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Preface to “Experimental Simulation and
Characterization of Radiation Damage in Materials”

Developing new materials for the next generation of advanced nuclear technologies brings
about the need for suitable irradiation experiments and reliable/reproducible post-irradiation
examination (PIE). The standardized testing of activated materials in hot-cell facilities might still
be considered unavoidable for nuclear power reactor development. However, exposure to fission
neutron radiation cannot adequately simulate the radiation environments of nuclear fusion or
spallation neutron sources. For this reason, considerable efforts are being devoted to using ion
bombardment as a surrogate for neutron irradiation and developing new, innovative methods for
material characterization. The use of particle accelerators to simulate harsh radiation environments
provides an easily and well controlled environment that enables us to isolate and study the effects
of temperature and displacement damage rate or to effectively simulate transmutation reactions in
materials such as helium or hydrogen production.

This book aims to advance the current knowledge in ion irradiation studies and the accelerated
ageing of materials. The collected papers address various areas in the field, from the fundamentals
of ion beam modification to innovative experimental characterization of the materials and related
theoretical modelling. The present research contributes primarily to the understanding of the applied
aspects of ion bombardment as a surrogate for neutron irradiation and a tool for experimental
simulation of harsh radiation environments. At the same time, this Special Issue features several
exciting studies on the microstructural characterization and radiation tolerance of materials across a

broad spectrum of scientific and industrial areas.

Vladimir Krsjak
Editor
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Abstract: Structural materials of the new generation of nuclear reactors, fission as well as fusion, must
often cope with high production rates of transmutation helium. Their testing hence requires either a
powerful source of fast neutrons or a high-fluence ion-irradiation facility providing sufficient amounts
of high-energy helium to investigate its effect on the material. Most ion irradiation studies, however,
concentrate on basic effects such as defect evolution or bubble swelling in narrow near-surface regions
modified by ion bombardment. Studies on bulk samples with a relatively thick implanted region,
which would enable, for instance, micromechanical testing, are underrepresented. This gap might
be filled by high-fluence multi-energy ion irradiations modifying several tens of micrometres of the
investigated substrate. High-energy ion accelerators providing reasonable currents with energies of
tens of MeV are rarely employed in such studies due to their scarcity or considerable beamtime costs.
To contribute to this field, this article reports a unique single-beam He implantation experiment aimed
at obtaining quasi-uniform displacement damage across >60 pm with the He/dpa ratio roughly one
order of magnitude above the typical spallation neutron target irradiation conditions. Some technical
aspects of this irradiation experiment, along with recent developments and upgrades at the 6 MV
Tandetron accelerator of the Slovak university of technology in Bratislava, are presented.

Keywords: high-energy ion irradiation; nuclear materials; transmutation helium

1. Introduction

The growing demand for more energy with simultaneous efforts towards carbon-free
energy production increases the importance of the nuclear energy sector. In the recent years
there has been an interest to develop fourth-generation (GEN IV) fission reactors, small
modular reactors, and fusion reactors. Compared with the current reactor conditions, mate-
rials in advanced nuclear systems need to withstand higher temperatures, more corrosive
coolants, and prolonged high-energy neutron irradiation. While the operating tempera-
ture of commercial light water reactors does not exceed 350 °C, the six concepts of the
future fission systems, proposed within the Generation IV international forum, will op-
erate in a temperature range of 350-1000 °C. The foreseen end of lifetime damage levels
are up to ~200 dpa [1,2]. In prototype fusion devices the damage of 150-200 dpa in the
replaceable structures will be caused by the 14 MeV neutrons generated during D-T fusion
reaction. The demonstration fusion power plant DEMO is expected to operate from 300 to
1000 °C [3].

