness of A709 vs 316H at different irradiation conditions: (a)
temperature dependence at 10 peak dpa, and (b) dose dependence at 500°C.

4.6.2 Modeling of irradiation hardening

Up to now, we have both microstructure information and hardness measure-
ment from nanoindentation. It is then possible to correlate the microstructure
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Table 4.6: Nanoindentation data of A709 irradiated at 500°C, measured at two
different contact depths.

Dose he (nm) Hardness (GPa) E, (GPa) he (nm) Hardness (GPa) E, (GPa)
unirradiated 173.0 2.82 +£ 0.04 159.1 £ 5.9 260.4 2.58 + 0.07 150.8 £ 5.9
10 peak dpa 166.1 3.95 + 0.12 199.0 + 8.2 252.7 3.55 £ 0.19 191.6 + 7.0
50 peak dpa 163.7 4.09 £+ 0.13 180.6 £+ 3.4 251.3 3.74 + 0.08 175.2 + 3.1
150 peak dpa 160.3 4.77 £ 0.39 183.5 + 11.5 247.5 4.30 £ 0.14 178.4 + 3.7

Table 4.7: Nanoindentation data of A709 vs 316H irradiated to 10 peak dpa at
different temperatures.

A709 316H
Trr. (°C) he (nm) Hardness (GPa) E, (GPa) | h. (nm) Hardness (GPa) E, (GPa)
unirradiated 260.4 2.58 + 0.07 150.8 £ 5.9 257.7 3.02 £ 0.15 173.2 £ 5.8
300 251.3 3.78 £ 0.13 203.4 + 6.7 251.3 3.79 £ 0.13 203.9 + 6.7
400 252.7 3.65 + 0.12 196.9 £ 5.2 252.9 3.70 £ 0.15 193.6 £ 4.0
500 252.7 3.55 £ 0.19 1916 £7.0 253.5 3.53 £ 0.18 1771 £6.9
600 255.1 2.99 + 0.05 143.1 £ 2.1 259.3 3.04 £ 0.04 187.0 £ 8.1

Table 4.8: Nanoindentation data of A709 vs 316H irradiated to different doses
at 500°C.

AT709 316H
Dose h. (nm) Hardness (GPa) FE, (GPa) | h. (nm) Hardness (GPa) E, (GPa)
unirradiated 260.4 2.58 £+ 0.07 150.8 £ 5.9 257.7 3.02 £ 0.15 173.2 £ 5.8
10 peak dpa 252.7 3.55 £ 0.19 191.6 + 7.0 253.5 3.53 £ 0.18 1771 £ 6.9
50 peak dpa 251.3 3.74 £ 0.08 175.2 + 3.1 253.0 3.58 £ 0.10 183.2 £ 5.9
150 peak dpa 247.5 4.30 £ 0.14 178.4 + 3.7 247.3 3.85 £ 0.20 158.6 + 6.6
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with the nanoindentation measured hardness.

For nanoindentation, a contact depth of ~250 nm was chosen as a compro-
mise to minimize the size effect for shallow indents and the substrate effect for
deep indents. It should be noted that at a contact depth of 250 nm, a rough
estimation of the plastic region is about 5 times the contact depth, or ~1250
nm. Therefore, the nanoindenation measurement basically samples the entire
volume of the irradiated region. Considering that the defect distribution along
the depth direction can be non-uniform, we need to average over the entire irra-
diated region. We also limit our analysis to the lowest dose and also the simplest
case in which dislocations and/or dislocation loops are the major contributor to
irradiation hardening. Table 4.9 lists the quantitative TEM data on the defect
measurements. The data for 300°C are from in situ TEM irradiation at 5 dpa
shown in Fig. 4.5, and it is assumed the network dislocation structure is uni-
form along the irradiation depth direction. The data for 400-600°C are from ex
situ bulk irradiation to 10 peak dpa, and are averaged over the entire irradiated
region. It should be noted that in Table 4.9, the dislocation density is twice
the measured density, since half ay/2(110) dislocations are invisible under the
diffraction condition in Fig. 4.5, and the Frank loop density is four times the
measured density, since only one of the four {111} variants is visible in rel-rod
DF TEM images.

Table 4.9: TEM data of A709 irradiated at 300-600°C.

Temperature | Loop size (nm) Loop density (102 m~3) Dislocation density (10'* m~—2)
300 4.85 + 1.47 4.51 2.62
400 15.83 £ 6.44 20.85
500 19.41 + 11.07 9.221
600 30.13 + 32.44 2.71

Note: Loops at 300°C are black-dots, and at 400—600°C refer to Frank loops.
300°C data are from in situ TEM irradiation at 5 dpa, and 400-600°C data are
from ex situ bulk irradiation at 10 peak dpa, or 5.75 dpa averaged over the
entire irradiated region.

The dispersed barrier hardening model has been used in previous studies
[27, 30, 34, 82-86] to establish the microstructure-property relationship and to
evaluate the hardening induced by neutron and ion irradiations. According to
the dispersed barrier hardening model, the change in yield strength Aoy due
to dislocation loops and line dislocations is given by:

Aoy = Maruby/prdr, + Mappb(y/ph™ — \/ pirrT) (4.2)

where M is the Taylor factor, « is the defect barrier strength, u is the shear
modulus, b represents the magnitude of the Burgers vector of dislocations, pr,

irr.

is the loop density, dy is the loop size, p™ is the dislocation density after
irradiation, and p%**"" is the dislocation density before irradiation.
Table 4.10 lists the values of the parameters used in our calculations, which

are consistent with the values used in Fe-Cr-Ni alloys [87-89].
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Table 4.10: List of the parameters used in the dispersed barrier hardening model.

Parameter Value
Taylor factor, M 3.06

Shear modulus, 82 GPa [87]
Magnitude of Burgers vector of dislocations, b 0.254 nm
Barrier strength of dislocations, ap 0.2 [87,89)
Barrier strength of Frank loops and black-dots, ay, | 0.3 [88]

The change in yield strength Aoy is then correlated to change in Vickers
hardness AHy by [90]:
AO’Y = 303AHV (43)

The Vickers hardness Hy is in unit of kgf/mm?, and is related to the
nanohardness H by [91,92]:

Hy = 0.0945H (4.4)

Fig. 4.47 shows the change in hardness from nanoindentation measurements
vs that from microstructure-based calculations. The calculated AH agrees well
with the measurements, especially considering the complications due to size ef-
fect, substrate effect, and nonuniform defect distribution in the nanoindentation
experiments. The microstructure-based calculations only considered contribu-
tions from dislocation loops and network dislocations, RIS of Ni and Si was
observed but not considered here.

Both measured AH and calculated AH decreases with increasing tempera-
ture, which is also consistent with the typical behavior of irradiation hardening.
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Figure 4.47: Comparison of measured changes in hardness with microstructure-

based calculations.
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5. RADIATION RESPONSE OF F/M STEELS
T91 AND G92

The typical microstructure of F/M steels consists of martensite laths, as illus-
trated in Fig. 5.1. T91 and G92 are both F/M steels with dominant martensite
microstructure. Fig. 5.2 shows the microstructure of T91. The lath martensite
structure with My3Cg decorating lath/grain boundaries can be clearly seen.

Block boundary

Block boundary

Figure 5.1: Tllustration of the martensite lath structure [93].

5.1 Microstructural evolution under heavy ion
irradiation

The real-time microstructural evolution of T91 irradiated up to 4.2 x 10%°
ions/cm? (~7 dpa) at three different temperatures (300, 400, and 500°C) is
shown in Figs. 5.3-5.5. From these TEM micrographs, it is found that irradiation-
induced dislocation loops began to show up at approximately 1 dpa and loop
density increased by 1-2 orders of magnitude from 1 dpa to 3 dpa. After the
density of dislocation loops reached about 2 x 10%' m™3 to 4 x 10! m~3,
the interactions of these loops with grown-in defects (line dislocations or grain
boundaries) became apparent, as manifested by the changes in grown-in defects
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Figure 5.2: The microstructure of T91: (a) SEM image with insertion showing
Mj3Cs precipitates at lath/grain boundaries, and (b) EBSD IPF map showing
the martensite lath structure.

shown in Figs. 5.3-5.5.