Higher neutron flux and harder neutron spectra, together with increased temperatures,
call for the development of new radiation-tolerant structural materials. For the deployment
of the abovementioned new systems, it is crucial to understand how radiation degrades
these materials and how various parameters affect their irradiation response. The materials
development is a challenging, lengthy process as it needs to go through several steps and
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iterations, and the neutron irradiation to significant exposures takes a long time. Other
limiting factors are the decreased availability of suitable materials test reactors and the very
high cost of neutron irradiation. To shorten the 40-50-year process, materials development
with a focus on high-fluence irradiation conditions uses the best alternative technique
available to date: charged particle irradiation, at least until facilities such as the High Flux
Accelerator-Driven Neutron Facility (HF-ADNeF) [4,5] or the much more powerful IFMIF-
DONES facility [6] capable of producing a neutron spectrum very close to the conditions
in fusion reactors and at high fluxes become operational. Yet, operation of the latter is
planned no earlier than 2033 [7].

Ion irradiation is widely employed to investigate radiation-induced microstructural
changes and the resultant material damage. Ion implantation enables much faster damage
accumulation in comparison with nuclear reactors, and the dose corresponding to several
years of neutron irradiation can be reached in a matter of hours or days and is therefore
considered as the best available surrogate to neutron irradiation known to date. However,
the penetration of the accelerated ions into the material is limited. The irradiation depth
achieved during low energy proton or heavy ion irradiation (up to 100 MeV) is in the
order of submicron to a few micrometres for common metals used in nuclear materials [8].
Therefore, the damage is confined into a thin near-surface region, in the order of um,
and the resulting displacement profile is graded. This makes it difficult to determine and
evaluate the mechanical properties of ion-irradiated materials and limits the testing and
investigation to the nanoscale level. Most ion irradiation facilities for materials research
provide relatively low-energy protons or heavy ions (2-5 MeV), restricting the investigation
of irradiation induced changes in mechanical properties under irradiation. Moreover, most
such investigations limit themselves to a single implantation/irradiation step.

For materials development and qualification, engineering data such as strength, duc-
tility, toughness, etc. are needed. To extract bulk properties, the range limitation in ion
implantation experiments needs to be overcome. Increasing the irradiated layer thickness
to 50-100 pum or beyond will make micro-mechanical testing [9] feasible.

Obtaining such “bulk” volumes of ion-beam modified material requires employing
high-energy ion accelerators with powerful ion sources. Ion bombardment using light
particles with energy > 10 MeV, however, leads to considerable amounts of gamma and
neutron radiation during the beam-on time. This must be considered in the accelerator
facility layout and resolved by sulfficient radiation shielding.

One of the few setups dedicated especially to “thick layer” (in sense of the above) irra-
diation is located at MIT [8], based on a cyclotron providing 10-30 MeV proton irradiations
and a full mechanical tensile test stage with 100-300 um-thick samples (proton ranges at
these energies ensure almost complete transmission through the foil).

Protons reasonably simulate ballistic effects when considering particle size and mass [10,11].
Nevertheless, transmutation products such as helium with a critical contribution to damage
evolution [12] cannot be addressed in proton irradiation studies. Self-ion irradiation as
a surrogate for neutron irradiation was proved as feasible in various studies [11,13-17]
focused on void swelling, but has been almost exclusively limited to TEM characterisation
of regions a few microns thick.

Most irradiation studies are conducted at fluences up to ~10'7 at/cm? [18] and in
case of higher MeV energies these numbers are usually a few orders less. To be noted,
however, these studies aimed at the investigation of basic ion-matter interaction and defect
evolution. There are, however, few experiments with fluences surpassing that, such as the
5.42 x 10'? at/cm? proton irradiation performed recently [19]. Yet, to study engineering-
relevant properties, bulk properties, the whole volume is to be irradiated homogeneously
to introduce a quasi-uniform damage in terms of dpa, as well as in the case of evaluating
the effect of transmutation helium, a “box-profile” of He concentration.

The ion beam centre at ATRI MTF STU recently upgraded its ion source systems to
serve high-fluence high energy ion irradiations comprising a high-current upgrade of the
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HVEE 358 Duoplasmatron ion source and the installation of a NEC TORVIS (Toroidal
Volume Ion Source).

The aim is to perform multi-step ion-irradiation with different ion energies to achieve
a nearly flat dpa-profile and almost constant irradiation hardening over the irradiated layer.
The results of nanoindentation performed on such specimens will be easier to interpret
as the substrate layer will not play a role in the results. Moreover, multi-step irradiation
will increase the layer thickness compared with single step irradiation, approximately by a
factor of 100. In this way, irradiation depths of ~70 pm can be achieved in steels, which
allows applying micromechanical tests such as micropillar compression. This thickness
of the radiation damage layer is not only sufficient for some micro-mechanical testing
methods, but also for the application of conventional (radioisotope-based) positron sources
in the techniques of positron annihilation spectroscopy (PAS), which is one of the important
characterisation methods used in the post-irradiation examination (PIE).

2. Materials and Methods
2.1. Equipment

The 6 MV tandem accelerator setup of the Ion beam laboratory at ATRI MTF STU [20]
has recently undergone upgrades, increasing the beam currents for proton and helium ions
as well as the provision of end stations for performing high-fluence irradiation experiments.
The new setup, Figure 1, has an upgraded HVEE 358 Duoplasmatron ion source with
modified extraction optics and a new Na Charge-exchange canal (CEC) designed to deliver
He™ beam currents up to 8 pA. The second addition is a used NEC TORVIS [21] with an
Rb-CEC designed to deliver He™ and proton beams up to 20 pA and 100 pA respectively.
These ion sources are complemented by a HVEE 860 Cs sputtering ion source for heavy ion
beams. The related vacuum system is completely oil-free with a base vacuum level better
than 5.0 x 10~7 mbar.

6 MV Tandetron

TORVIS injector

high-energy ion
implantation

860 358
Sputtering Duoplasmatron
lon Source lon Source

\

%y N

ToF ERDA
|z| XIY steerer | sweeper |:| Na/Rb CEC @ BPM ? v ERDA

H pre-acceleration tube I X/Y slit FC . electrostatic lens
d

Figure 1. Schematic of the 6 MV Tandetron tandem accelerator setup.

On the high-energy side, the system is equipped with end-stations for analysis and
high energy ion implantation/irradiation, Figure 2. The analytical end-station is equipped
with standard Rutherford Backscattering Spectrometry (RBS), Particle Induced X-ray Em-
mission (PIXE), and basic Elastic Recoil Detection Analysis (ERDA) for hydrogen and
Nuclear Reaction Analysis (NRA). A detailed description of the analytical system can be
found elsewhere [22]. The second analytical end-station, currently under procurement,
will be equipped with a Time-of-Flight ERDA (ToF ERDA) spectrometer based on the
Jyvéaskyld design [23] and will enable highly sensitive elemental composition analysis
without the need for reference materials.

High-energy ion implantation/irradiation is served by two end-stations, a commercial
semiconductor wafer handling system (client property), and another one for experimental
purposes. The latter enables ion implantation/irradiation of substrates with sizes up to
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@100 mm at room temperature and sample cooling down to LN2 temperatures. Sample
heating up to 1000 °C is possible with (340 mm sample holding space. The usual experi-
mental setup for high-fluence experiments is a water-cooled @40 mm sample holder where
the beam is rastered over an area of 36 cm?, which is given by the sample holding space
and related current measurement system. With this setup, the ion currents abovementioned
translate to a helium flux of 1.0 x 10'? at/cm?/s and proton flux up to 1.2 x 10'% at/cm?/s.

2000

He concentration (at/cm’)/(at/cm?)

Figure 2. The 6 MV Tandetron accelerator with ion sources (left) and end-stations (right).

2.2. Multi Energy Sequential Irradiation Experiment Design

Irradiation experiments aiming to investigate the effect of transmutation helium
require a homogeneous He concentration distribution. We adopted a similar approach as
that in ref. [24], wherein the authors “assembled” dopant box-profiles from a sequence of
ion implantation steps with decreasing ion energies. First, the implantation depth profiles
at individual ion energies were calculated using SRIM [25] and fitted using a suitable
function. The ion ranges were Gaussian-like by nature and bi-Gaussian functions yielded
the best fitting, Figure 3. Since the investigated materials within the ongoing research
projects are mostly nuclear grade ferritic/martensitic steels, all SRIM calculations of range
as well as displacement damage profiles used 5°Fe as the target material. The number of
energies to be employed is a parameter of choice and has to be chosen reasonably with
respect to the system’s switching and re-tuning time constants.