For the specimen irradiated at 300°C, the microstructure evolution is shown
in Fig. 5.3. All the TEM micrographs in Fig. 5.3 were taken under nearly iden-
tical kinematical diffraction conditions, in which the sample was tilted near the
[001] zone and only g119 was strongly excited. As can be seen, several black-dot
dislocation loops formed at 1 dpa. Examples are the ones marked by red arrows
in Fig. 5.3 (b). From 1 to 3 dpa, the loop density increased significantly from 6.3
x 1029 m~3 to 3.8 x 10?! m~3. Although the loop distribution was relatively
uniform, i.e. no apparent dislocation decoration occurred, strong interactions
between grown-in line dislocations and irradiation-induced dislocation loops oc-
curred. Some line dislocations were completely altered and they linked together
with surrounding defects. An example is shown in the blue circle in Fig. 5.3,
where gradual changes in the morphology of a dislocation can be readily seen.
Observable changes also occurred in the lath boundary shown in Fig. 5.3. As
the dose increased, increasing numbers of dislocation segments attached to the
lath boundary.

Fig. 5.4 shows the evolution of grown-in line dislocations and irradiation-
induced dislocation loops in the specimen irradiated at 400°C. Similarly, only
a few loops were observed at 1 dpa, and the loop density is estimated to be
around 4 x 102 m~3. Some of the loops were indicated by red arrows in Fig.
5.4 (b). Similar to the 300°C case, noticeable increase (by a factor of ~10) in
the loop density was observed between 1 dpa and 3 dpa. In Fig. 5.4 (c)—(e),
both black dots and extended loops were observed, and some of them were
marked by red arrows. In Fig. 5.4 (d) and (e), dislocation segments (some
were marked by red arrows) formed by coalescence of adjacent dislocation loops
and/or line dislocations. The dislocation structure at 7 dpa did not show any
apparent alignment. After 3 dpa, strong interaction between preexisting line
dislocations and dislocation loops occurred, as shown in the changes in the
dislocations D; and Dy in Fig. 5.4 (d) and (e). Several jogs/kinks (marked
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Figure 5.3: TEM bright field images showing the dislocation loop formation
and development in T91 thin foil irradiated by 1 MeV Kr** ions at 300°C at
different doses: (a) as-received, (b) 6.0 x 10 ions/cm? (1 dpa), (c) 1.8 x 105
ions/cm? (3 dpa), (d) 3.0 x 105 ions/cm? (5 dpa), and (e) 4.2 x 105 ions/cm?
(7 dpa). All the images were taken near the [001] zone.

by blue triangles) in dislocation D; were observed, and apparent changes in the
curvature of dislocation D5 can be readily seen. These complex changes indicate
dislocation climb by absorbing point defects and maybe further interactions with
dislocation loops as well. Similar jogs/kinks and changes in curvature have also
been reported in lower dose ion irradiated Fe—Cr model alloys [94].
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As-received 6.0x10"ions/cm?  1.8x10"ions/cm? ~ 3.0x10'Sions/cm?  4.2x10' ions/cm?

s
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Figure 5.4: TEM bright field images showing the dislocation loop formation
and development in T91 thin foil irradiated by 1 MeV Kr™* ions at 400°C at
different doses: (a) as-received, (b) 1 dpa, (c) 3 dpa, (d) 5 dpa, and (e) 7 dpa.
All the images were taken near the [110] zone.

For the 500°C case, Fig. 5.5 shows the microstructure evolution of a dislocation-

rich region. As can be seen, little dislocation loops were observed at 1 dpa. At
3 dpa, most dislocation loops were black-dots. At 5 dpa, some black-dots grew
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into much larger dislocation loops. The loops in the lower part of Fig. 5.5
(d) had the same Burgers vector and were well-aligned. Localized interactions
between irradiation-induced dislocation loops and grown-in dislocations were
again observed in Fig. 5.5 (c) to (e). After irradiation, both isolated loops
and dislocation segments were found and no obvious dislocation network was
observed.

As-received 6.0x10"ions/cm®  1.8x10'%ions/cm?  3.0x10"%ions/cm?®  4.2x10" ions/cm?

Figure 5.5: TEM bright field images showing the dislocation loop formation
and development in T91 thin foil irradiated by 1 MeV Kr™+ ions at 500°C at
different doses: (a) as-received, (b) 1 dpa, (c) 3 dpa, (d) 5 dpa, and (e) 7 dpa.
All the images were taken near the [001] zone.

Similar in situ TEM ion irradiation experiments were also carried out for
F/M steel G92. Fig. 5.6 shows the microstructural evolution of G92 irradiated
at 300°C up to 7 dpa. Similar to T91, black-dot dislocation loops started to
occur at 1 dpa, and the loop density increased significantly from 1 dpa to 3 dpa.
In addiation to the black-dot loops, dense network dislocation was observed
after 5 dpa.

(a) (b) (© (d) (e)

Figure 5.6: TEM bright field images showing the dislocation loop formation
and development in G92 thin foil irradiated by 1 MeV Krt+ ions at 300°C at
different doses: (a) as-received, (b) 1 dpa, (c) 3 dpa, (d) 5 dpa, and (e) 7 dpa.
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The microstructure evolution of G92 irradiated at 500°C is shown in Fig. 5.7.
Similar to T91, almost no dislocation loops were observed at 1 dpa. Extended
large loops were observed in G92 at 3 dpa. At higher doses, aligned loops were
observed, as shown in Figs. 5.7 (d) and (e).

Based on aftermentioned observations, our current results of G92 and T91
show similar temperature dependence: black-dot dislocation loops and network
dislocations at lower temperature (300°C), and aligned (possibly aq(100) type)
large loops at higher temperature (500°C). However, quantitative comparison
on the defect structure (loop size, loop density, dislocation density) of these two
alloys is not yet available.

Figure 5.7: TEM bright field images showing the dislocation loop formation
and development in G92 thin foil irradiated by 1 MeV Krt+ ions at 500°C at
different doses: (a) as-received, (b) 1 dpa, (c¢) 3 dpa, (d) 5 dpa, and (e) 7 dpa.

It should be noted that the physical processes of thin foil irradiation ex-
periments could differ from bulk irradiation experiments, largely due to the two
nearby surfaces of TEM thin foils. The free surfaces can act as sinks and remove
a portion of the mobile defects such as ag/2(111) loops. In the in situ irradiation
study of Fe-Cr—Ni austenitic steels at 450°C [95], 20 nm was subtracted con-
sidering the depletion of defects near surfaces. Compared to austenitic steels,
F/M steels have much lower defect mobility and high-density internal disloca-
tion sinks, this effect is expected to be much less. The surface effects were not
studied for F/M steels.