7000 -

T 5 x10°
o O SRIM Output
o5 v
T 4
E35
z . 7
g I
g
T 25 |
£ |
g2 ‘ ﬂ |
s | |
Zis
i | “ q 17 MeV
] I ‘ ; " | n ‘ J
0.5 ‘ I ‘ ‘ ‘ f
(A } I I | I
o o A JATAY JA A" |
55 56 57 58 59 60 61 62 0 10 20 30 0 s P “ “
Depth (um) Depth (um)

Figure 3. Fitting of individual concentration profiles (left) and the resulting profile-set (right).

The ion fluence at individual energies was calculated by solving the following minimi-
sation problem:

n
min
U..n

Chei(x)u; — W(x)
i

n
subject to Zui = /W(x)dx, (1)
i=1

i=
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where Cpye;(x) is the i-th helium concentration profile, W(x) is the desired concentration
profile (in our case a “box-profile”), u; are ion fluences at individual energies, 1 is the
number of implantation steps/energies. The resultant implantation profile becomes

W(x) = i Chiei (x)1; @)
i=1

where 1; are calculated optimal fluences at individual energies.

In light of the above, we decided to assemble the final profile of 34 individual ion
implantations starting at 17 MeV going down to 500 keV in 500 keV steps, Figure 3. Our ex-
periment aimed at reaching minimum 1000 appm (atomic ppm) He concentration, which
yields bubble sizes suitable for TEM observation, as our previous research showed [12].
This concentration corresponds to a fluence of 5.42 x 10'7 at/cm? and was limited by
the achievable ion-beam current and acceptable duration, i.e., cost, of the experiment.
The total irradiation time is on the order of a few hundreds of hours and was performed
using the water-cooled sample holder kept at room temperature to avoid temperature
effects. The resulting displacement damage across the irradiated region was calculated
to 0.162 dpa, according to suggestions and recommendations published in ref. [26] using
the NRT model [27]. It is important to note that the resulting He/dpa ratio is approxi-
mately 50x higher than the typical irradiation conditions of the spallation neutron targets
(~100 appm He/dpa). Despite this, the helium concentration is almost two orders of
magnitude higher than the expected helium production in fusion tokamaks; the planned
microstructural characterisation and micromechanical testing can provide valuable experi-
mental data to the material research for both fusion and spallation environments.

3. Results and Discussion
3.1. Upgraded Equipment

The upgraded HVEE 358 duoplasmatron ion source routinely operates with a 3-7 pA
He™ injection current. Ion transport efficiency through the accelerator is still to be improved,
as it is roughly about 50% just due to losses in the Ar stripper channel. The NEC TORVIS
system was tested with hydrogen as well as helium, where we achieved stable proton
currents around 30 pA, and 4 pA for helium. Much more is expected; however, these values
were achieved during the first runs after the revival of the TORVIS and further tuning will
increase ion yield.

3.2. High-Fluence Helium Irradiation

The multi-energy ion implantation experiment yields a 65 pm-thick irradiated layer
with 1000 appm implanted helium, approximately homogeneously distributed in the
layer, Figure 4. This makes micromechanical testing by micropillar compression as well
as microcantilever bending possible in reasonable pillar and cantilever sizes to extract
engineering-relevant data.

Accumulated irradiation damage was 0.162 dpa and was distributed in accordance
with the irradiation profile, Figure 5. In comparison with using degrader foils [28], this ap-
proach enables better control of the helium concentration as well as damage profiles.