5.2 (111)—(100) loop transition

Previous studies reported that the dislocation loops induced by both ion
and neutron irradiations in a-iron, Fe-Cr model alloys, and F/M steels are
ap(100){100} or ag/2(111){111} type [23-30,32,96,97]. Here, it is also assumed
that all the loops are a(100){100} or ag/2(111){111} type. The Burgers vectors
of dislocations loops were be determined using bright-field TEM images taken
under selected diffraction conditions. ag(100){100} and a¢/2(111){111} loops
can be distinguished by (1) standard g - b Burgers vector analysis or (2) habit
plane analysis by comparing the orientation of the loops with respect to the
diffraction vectors.
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Fig. 5.8 shows the dislocation loops in a T91 specimen that was irradiated
to 7 dpa at 500°C. Fig. 5.8 (a)—(c) were obtained by tilting the specimen to
different diffraction conditions near the [001] zone. In Fig. 5.8 (a), only go2o
was strongly excited, therefore only ao[001] and ag[100] loops are invisible (g
- b = 0) and all other types of loops (ap[010] and all ag/2(111) loops) should
be visible. However, only a¢[010] loops marked as “a” showed up in Fig. 5.8
(a), indicating that there was no ag/2(111) loops in this area. Both ag[100]
and ag[010] loops are visible in Fig. 5.8 (b) and (c) since g - b # 0. The loop
marked as “b” showed up in Fig. 5.8 (b) and (c) but disappeared in Fig. 5.8 (a),
indicating that it is a ap[100] loop. Comparing Fig. 5.8 (a)—(c), it was found
that after irradiation to 7 dpa at 500°C, the dislocation loops are dominantly
ap[010] type in this area. Since these loops have the same Burgers vector, they
were well-aligned as shown in Fig. 5.8. Similar TEM examinations were carried
out in other grains, and the loops were also found to be dominantly ay(100)
type. Similar grain-level localized loop alignment was commonly observed and
should be characteristic for the irradiation at 500°C.
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Figure 5.8: Dislocation loops in T91 irradiated to 7 dpa at 500°C imaged using
(a) 8020, (b) 8110, and (c) g110. The zone axis is [001].

For the 400°C irradiation, however, distinct dislocation microstructure was
observed. Fig. 5.9 shows the typical microstructure found in the specimen
irradiated to 7 dpa at 400°C. The overall dislocation structure is shown in Fig.
5.9 (a). Fig. 5.9 (b)—(d) are enlarged TEM images showing the individual loops.
All images was taken near the [001] zone and only g;1¢ was strongly excited, as
shown in the insertion in Fig. 5.9 (a). Under this diffraction condition, visible
loops are ag[010], ag[100], ap/2[111], ag/2[111], ao/2[111], and ag/2[111]. The
ap[010] and ao[100] loops can be easily distinguished from ag/2(111) loops by
their orientations with respect to the diffraction vectors, i.e. ag[010] loops are
perpendicular to goao and 45° to g110, ap[100] loops are parallel to gpzo and
45° to g110- Moreover, ap(100) loops are close to edge-on since the images were
taken near the [001] zone axis. The loops in Fig. 5.9 (b)—(d) were distinguished
by this method. The ones in red circles are ag(100) loops, and the ones in blue
circles are ag/2(111) loops. Counting only the well-resolved loops in the three
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areas near Fig. 5.9 (b)—(d), statistical data of the Burgers vector are shown in
Table 5.1. It is estimated that the (111)/(100) ratio is around 1.02 £ 0.38 for
400°C irradiation.
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Figure 5.9: Dislocation loops in T91 irradiated to 7 dpa at 400°C: (a) low-mag
image showing the overall microstructure, (b) an area with both loops, (c¢) an
area with more ag/2(111) loops, and (d) an area with more a¢(100) loops. All
the images were taken near [001] zone with only g11¢ strongly excited.

Table 5.1: Statistical analysis of ag/2(111) and a((100) loops in T91 irradiated
to 7 dpa at 400°C.

No. of ap/2(111) loops No. of ag(100) loops (111)/(100) ratio
Area 1 20 17 1.18
Area 2 14 10 1.40
Area 3 13 19 0.68
Total 47 46 1.02 £ 0.38

The stability of ag(100) loops with respect to ag/2(111) loops is highly tem-
perature dependent. Yao et al. performed self-ion irradiation on pure Fe and
reported that about 80% of the loops were of the ag(100) type at 400°C [32]. In
the present work, both a¢(100) and ag/2(111) loops were found at 300°C, the
ratio was not determined. However, based on the fact that only at 300°C, loops
were observed to escape to the surface and disappeared, the fraction of mobile
ap/2(111) loops at 300°C should be higher than 400 and 500°C, since a{100)
loops are sessile and were not expected to move or escape to the surface. At
400°C, the ratio of ag/2(111) to ao(100) loops is around 1.02. At 500°C, the
loops were found to be predominantly a(100) type. Based on our results at
three different temperatures, the ag/2(111)—a0(100) loop transition is confirmed.
Although at 400°C, only ~49% of the loops are a¢(100) type, different from the
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80% in pure iron reported by Yao et al. [32], the general trend is consistent.
The difference could be due to the effect of alloying elements such as chromium,
as previous studies suggest that the addition of chromium tends to equalize the
proportion of ag/2(111) and ag(100) loops [34], or to increase the fraction of
ap/2(111) loops [31].

The observed loop transition has significant effects on the microstructural
evolution. Fig. 5.10 shows the representative dislocation structure of T91 steel
irradiated to 4.2 x 10 ions/cm? at 300, 400, and 500°C, respectively. Disloca-
tion networks were commonly found in the sample irradiated at 300°C, as shown
in Fig. 5.10 (a). Some black-dot dislocation loops are also observed in addition
to the network dislocations. In contrast to the dislocation network in Fig. 5.10
(a), isolated dislocation loops were commonly found in the samples irradiated
at 400 and 500°C, as shown in Fig. 5.10 (b) and (c). However, the difference is
that the dislocation loops in Fig. 5.10 (b) are randomly oriented, whereas the
dislocation loops in Fig. 11 (c) are well-aligned.

The temperature dependence of the observed dislocation structures can be
explained by the ag/2(111)~ao(100) loop transition. At elevated temperatures,
the ag/2(111) loops are highly mobile and ao(100) loops are sessile. Therefore,
ap/2(111) loops can migrate over long distances and interact with distant grown-
in defects, leading to the faster formation of dislocation segments and network
dislocations at lower dose, whereas ag(100) can only act as stationary defect
sinks once formed. If the ag(100) loops happen to form near grown-in defects,
localized interaction between loops and nearby grown-in defects is possible. As
an example, Fig. 5.4 shows clearly the process of localized interactions.

Figure 5.10: TEM BF images showing different dislocation structures in T91
irradiated by1.0 MeV Kr*+ ions to 7 dpa at different temperatures: (a) dislo-
cation network decorated by black-dot loops at 300°C, (b) randomly distributed
ap(100) and ag/2(111) loops at 400°C, and (c) well-aligned ao(100) loops at
500°C.
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5.3 Irradiation hardening

5.3.1 Modeling of irradiation hardening

In order to quantitatively characterize the irradiation-induced dislocation
loops and estimate the increase in yield strength, the average loop sizes and
densities were obtained. For the loop size measurement, TEM kinematic bright
field images were used. Therefore, the results might be not very accurate for
loops less than 10 nm, especially for the small black-dot loops around 2 nm. On
average, 40—60 loops were measured for each dose and temperature condition to
reduce the statistical errors. Figs. 5.11-5.13 show the histograms of the loop
size distribution for the irradiation at 300, 400, and 500°C, respectively.
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Figure 5.11: Loop size distribution histograms of T91 irradiated at 300°C at
different doses: (a) 1 dpa, (b) 3 dpa, (c) 5 dpa, and (d) 7 dpa.

At 300°C, the loops did not show significant increase in size, as shown in Fig.
5.11. Most loops are small black-dots and only a few extended loops around
6—10 nm were found at 5 dpa and 7 dpa. At 400°C, the loops also started as
black-dots around 2 nm at 1 dpa, but the loop size increased significantly as
the dose increased, and loops larger than 10 nm were commonly found at 7
dpa. At 500°C, few black-dots were observed at 1 dpa and therefore no size
histogram was obtained. Large isolated loops around 20 nm were commonly
found at 7 dpa. Based on these histograms, the average loop sizes were plotted
in Fig. 5.14 (a), in which the error bars were calculated using the Student ¢-
distribution and represent the 95% confidence interval. In addition to the loop
size, the loop density as well as line dislocation density were also obtained, as
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Figure 5.12: Loop size distribution histograms of T91 irradiated at 400°C at
different doses: (a) 1 dpa, (b) 3 dpa, (¢) 5 dpa, and (d) 7 dpa.
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Figure 5.13: Loop size distribution histograms of T91 irradiated at 500°C at
different doses: (a) 3 dpa, (b) 5 dpa, and (c) 7 dpa.
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shown in Fig. 5.14 (b). It should be noted that during the in situ irradiations,
the thinner areas near the hole created by jet-polishing were bended signifi-
cantly. All the TEM examinations were conducted on thick enough regions (not
too thin to avoid bending, and not too thick to get good contrast). For the
loop density calculation, all the sample thickness was assumed to be 100 nm,
which is apparently a rough estimate. This uncertainty only affects the loop
density calculation, since the line dislocation density is only related to the area
of the chosen regions. In the line dislocation density calculation, both grown-in
dislocations and dislocation segments formed from irradiation were taken into
account. As shown in Fig.5.14 (b), for the 300°C irradiation, the loop density
began to drop between 3 dpa and 5 dpa, accompanied by a steady increase in the
line dislocation density. At 400°C, the drop in loop density occurred between 5
dpa and 7 dpa, whereas the line dislocation density showed appreciable increase
between 3 dpa and 5 dpa, due to the formation of dislocation segments. For
the irradiation at 500°C, the loop density increased significantly between 1 dpa
and 3 dpa and then dropped, and the line dislocation density slightly decreased
between 3 dpa and 7 dpa. Another finding is that at 1 dpa, the loop density at
500°C is significantly lower (by as much as an order of magnitude) than that at
300°C and 400°C.
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Figure 5.14: Statistical information of defects in T91 irradiated at different
temperatures and doses: (a) average loop sizes, and (b) average line dislocation
densities and loop densities.

Heavy ion irradiation are frequently employed to emulate neutron irradia-
tion due to the degree of similarity in their weighted average recoil spectra [98].
The disadvantage of heavy ion irradiation is that it produces a non-uniform
dose profile over a shallow region (less than 600 nm for 1Me Kr ions) beneath
the sample surface. Our in situ TEM observation avoided this problem since
the thickness of thin area is about 100 nm, where the dose profile can be ap-
proximated to be constant. The difficulty lies in that it is impossible to directly
measure the mechanical properties by small scale tests such as nanoindentation,
due to various factors contributing to the measurements. The results of shal-
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low (less than 100 nm) indents will be largely influenced by the size effect and
deeper indents will inevitably sample the whole non-uniform dose profile [99].
Quantitative comparison of the results of small scale tests on heavy ion irradi-
ated samples with the data from neutron irradiated samples seems to be very
challenging.

Alternatively, based on the observed defect microstructure it is possible to
calculate the mechanical properties such as change in yield strength Aoy using
well-accepted models. Recall the dispersed barrier hardening model in Eq. 4.2,
for T91, we use M = 3.06, u = 82 GPa, and b = 2.49 nm, which are consistent
with the values used in Fe-Cr alloys [27,30, 34, 84, 86].

In general, the irradiation hardening results from multiple microstructure
modifications under energetic ion/neutron bombardment, including voids, pre-
cipitates, dislocation loops, line dislocations, etc. The overall effect on the yield
strength can be evaluated by the linear superposition of the contributions from
various defects: Aoy = Aoyy +Aocyp+ Aoy +Aoyp+ Aoyr, where Aoyy,
Aoyp, Aoy, Aoyp and Aoypr represent the contribution from voids, pre-
cipitates, dislocation loops, line dislocations, and others (such as dislocation
decoration, segregation of solute atoms), respectively.

In the case of T91, no obvious voids or irradiation-induced o' precipitates
were observed during the in situ irradiation. This is also consistent with the
observations in previous studies [82,100,101]. The favorable explanation is that
9-12%Cr F/M steels are well known for their excellent swelling resistance [102]
and the final dose (7 dpa) is still in the transient regime [5]. Thus, only negligible
amount of voids is expected at the final dose. Also, the Cr content is 9.24
wt.%, which is close to the threshold value for a—a’ phase separation in Fe-Cr
alloys [35], indicating very few, if any, o’ precipitates are expected. Indeed, no
o/ precipitates were reported in F/M steel T91 after proton irradiation to 10
dpa at 400-500°C or neutron irradiation up to 184 dpa at 413°C.

As a first order approximation, the contribution from voids and « precip-
itates is neglected due to their marginal amount and small barrier strength
[85,86]. Aoy g is also ignored for simplicity. Then we have the same equation
as Eq. 4.2:

Aoy = Aoy + Aoyp = Mapub/prdy + MCYD/J,b(\/piDTT‘ — ”p%nirr.) (51)

where o, pr, and dy, are the barrier strength, average density, and average size
of dislocation loops, respectively; ap is the barrier strength of line dislocations,
P and pWT™ are the line dislocation densities after and before irradiation,
respectively. Here ap = 0.64 and «, is temporarily taken to be 0.40, which are
consistent with the values used in literature.

Using the loop sizes and loop/line dislocation densities, the dose dependence
and temperature dependence of the increase in yield strength Aoy are shown
in Figs. 5.15 and 5.16, respectively. Existing experimental data [17,82,103,104]
are also shown. For simplicity, only data at similar temperatures (~300, 400,
and 500°C) were shown in Fig.5.15 and only data in the similar dose range (7—
12 dpa) were shown in Fig. 5.16. It is easy to see that the general trend is
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consistent with the conventional irradiation hardening characteristics of F/M
steels, i.e. more pronounced hardening at lower irradiation temperatures and
earlier saturation at higher irradiation temperatures.

800 T T T T T
600 | , 1
£ o
% 400F 5 o . neutron data, 325 °C (Alamo er al., 2007)
b>" = . <> neutron data, 390 °C (Kluch er al., 1985)
< E ..". <& [> neutron data, 500 °C (Klueh er al., 1985)
g . QO  proton data, 400 °C (Gupta et al., 2006)
|
200 + Q proton data, 500 °C (Gupta et al., 2006) -
.’ s Presen ork, 300 °(
LiiA e A @ Present work, 400 °C
‘ng """""""""" A Present work, 500 °C
0 b [> 1 1 L
0 10 20 30 40 50

displacement per atom (dpa)

Figure 5.15: Change in yield strength Aoy as a function of dose. Two sets of
proton data [82] and three sets of neutron data [17,103,104] at similar temper-
atures are also shown. The dotted lines are for visual aide only.

As can be seen in Fig. 5.15, there is noticeable difference in the data at
different irradiation temperatures. Three dotted lines were plotted to show the
trends. It is easy to find that the calculated results are reasonably consistent
with the existing data. At 300°C, Aoy increases with increasing dpa and sat-
urates at around 20 dpa. At 400°C, Aoy increases with increasing dpa at a
lower rate and saturates earlier (~10 dpa). At 500°C, Aoy shows slightly in-
crease and saturates around 3 dpa. In Fig. 5.16, the dose of all the proton
data is the same (7 dpa) as that of the present work. For the neutron data,
only these in the range of 9-12 dpa were plotted in order to make the data
more comparable. For the neutron data below 450°C, Aoy decreases with in-
creasing temperature, and above 500°C, Aoy ~ 0. The trend is shown in the
dotted green line. The ion irradiation data connected by dotted grey and dotted
orange lines turn out to be of the similar shape. This manifests that the ion
data has similar temperature dependence as the neutron data. It is also noticed
that the ion data was shifted upwards from the neutron data by approximately
100-150 MPa, indicating that more pronounced hardening is expected for ion
irradiations. Considering that the dose for the neutron data (9-12 dpa) is higher
than that of the ion data (7 dpa), the upward shift in Aoy of the ion data be-
comes more compelling. One possible reason for the upward shift is related to
the thermal annealing effect accompanying low dose rate neutron irradiations.
Since the dose rate of ion irradiation is 103 to 10* higher than that of neutron
irradiation, the material under ion irradiation experiences much less thermal
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Figure 5.16: Change in yield strength Aoy as a function of irradiation temper-
ature. The doses for all the proton data [82] and present work is 7 dpa, and all
the neutron data [17,103,104] are in the range of 9-12 dpa. The dotted lines
are for visual aide only.

annealing and therefore the defects (both grow-in dislocations and irradiation-
induced defects) have much smaller chance to be annealed and the surviving
defects are responsible for more noticeable hardening. On the other hand, the
offset also indicates that the microstructure is generally similar, except for dif-
ferences in the defect densityand size. For cases in which ion irradiations cannot
produce the comparable microstructure as that of neutron irradiations, the ion-
to-neutron is much more challenging. An example is that for Fe-Cr alloys above
the a—a/ phase separation threshold value, o’ precipitates are only frequently
observed in neutron-irradiated, rather than ion-irradiated specimens.