When considering irradiation fluxes, one has to keep in mind that aside from sample
heating, which in our case was mitigated by a water-cooled copper/aluminium sample
holder, 17 MeV He irradiation of Fe-Cr-based alloys produces a significant amount of
neutron and gamma radiation. Our measurements indicated neutron dose rates up to
4.5 mSv/h/pA and gamma dose rates up to 0.5 mSv/h/pA at 1 m distance from the
irradiation spot. The beam was He?*, and hence 1 1A represents 3.12 x 10'2 alpha particles
per second. After the test phase, the chamber was additionally shielded with 5 cm lead
shielding to protect the equipment and electronics present in the laboratory. Nevertheless,
the laboratory is shielded by 1.5 m thick high-density concrete (3.8 g/cm?) shielding, which
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attenuates the radiation down to background levels at the outer walls even at maximum
beam currents [29].

T
20| parraannnanaaaa A a A A A | P— |
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© SRIM Output
1010 — bi-Gaussian fit
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He concentration (at/cm3)
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10-10 L o
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20 = Desired profile
10777 | ‘ 4
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Depth (um)
Figure 4. The resulting helium concentration profile assembled of 34 implantation steps.
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& 107!
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Depth (pm)
Figure 5. Resultant damage profile after 34 implantation steps.

4. Conclusions

The ATRI MTF STU ion beam laboratory upgraded its 6 MV tandem accelerator setup.
High-current ion sources, the upgraded HVEE 358 duoplasmatron, and the NEC TORVIS
increased current output especially for helium, enabling unique irradiation studies of
radiation effects in fusion or spallation structural materials. The first tests were performed,
and after further tuning the system is expected to deliver 10 pA He and 50-100 pA proton
beams in the experimental chamber. Maximum sample size with heating up to 1000 °C or
water cooling is @40 mm, otherwise up to @100 mm. The laboratory operates in open-access
mode. The planned multi-energy high-fluence irradiation experiment will provide a 65 pm-
thick approximately homogeneously irradiated layer in steels, enabling micromechanical
testing and the evaluation of engineering-relevant properties of the irradiated materials.



Materials 2022, 15, 6443

Author Contributions: Conceptualization, PN. and V.K.; methodology P.N., VK. and M.K.; valida-
tion M.K; investigation PN., M.K,, EF. and Z.S.; resources ].D. and R.R.; writing—original draft
preparation PN. and Z.S.; writing—review & editing Z.S. and V.K.; project administration, P.N. and
R.R,; funding acquisition, PN. and R.R. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors would like to acknowledge partial support from the Slovak Research and
Development Agency grants No. APVV-20-0010, APVV-20-0220, VEGA grant No. 1/0692/22 as
well as from the European Regional Development Fund, projects No. ITMS2014+: 313011W085 and
ITMS2014+: 313011BUH7.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: Thanks to Roman Bottger, HZDR Innovation GmbH., for providing the NEC
TORVIS and related ion transport system. The engagement and technical support of the ATRI
accelerator technicians, DuSan Vana, Martin Muska, Juraj Halanda and Matus Berio is acknowledged
as well.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. DOENE. A Technology Roadmap for Generation IV Nuclear Energy Systems; DOENE (USDOE Office of Nuclear Energy, Science and
Technology (NE)): Washington, DC, USA, 2002. [CrossRef]

2. Stanculescu, A. GIF R&D Outlook for Generation IV Nuclear Energy Systems: 2018 Update. In Proceedings of the Generation IV
International Forum, Paris, France, 16-18 October 2018; p. 96. Available online: https:/ /www.gen-4.org/gif /jems/c_108744/ gif-
r-d-outlook-for-generation-iv-nuclear-energy-systems-2018-update (accessed on 16 August 2022).

3. Zinkle, SJ.; Snead, L.L. Designing Radiation Resistance in Materials for Fusion Energy. Annu. Rev. Mater. Res. 2014, 44, 241-267.
[CrossRef]

4. Wheldon, C. Applications in Nuclear Physics and Nuclear Industry. In Proceedings of the PSD12: The 12th International
Conference on Position Sensitive Detectors, Birmingham, UK, 12-17 September 2021; Available online: https://indico.cern.ch/
event/797047 /contributions /3638201 / (accessed on 16 August 2022).

5. University of Birmingham. High Flux Accelerator-Driven Neutron Facility. Available online: https:/ /www.birmingham.ac.uk/
research/activity /nuclear/about-us/facilities /high-flux-neutron-facility.aspx (accessed on 16 August 2022).

6. Bernardi, D.; Arbeiter, F.; Cappelli, M.; Fischer, U.; Garcia, A.; Heidinger, R.; Krolas, W.; Martin-Fuertes, F.; Micciche, G.;
Murnoz, A.; et al. Towards the EU fusion-oriented neutron source: The preliminary engineering design of IFMIE-DONES. Fusion
Eng. Des. 2019, 146, 261-268. [CrossRef]

7. ESFRI. ESFRI Roadmap 2021 Strategy Report on Research Infrastructures; Departmento di Fisica—Universita degli Studi di Milano:
Milan, Italy, 2021; p. 172. ISBN 978-88-943243-6-5. Available online: https://roadmap2021.esfri.eu/media/1295/esfri-roadmap-
2021.pdf (accessed on 16 August 2022).

8.  Jepeal, S.J.; Danagoulian, A.; Kesler, L.A.; Korsun, D.A.; Lee, H.Y.; Schwartz, N.; Sorbom, B.N.; Velez Lopez, E.; Hartwig, Z.S. An
accelerator facility for intermediate energy proton irradiation and testing of nuclear materials. Nucl. Instrum. Meth. Phys. Res. B
2021, 489, 41-49. [CrossRef]

9.  Hosemann, P. Small-scale mechanical testing on nuclear materials: Bridging the experimental length-scale gap. Scripta Mater.
2018, 143, 161-168. [CrossRef]

10. Rayaprolu, R.; Méller, S.; Linsmeier, C.; Spellerberg, S. Simulation of neutron irradiation damage in tungsten using higher energy
protons. Nucl. Mater. Energy 2016, 9, 29-35. [CrossRef]

11.  Was, G.S. Challenges to the use of ion irradiation for emulating reactor irradiation. J. Mater. Res. 2015, 30, 1158-1182. [CrossRef]

12.  Kirsjak, V.; Shen, T.; Degmova, J.; Sojak, S.; Korpas, E.; Noga, P; Egger, W.; Li, B.; Slugen, V.; Garner, FA. On the helium bubble
swelling in nano-oxide dispersion-strengthened steels. J. Mater. Sci. Technol. 2022, 105, 172-181. [CrossRef]

13.  Garner, FA. Impact of the injected interstitial on the correlation of charged particle and neutron-induced radiation damage.
J. Nucl. Mater. 1983, 117, 177-197. [CrossRef]

14.  Was, G.S;; Jiao, Z.; Getto, E.; Sun, K.; Monterros, A.M.; Maloy, S.A.; Anderoglu, O.; Sencer, B.H.; Hackett, M. Emulation of reactor
irradiation damage using ion beams. Scr. Mater. 2014, 88, 33-36. [CrossRef]

15. Gigax, J.G.; Kim, H.; Chen, T.; Garner, F A ; Shao, L. Radiation instability of equal channel angular extruded T91 at ultra-high
damage levels. Acta Mater. 2017, 132, 395-404. [CrossRef]

16. Shao, L.; Wei, C.-C.; Gigax, J.; Aitkaliyeva, A.; Chen, D.; Sencer, B.H.; Garner, F.A. Effect of defect imbalance on void swelling
distributions produced in pure iron irradiated with 3.5 MeV self-ions. ]. Nucl. Mater. 2014, 453, 176-181. [CrossRef]

17. Kumar, N.A.PK,; Li, C.; Leonard, K.J.; Bei, H.; Zinkle, S.J. Microstructural stability and mechanical behavior of FeNiMnCr high

entropy alloy under ion irradiation. Acta Mater. 2016, 113, 230-244. [CrossRef]



Materials 2022, 15, 6443

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Krsjak, V.; Degmova, J.; Noga, P.; Petriska, M.; Sojak, S.; Saro, M.; Neuhold, I.; Slugen, V. Application of positron annihilation
spectroscopy in accelerator-based irradiation experiments. Materials 2021, 14, 6238. [CrossRef] [PubMed]