5.3.2 Nanoindentation measurement of irradiation hard-
ening

Since the TEM specimens for in situ thin foil irradiation are too thin for
nanoindentation, another set of separate bulk irradiation experiments for T91
and G92 were performed using the Van de Graaff accelerator at UIUC, as listed
in Table 3.2. All the nanoindentation on irradiated T91 and G92 were done at
UC Berkeley using either quasi-static or continuous stiffness measurement mode.
The hardness values of similar indentation depth (93-100 nm) were chosen for
the qualitative comparison.

Fig. 5.17 shows the hadness values of T91 and G92 in both unirradiated and
irradiation conditions. The hardness of unirradiated T91 is 3.96+0.39 GPa,
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very similar to that of G92, 3.94+0.24 GPa. For 400°C irradiation at 3 dpa,
the hadness of T91 is higher than G92, and for 500°C irradiation at 3 dpa, the
hardness values of T91 and G92 are similar and both higher than unirradiated
values. Overall, The irradiation hardening of G92 is similar to (sometimes
slightly less than) T91.For T91, the significant increase in hardness at 400°C
and moderate increase at 500°C agrees with microstructure-based calcluations
in previous section.

Hardness (GPa) of vs G92

Unirradiated 3 dpa_400°C 3 dpa 500°C

Figure 5.17: Comparison of the hardness of T91 with that of G92 at different
irradiation conditions.

Fig. 5.18 shows the temperature dependence of hardening in G92 irradiated
to 15 dpa. As can be seen, the hardness decreases significantly as temperature
increases from 300°C to 500°C. This is consistent with the irradiation hardening
behavior of many F/M steels shown by previous studies [17].

Hardness (GPa) of G92 irradiated at different temperatures
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Figure 5.18: Temperature dependence of irradiation hardening in G92 irradiated
to 15 dpa.

Fig. 5.19 shows the dose dependence of hardening in G92 at both 400°C
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and 500°C. It was found that the irradiation hardening increases with increas-
ing dose at 400°C, and is insensitive to dose at 500°C. Recall that for neutron
irradiation in F/M steels shown in Fig. 2.8, almost no hardening was observed
at 500°C and above, implying negligible dose dependence. This agrees with our
nanoindentation measurements.

In summary, the trends (both temperature dependence and dose depen-
dence) shown by nanoindentation measurements on bulk ion-irradiated T91 and
G92 are consistent with the typical hardening behavior of neutron-irradiated
F/M steels. It should also be noted that our nanoindentation results can only
be used as qualitative analysis, since the results suffer from size effect, substrate
effect, and non-uniform dose profile over a few hundred nanometers.

Hardness (GPa) of G92 irradiated to Hardness (GPa) of G92 irradiated to
different doses different doses
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Figure 5.19: Temperature dependence of irradiation hardening in G92 irradiated
to 15 dpa.
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6. COMPARISON OF THIN FOIL IRRADIA-
TION AND BULK IRRADIATION AT EL-
EVATED TEMPERATURES

Since both in situ thin foil irradiation and ez situ bulk irradiation were
employed in this study, it is helpful to understand the complications involved in
thin foil irradiation and under what conditions thin foil irradiations are expected
to produce similar results to bulk irradiations.

One of the most important differences between thin foil irradiation and bulk
irradiation is the difference in thickness. A TEM thin foil is typically ~100 nm
thick. For heavy ion irradiation, almost all heavy ions can penetrate through
the specimen and create displacement damage inside the specimen without al-
tering the chemical composition. This is clearly an advantage compared to bulk
irradiation that injects heavy ions inside the specimen and causes defect imbal-
ance near the tail. However, the influence of injected ions for bulk irradiations
can be diminished by choosing proper depth region. A straightforward way is
to avoid the implanted region and focus on the region about 1/3 to 1/2 of the
peak damage depth.

A more important consequence of thin specimen is that the two free surfaces
become closer with decreasing thickness. At ~100 nm thickness, the number of
atoms across the two free surfaces are only on the order of 300 to 1000. The free
surfaces can have significant effects on the defect production and microstructural
evolution.

The surface effects chould be less important for materials with high-density
internal sinks such as martensitic steels that have high-density dislocations and
ODS steels that have high-density ultra-fine nanoclusters. However, for mate-
rials with low sink density, such as austenitic stainless steel A709, the two free
surfaces becomes more important, as they can act as strong sinks and alter the
defect evolution, especially at elevated temperatures.

6.1 Surface effects on loop size and density in
austenitic steel A709

In order to quantitatively study the surface effects, we need to think in
details about the actual setup of thin foil irradiation experiments. Recall that
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the specimens used for thin foil irradiations are TEM specimens prepared by
jet-polishing, they are wedge-shaped with varying thicknesses. Near the edge
of the perforation the thickness is typically only several nanometers, and the
thickness increases with increasing distance to the edge. The thickness fringe
measurements show that apart from the near-edge region, the thickness of jet-
polished TEM specimens basically increases linearly with increasing distance to
the perforation edge.

It is reasonable to expect that in the very thin (10s nm) region the surfaces
effects becomes dominant, and in very thick (100s nm) regions surface effects
become much less important. The microstructure evolution will therefore show
thickness-dependent characteristics.

As an example, Fig. 6.1 shows several TEM BF images taken at regions
of different thicknesses in the same grain in a A709 TEM specimen in situ
irradiated to 1 dpa at 400°C. It is obvious that from Fig.6.1 (a) to (d), the the
loop size and loop density both increased with increasing thickness (or distance
to the edge). Impacts due to other factors such as differences in irradiation
temperature, grain orientation, and diffraction condition, are excluded and the
observed thickness-dependent loop size and density is due to the surface effect.
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Figure 6.1: Thickness dependent loop distribution in A709 thin foil irradiated
by 1.0 MeV Kr™* ions to 1 dpa at 400°C. Images were taken inside the same
grain at (a) d = 6.1 pm, (b) d = 9.9 pm, (c¢) d = 13.0 pm, and (d) d = 14.4 pm,
where d is the distance to the edge of perforation.

The quantitative results on the differences in the loop size are shown in Fig.
6.2. As can be seen, The loop are black-dots loop size remains less than 4 nm
if the distance is less than ~10 pm, larger loops (> 6 nm) were only observed
in distant (thicker) regions.

Fig. 6.3 shows the measured loop area density at different distances. Again,
the loop density also shows distance-dependent characterisitics. For distances
> 10 nm, the loop area density increases linearly with increasing distance. The
linearity fails at small distances, and the measured loop density at distances <
6 pm is less than that projected by the linear dashed line. This shows that the
surface effects can lead to reduced loop density.