Shiau, C.-H.; Sun, C.; McMurtrey, M.; O’Brien, R.; Garner, FA.; Shao, L. Orientation-selected micro-pillar compression of
additively manufactured 316L stainless steels: Comparison of as-manufactured, annealed, and proton-irradiated variants. J. Nucl.
Mater. 2022, 566, 153739. [CrossRef]

Noga, P.; Dobrovodsky, J.; Vania, D.; Betio, M.; Zavackad, A.; Muska, M.; Halgas, R.; Minarik, S.; Riedlmajer, R. A new ion-beam
laboratory for materials research at the Slovak University of Technolog. Nucl. Insturm. Meth. Phys. Res. B 2017, 409, 264-267.
[CrossRef]

Hauser, T.M.; Daniel, R.E.; Norton, G.A.; Schroeder, ].B. High current He™ injector for tandem accelerators. Nucl. Instrum. Meth.
Phys. Res. B 2006, 249, 932-934. [CrossRef]

Dobrovodsky, J.; Betio, M.; Vana, D.; Bezdk, P.; Noga, P. The first year operation experience with Ion Beam Analysis at the new
STU Ion Beam Laboratory. Nucl. Insturm. Meth. Phys. Res. B 2019, 450, 168-172. [CrossRef]

Laitinen, M.; Rossi, M.; Julin, J.; Sajavaara, T. Time-of-flight—Energy spectrometer for elemental depth profiling—Jyvaskyla
design. Nucl. Insturm. Meth. Phys. Res. B 2014, 337, 55-61. [CrossRef]

Wu, H.; Bottger, R.; Couffignal, F; Gutzmer, J.; Krause, J.; Munnik, E; Renno, A.D.; Hiibner, R.; Wiedenbeck, M.; Ziegenrticker,
R. ‘Box-Profile’ Ion Implants as Geochemical Reference Materials for Electron Probe Microanalysis and Secondary Ion Mass
Spectrometry. Geostand. Geoanal. Res. 2019, 43, 531-541. [CrossRef]

Ziegler, ].E; Ziegler, M.D.; Biersack, J.P. SRIM—The stopping and range of ions in matter. Nucl. Insturm. Meth. Phys. Res. B 2010,
268, 1818-1823. [CrossRef]

Stoller, R.E.; Toloczko, M.B.; Was, G.S.; Certain, A.G.; Dwaraknath, S.; Garner, F.A. On the use of SRIM for computing radiation
damage exposure. Nucl. Insturm. Meth. Phys. Res. B 2013, 310, 75-80. [CrossRef]

Norgett, M.J.; Robinson, M.T,; Torrens, LM. A proposed method of calculating displacement dose rates. Nucl. Eng. Des. 1975, 33, 50-54.
[CrossRef]

Brimbal, D.; Meslin, E.; Henry, J.; Décamps, B.; Barbu, A. He and Cr effects on radiation damage formation in ion-irradiated pure
iron and Fe-5.40 wt.% Cr: A transmission electron microscopy study. Acta Mater. 2013, 61, 4757-4764. [CrossRef]

Radiation Safety Report on Radiation Shielding Test of CAMBO lon Beam Centre Building; Slovak University of Technology: Bratislava,
Bratislava, 2015.



o

& materials

7
> MbPI
" \)
Article

A Novel BCC-Structure Zr-Nb-Ti Medium-Entropy Alloys
(MEAs) with Excellent Structure and Irradiation Resistance

Zhengian Su 12 Zhaodong Quan 12 Tielong Shen 3/4% Peng Jin 34 Jing Li 3.4 Shiwen Hu 12 and Dexue Liu 1:2*

Citation: Su, Z.; Quan, Z.; Shen, T.;
Jin, P; Li, ].; Hu, S.; Liu, D. A Novel
BCC-Structure Zr-Nb-Ti
Medium-Entropy Alloys (MEAs)
with Excellent Structure and
Irradiation Resistance. Materials 2022,
15, 6565. https://doi.org/10.3390/
ma15196565

Academic Editor: Adam Grajcar

Received: 27 July 2022
Accepted: 7 September 2022
Published: 22 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Materials Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China
State Key Laboratory of Advanced Processing and Recycling of Non-Ferrous Metals,

Lanzhou University of Technology, Lanzhou 730050, China

Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730050, China

University of Chinese Academy of Sciences, Beijing 100049, China

*  Correspondence: shentielong@impcas.ac.cn (T.S.); dxliu@lut.edu.cn (D.L.); Tel.: +86-13609383013 (T.S.);
+86-13919947009 (D.L.); Fax: +86-931-4969639 (T.S.); +86-931-2976702 (D.L.)