The effect of the two free surfaces on the loop size becomes more apparent at
higher dose. Fig. 6.4 shows BF images of loops in A709 irradiated to 3 dpa at
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Figure 6.2: Loop size as a function of distance to edge in A709 thin foil irradiated
to 1 dpa at 400°C.
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Figure 6.3: Loop area density as a function of distance to edge in A709 thin

foil irradiated to 1 dpa at 400°C. The open squares are measured values and the
dashed line is the linear fit of data in distant region.
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400°C. The loops at thick region in Fig. 6.4 (c¢) are apparently much larger than
the loops in thin region 6.4 (a). Moreover, edge-on Frank loops are dominant in
the thick region Fig. 6.4 (c) but are absent in the thin region 6.4 (a). This could
be an indication that the surfaces also have impacts on the loop character.

oo RSO o
d=6.1 um, ~69.3 nm d=28.4pum, ¢~ 83.3 nm d=9.9 um, r~92.3 nm

Figure 6.4: Thickness dependent loop distribution in A709 thin foil irradiated
by 1.0 MeV Kr*+ ions to 1 dpa at 400°C. Images were taken inside the same
grain at (a) d = 6.1 pm, (b) d = 8.4 ym, (¢) d = 9.9 pm.

Now, using the distance-thickness relation meausred by thickness fringes, we
are ready to plot the average loop size at different thicknesses. The result is
shown in Fig. 6.5. Only two data points were obtained for 3 dpa, since the
contrast in thick regions was not ideal. The results clearly shows the thickness-
dependence of the loop size.

The loop densities at different thicknesses are shown in Fig. 6.6. The dif-
ferences in loop density at different thicknesses are more significant: the loop
density in the thick reigon can be as much as 4 times the density in the thin
region. It is also observed that at 400°C, the loop density seems saturated
for thicknesses greater than 100 nm, which indicates that the surface effects is
insignificant in the thick region.

The surface effects on the loop size and density is illustrated in Fig. 6.7.
At thin regions near the perforation edge, surface effects become dominant and
the loop size and density is strongly impacted. Very thick regions suffer little
from surface effects but they are not suitable for TEM observations. Only at
proper thick region, the surface effects are relatively insignificant and TEM
characterization is still doable. This region is termed quasi-bulk region that is
expected to produce similar defect structure as bulk irradiation.

However, it should be noted that for low sink density materials, the surface
effects become more obvious with increasing irradiation temperature. For high
temperature irradiation, such quasi-bulk region may not exist. In other words,
the thick region that surface effects are negligible can be too thick for TEM
observations.

In addition to the mentioned impacts on the loop size and density, it should

81



12 T .

" = 1dpa
0r o 3 dpa |
Q | L
-5 6 r ® T
m Y
o
3 4r ‘i n 1
2 » .
O 1 1 1 1
40 60 80 100 120 140

Thickness (nm)

Figure 6.5: Loop size distribution as a function of thickness in A709 thin foil
irradiated at 400°C.
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Figure 6.6: Loop density as a function of thickness in A709 thin foil irradiated
at 400°C.
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Figure 6.7: Illustration of the surface effects of thin foil irradiation.

be noted that a defect-free layer may also present for thin foil irradiation. This
layer can be formed due to oxidation, sputtering, preferential precipitation at
near surface regions, etc. A previous study [95] showed that the thickness of the
defect-free layer is ~20 nm for a Fe-12Ni-18Cr model alloy irradiated at 450°C.

6.2 Surface effects on loop character in austenitic
steel A709

Besides surface effects on the loop size and density, thin foil irradiation can
differ from bulk irradiation in other aspects. With only hundreds of atoms
across the entire thickness, it is likely that under energetic ion bombardment,
significant amount of stress can build up inside the TEM specimen. For instance,
sample bending is frequently observed in many in situ irradiation experiments.
Moreover, the image force exerted by the free surfaces also impacts the stress
state inside the TEM specimen. It is not difficult to imagine that the local stress
state can impact the defect structure. For Frank faulted loops in FCC materials
such as A709, enough stress can lead to loop unfaulting or loop reorientation to
accomodate local stresses.

As an example, Fig. 6.8 shows different defect structures at different thick-
ness regions in the same grain in A709 irradiated to 3 dpa at 600°C. Figs. 6.8
(a)—(c) are taken with gogp strongly excited, and Figs. 6.8 (d)—(f) are taken
with gi1; strongly excited.

It is obvious that many different types of loops are present in the same grain.
Loops marked by ‘b’ and ‘e’ show fault contrast (the fault contrast of ‘e’ loops
is shown later), and loops marked by ‘a’, ‘c’, and ‘d’ have no stacking fault
constrast. In the following analysis only two types of Burgers vector and three
types of habit planes are considered: 1/3(111) and 1/2(110) Burgers vectors,
{111}, {110}, and {100} habit planes.
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It is easy to identify ‘e’ loops as Frank faulted loops, as they are near edge-
on, are perpendicular to g;3; or gy7;, and are present under both diffraction
conditions.

‘a’ loops disappear under gopo and appear under gii;, indicating that their
Burgers vector is 1/2[011] or 1/2[011]. Note that ‘a’ loops are parallel to g2qo.
Using the projection method in Fig. 3.5, it is easy to see that the habit plane
of ‘a’ loops is (011) plane. Therefore, ‘a’ loops are 1/2(110){110} perfect loops.

‘b’ loops show stacking fault contrast, indicating that they are 1/3(111)
loops. The fact that they show up in both diffraction conditions is also consistent
with 1/3(111) Burgers vectors. According to the projected shape illustrated in
Fig. 3.5, the habit plane of ‘b’ loops is [110] or [101] plane. Therefore, ‘b’ loops
are 1/3(111){110} faulted loops.

‘¢’ loops disappear under gsgp and appear under gii;, Only 1/2[011] or
1/2[011] Burgers vectors satisfy gogo- b = 0 and giq;- b # 0. Therefore, the
Burgers vector of ‘c’ loops is 1/2[011] or 1/2[011], which is also consistent that
‘¢’ loops show no fault contrast. Note that the longest side of‘c’ loops is parallel
to gooo and ‘c’ loops are not near edge-on. Comparing with the illustrations
shown in Figs. 3.4-3.6, the habit plane of ‘c’ loops should be (001) or (010)
plane. Therefore, ‘c’ loops are 1/2(110){100} perfect loops.

The Burgers vector of ‘d’ loops can not be directly determined using g- b
criteria, since ‘d’ loops show up under both diffraction conditions. However, the
fact that ‘d’ loops show no fault contrast indicates that the Burgers vector of ‘d’
loops is of 1/2(110) type. Now using g- b criteria it is easy to determine that
the Burgers vector is 1/2[101] or 1/2[101]. To determine the habit plane of ‘d’
loops, note that their longest side is parallel to g;17; and they are not edge-on.
Comparing with Figs. 3.4-3.6, the habit plane of ‘d’ loops should be (110) or
(101) plane. Therefore, ‘d’ loops are 1/2(110){110} perfect loops.

‘f” loops appear under gogo and disappear under gij;. The Burgers vector
that satisfies gogo- b # 0 and gi7;- b = 0 is 1/2[110]. ‘f” loops show no fault
contrast, which is also consistent with 1/2[110] Burgers vector. To determine
the habit plane, note that the longest side of ‘f’ loops is perpendicular to goqo,
which indicates that the habit plane is (111) or (111), based on the illustration
shown in Fig. 3.4. Therefore, ‘f* loops are 1/2(110){111} perfect loops.

The fault contrast of ‘g’ loops can be an indication that their Burgers vector
is of 1/3(111) type. The character of ‘g’ loops is not determined, since the
shape of ‘g’ loops does not match anyone in Figs. 3.4-3.6. There can be two
possible reasons: one reason is that ‘g’ loops are in the intermediate state of
loop transition and their habit plane is not {111}, {110}, or {100} planes, and
the other reason that they are precipitates rather than loops.

Comparing the three different thickness regions in Fig. 6.8, it is easy to see
that ‘b’, ‘¢’, and ‘g’ loops occur primarily in the region I (thinnest region), ‘a’
loops are mostly found in region II, ‘d’ loops occur mostly in regions IT and III,
‘t” loops are primarily found in region III.

In Fig. 6.8, only several Frank faulted loops, or ‘e’ loops, are found: one in
region I, one in region II, and two in region III. The thickness dependence is
not clear due to the low Frank loop count. Considering that the thickness of
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Figure 6.8: Different defect structures at different thickness regions in the same
grain in A709 irradiated to 3 dpa at 600°C. All images are taken near [011]
zone. (a)—(c) are taken with gogo strongly excited, and (d)—(f) are taken with
g11; strongly excited. (a) and (d) are the same region (region I) with distance
to edge d = 2.9 nm, (b) and (e) are the same region (region II) with d = 7.1
nm, (c) and (f) are the same region (region III) with d = 8.9 pm.

region IIT is only 107.8 nm, it may be helpful to examine even thicker regions.
Fig. 6.9 shows the loops in a much more distant region (d = 17.1 pm) with
corresponding thickness of about 221 nm. This region is still within the same
grain as the regions shown in Fig. 6.8. It now becomes clear that Frank faulted
loops marked by ‘e’ occurs mostly in very thick regions. In Fig. 6.9, several ‘f’
loops were also found, and no ‘a’, ‘b’, or ‘¢’ loops were found.

In summary, for A709 thin foil irradiation at 600°C, Detailed TEM analysis
shows the loop character strongly depends on the thickness of the correspond-
ing region. Lots of loops other than Frank faulted loops were found in the ir-
radiated TEM specimen. In total, 1/2(110){110} perfect loops, 1/3(111){110}
faulted loops, 1/2(110){100} perfect loops, 1/2(110){111} perfect loops, and
1/3(111){111} Frank faulted loops were found. ‘a’ loops (or 1/2(110){110}
perfect loops), ‘b’ loops (or 1/3(111){110} faulted loops), and ‘c’ loops (or
1/2(110){100} perfect loops) were only found in thin regions, and Frank faulted
loops marked by ‘e’ were mostly found in very thick regions. These results show
that the surface effects can have huge impacts on the loop character. The un-
derlying reason could be due to the buildup of local stresses during thin foil
irradiation. The higher stresses in the thin region leads to earlier loop unfault-
ing (change in Burgers vector) or loop reorientation (change in habit plane) to
accomodate the local stresses.
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Figure 6.9: Frank faulted loops in a thick region in A709 irradiated to 3 dpa at
600°C. The corresponding distance to edge is 17.1 um, and the thickness is 221
nm.

6.3 Comparison of thin foil irradiation with bulk
irradiation

Now we know that the surface effects can have impacts on the loop size,
loop density, and also loop character. The effects on the loop size and density
is due to the fact that the two nearby free surfaces can act as strong sinks for
radiation-induced defects. We term this as sink effect. The effects on the loop
character is likely due to the buildup of local stresses since the foil is thin and
there is no direct mechanical suppot in the thin region. We term this as stress
effect. With so many differences, one may wonder can thin foil irradiation still
be used as a surrogate of bulk irradiation? Under what conditions can thin foil
irradiation produce quantitatively similar defects as bulk irradiation?

The complete answer to this is very complex, and beyond the scope of this
work. However, it is possible to provide some sketchy answers.

Firstly, the sink effect becomes less important for materials with high-density
internal sinks. Examples are F/M alloys, ODS alloys, CW alloys, nanocrys-
talline materials, etc. With enough internal sinks, the radiation-induced point
defects or mobile defect clusters will be mostly trapped by the internal sinks,
even if the temperature is high enough to allow them to migrate to the free sur-
faces. As shown in a recent study [105], simple rate thory estimation shows that
high density (~10** m~2) dislocations or high density (~10%3 m~3) nanopar-
ticles (r & 2 nm) can lower the point defect concentration by 1-2 orders of
magnitude, in other words most of the point defects can be absorbed by the
internal sinks.
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Secondly, the stress effect becomes less important for high strength materi-
als such as F/M alloys and ODS alloys. The high strength provides structural
stability under thin foil irradiation. The high-density dislocations can also ac-
comodate the local stress through dislocation movement and interactions.

Lastly, for materials with low-density internal sinks, such as SA austenitic
alloys, the sink effect is less important at low temperatures. For example, the
size of Frank loops observed in the thick region in A709 thin foil irradiated to
3 dpa at 400°C (shown in Fig. 6.4) is close to the Frank loops found in bulk
irradiated to 10 peak dpa (4.24 dpa for 200-400 nm depth region) at 400°C
(shown in Fig. 4.6).

For A709, we already know that lots of loops other than Frank loops are
produced at high temperatures (e.g. 600°C), one may wonder if we only compare
the Frank loops, is thin foil irradiation still different from bulk irradiation?

To answer this, systematic comparison on the Frank loop size and density is
required. Fig. 6.10 shows the sizes of the Frank loops in thin foil irradiated A709
with those in bulk irradiated A709. For thin foil irradiation, the comparison only
considered Frank loops in the thick region. For bulk irradiation, the comparison
only included Frank loops in the 10 peak dpa specimens in the 200400 nm depth
region (corrsponding dose is 4.24 dpa). The results clearly shows that thin foil
irradiation can produce similar sized Frank loops as bulk irradiation for all three
temperatures.
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Figure 6.10: Frank loop sizes in thin foil irradiated vs bulk irradiated A709.
The data for thin foil irradiation are from the thick regions, and the data for
bulk irradiation are from the 200400 nm depth region.

The comparion on the Frank loop density of thin foil irradiation with that of
bulk irradiation is shown in Fig. 6.11. All the densities are 4 times the measured

87



Frank loop densities (only counting one {111} variant). It can be seen that the
density of Frank loops is comparable for both types of irradiation at 400°C.
However, the Frank loop density of thin foil irradiation becomes less than that
of bulk irradiation with increasing irradiation temperture. At 600°C, the Frank
loop deunsity of thin foil irradiation is about 1/3 of that of bulk irradiation.

107 ¢ ; ; .
s ---o--- Bulk irradiation, 4.24 dpa
G ---0--- Thin foil irradiation, 3 dpa ]
g o.,
— O
£ 107 h ) 4
5 = O
5 g -0
z o
<)
= .
‘é m]
S
F
1020 L 1 1
400 500 600

Temperature (°C)

Figure 6.11: Frank loop densities in thin foil irradiated vs bulk irradiated A709.
The data for thin foil irradiation are from the thick regions, and the data for
bulk irradiation are from the 200-400 nm depth region.

Combine the results on the Frank loop size and density, it seems that the
Frank loop size is not impacted by the surface effects, and the Frank loop density
is strongly impacted. The Frank loop density of thin foil irradiation and that
of bulk irradiation are still similar at 400°C. Therefore, for A709, when the
irradiation temperature is < 400°C, thin foil irradiation is basically equivalent
to bulk irradiation, provided that the TEM analysis is focused on the thick
region for thin foil irradiation. This also justifies our use of in situ thin foil
irradiation results for A709 irradiated at 300°C (Fig. 4.5).
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7. CONCLUSIONS AND RECOMMENDATIONS

In this report, the radiation response of several different advanced alloy
systems were investigated. State-of-the-art characterization techniques includ-
ing TEM, SEM-EBSD, APT, STEM-EDS, and nanoindentation were used to
systematically study the radiation effects in austenitic alloy A709 and 316H, fer-
ritic/martensitic alloys T91 and G92. Ez situ bulk ion irradiation, in situ TEM
thin foil irradiation, and neutron irradiation were employed. The study on A709
covers both bulk ion irradiation and thin foil ion irradiaiton, the microstructural
results on T91 are from thin foil irradiation and the nanoindentation results are
from bulk irradiation.

7.1 Radiation-induced microstructural and me-
chanical property modifications in austenitic
alloy A709

For A709 bulk irradiation at 300-600°C up to 150 peak dpa, a series of
radiation-induced microstructural and mechanical property modifications were
observed and discussed in detail:

1. The radiation-induced Frank faulted loops in A709 irradiated at 400°C
and above were systematically characterized using WBDF and rel-rod DF
imaging techniques. Compared to neuton-irradiated stainless steel 316,
ion-irradiated A709 show similar Frank loop density at 400°C. However,
the Frank loop density at 500 and 600°C is much higher.

2. Radiation-induced segregation of Ni and Si was observed in every irradia-
tion condition. RIS of Ni and Si was found at various sinks: line disloca-
tions, dislocation loops, surfaces of voids, and particle-matrix interfaces.

3. Radiation-induced Ni,Si-rich precipitates were observed. They are only
enriched in Ni and Si, and depleted in other elements. These Ni,Si-rich
precipitates are very similar to NigSi precipitates in neutron-irradiated
austenitic stainless steel 316 reported in previous studies. However, they
show no extra spots in the diffraction pattern. The reason could be that
the cascade damage of high dose rate ion irradiation leads to distorted
crystal structure of the Ni,Si-rich precipitates.
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4. Radiation-modified Cr-rich carbides were found in the highest dose (150
peak dpa) samples for both 500 and 600°C irradiation. Several differ-
ent types of carbides were found: Ms3Cg phase at 500°C, and MgC and
(Cr,Mo)3(C,N) phases at 600°C.

5. Radiation-induced change in the orientation relationship of pre-existing
MX precipitates was observed in A709 irradiated to 50 peak dpa at 600°C.
The MX precipitates changed from incoherent with no preferred orienta-
tion to semicoherent with a cubic-on-cubic orientation relationship.

6. Radiation-induced voids were commonly found in A709 irradiated to 50
and 150 peak dpa at 500°C. A few voids were also observed in A709 irra-
diated at 600°C. The voids were only found regions less than 750 nm in
depth. The highest swelling for A709 irradiated at 500°C to 50 and 150
peak dpa is about 0.44% and 0.37%, respectively. This also indicates that
150 peak dpa is still within the transient regime.

7. Nanoindentation measurements show apparent decrease in irradiation hard-
ening with increasing temperature. For 500°C irradiation, the hardness in-
creased significantly at 10 peak dpa, and then increased gradually from 10
peak dpa to 150 peak dpa. For the lowest dose irradiation, microstructure-
based calculations averaging over the entire irradiated region agree well
with the nanoindentation measurements.

7.2 Radiation-induced microstructural and me-
chanical property modifications in ferritic/
martensitic alloys T91 and G92

The radiation response of F/M steel T91 and G92 was studied by in situ
TEM heavy ion irradiation. T91 and G92 TEM thin foils were irradiated up to
7 dpa at 300, 400, and 500°C. A set of bulk irradiations were also carried out
for nanoindention measurements. Following conclusions can be drawn:

1. The microstructure evolution of T91 and G92 under in situ irradiation
is found sensitive to the irradiation temperature: at lower temperature
(300°C), black-dot dislocation loops and network dislocations were ob-
served; at higher temperature (500°C), only aligned extended loops were
observed.

2. Post-irradiation examination show that the loops are dominantly ag/2(111)
type at 500°C. The loops at 400°C are mixture of ag/2(111) and ao(100)
loops. This is consistent with previously observed loop transition in Fe-Cr
model alloys.

3. The loop size and density, and dislocation density data were used to es-
timate the change in yield strength using the dispersed barrier hardening
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model. It was found that as temperature increases, the major contributor
to irradiation hardening changed from network dislocations to dislocation
loops. The calculated Aoy is higher than that of neutron data in litera-
ture.

4. Nanoindentation measurements on bulk-irradiated spcimens show that
T91 and G92 have similar hardening behavior. The temperature depen-
dence and dose dependence of nanoindentation hardness data are consis-
tent with the typical hardening behavior of neutron-irradiated F/M steels.

7.3 Recommendations for future irradiation stud-
ies of A709

Alloy A709 has potential advantages over 316-type stainless steels for me-
chanical properties and corrosion resistance for elevated temperature application
in sodium cooled fast reactor applications. It is likely to be more resilient at
target operation temperatures of 550°C than the austenitic steels which have
lower Cr and Ni content. Efforts to develop a significant data base to qualify
A709 for structural applications in future SFR applications are supported by
the results of this study.

AT709 does undergo significant precipitation and second phase development
processes during thermal aging above 500°C, which have been thoroughly studied
and characterized in alloy systems with comparable compositions to A709 in this
study. These thermal aging conditions may extend to SFR reactor structural
applications in the temperature range of interest for a proposed 60 year design
life and can be largely studied through long-term thermal aging and ambient
stress creep studies.

The results of the current study show that there are significant irradiation-
induced microstructural changes at temperatures between 300 and 600°C which
could significantly influence the alloy performance in service. These include:
Frank loop formation and resulting hardening, major precipitation effects (e.g.
matrix Ma3Cg), major alloying element segregation effects (e.g. Ni-Si cosegre-
gation to multiple defect sinks like dislocations, loops and precipitates) and void
swelling. It is well established that, due to the higher dose rates in heavy ion
irradiation studies, the rates (i.e. the dose) at which some of these effects form
can be both accelerated (i.e. form at lower doses) and can shift in temperature
(typically to higher temperatures).

Future neutron irradiation campaigns on this alloy should concentrate on
these radiation-induced changes over a similar temperature range examined
here: 300 to 600°C, to doses up to and beyond the 10 or 20 dpa anticipated
for the total reactor life of the structural material applications. It is signifi-
cant that the evolution of nearly all of the irradiation-induced microstructural
changes occur quickly, even at low doses. Only the observed void swelling takes
significant dose at a sufficiently high irradiation temperature to occur. The
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observed microstructural changes will affect mechanical properties and also po-
tentially affect sodium corrosion resistance, so future neutron irradiation should
include reasonable scale tensile, fracture toughness and irradiation creep tests,
to characterize potential changes (degradation) in materials structural proper-
ties. Comparisons to the significant data and literature on neutron irradiated
316-type stainless steels could confirm the superiority of A709 for SFR long-term
structural applications.

7.4 Recommendations for future irradiation stud-
ies of G92

Ferritic/martensitic alloy G92 in the optimized heat-treatment condition was
shown to have similar, but somewhat better irradiation-resistance properties
compared to T91 in this study. It appears that the compositional control and
heat treatment improvements make G92 better qualified for elevated tempera-
ture application in sodium cooled fast reactor applications than other current
versions of the Fe-9Cr class of alloys. This should be confirmed by a future
neutron irradiation campaign on this alloy.

G92 shows similar development of dislocation black dot and dislocation net-
works at lower irradiation temperatures (300°C) and dislocation loop structures
at higher temperatures (400 and 500°C) as other similar alloy compositions. The
dislocation loop structure also changes with temperature, a mixture of (111)-
type and (100)-type are found at 400°C, while (100)-type predominate at 500°C,
also consistent with studies on other Fe-9Cr-class alloys. The major irradiation
related issue with this alloy class is predominately lower temperature loss of
ductility.

Future neutron irradiation campaigns on this alloy should concentrate on
these radiation-induced changes over a similar temperature range examined
here: 300 to 600°C, to doses up to and beyond the 10 or 20 dpa anticipated
for the total reactor life of the structural material applications. Future neutron
irradiation should include reasonable scale tensile, fracture toughness, Charpy
and irradiation creep tests, to characterize potential changes (degradation) in
materials structural properties. An emphasis should be placed on characterize
lower temperature ductility loss due to irradiation exposure.
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