Abstract: Medium-entropy alloys (MEAs) are prospective structural materials for emerging advanced
nuclear systems because of their outstanding mechanical properties and irradiation resistance. In this
study, the microstructure and mechanical properties of three new single-phase body-centered cubic
(BCC) structured MEAs (ZrygNb3sTips, ZrsoNbss Tijs, and ZrggNbssTis) before and after irradiation
were investigated. It is shown that the yield strength and elongation after fracture at room temperature
are greater than 900 MPa and 10%, respectively. Three MEAs were irradiated with 3 MeV Fell* ions
to 8 x 10'° and 2.5 x 10'® ions/cm? at temperatures of 300 and 500 °C, to investigate the irradiation-
induced hardening and microstructure changes. Compared with most conventional alloys, the
three MEAs showed only negligible irradiation hardening and even softening in some cases. After
irradiation, they exhibit somewhat surprising lattice constant reduction, and the microstructure
contains small dislocation loops. Neither cavities nor precipitates were observed. This indicates that
the MEAs have better irradiation resistance than traditional alloys, which can be attributed to the
high-entropy and lattice distortion effect of MEAs.

Keywords: Zr-Nb-Ti MEAs; microstructural characterization; irradiation resistance; defects evolution

1. Introduction

Rapidly increasing energy demands and climate change concerns inevitably emphasize
the role of clean energy in the future while making fossil fuel infrastructure obsolete. After
thermal power and hydropower, nuclear energy has grown to become the world’s third-
largest energy source [1]. Nowadays, the GIF (Generation Nuclear Energy International
Forum) has already proposed the Generation IV Nuclear System, promising competitive-
ness and advancement in safety, economy, sustainable development, non-proliferation, etc.
However, the structure materials for the reactor will withstand very harsh environments in
terms of high-temperature, high-dose irradiation, and corrosion [2], posing a significant
challenge to its mechanical properties and dimensional changes attribute to void swelling
or creep [1]. Hence, in order to develop advanced nuclear reactor systems, research on high-
performance materials with outstanding irradiation resistance and corrosion resistance is
critical. Since the 1950s, the light water reactor (LWR) has been the leading type of reactor
for electricity production. Because Zr-based alloys have a low thermal neutron absorption
cross-section, outstanding thermal conductivity and superior corrosion resistance, they are
used as major materials for fuel cladding materials in this reactor [3,4]. At temperatures
exceeding 1200 °C, however, Zr-based alloys accelerate oxidation and hydrogen pick-up,
causing significant embrittlement [5-7], such as in the Fukushima Daiichi accident in 2011.
As a result, advanced reactor systems require an upgraded Zr-based alloy or alternative
materials with improved accident tolerance [8].
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Recently, HEAs have attracted great attention for their excellent mechanical prop-
erties [9,10], corrosion resistance [11], and radiation resistance [12-15]. Typically, HEAs
are composed of five or more elements in equal or near-equal atomic ratios [16,17], such
as different variants of FeCoNiCrMn alloy, also known as Cantor alloy. The outstanding
performance of HEAs is attributed to some typical characteristics, including the high-
entropy effect, the severe-lattice-distortion effect, the sluggish diffusion effect, and the
cocktail effect. High-stability HEAs thus may be promising candidate materials for advance
nuclear systems.

The effect of the atomic number, type, and grouping of alloying components on
irradiation (by ions, electrons, and neutrons)-prompted microstructural evolution and
property deterioration has received much interest recently. The defect development process
in alloys with high chemical complexity is slowed down by improving energy dissipation as
well as defect formation and migration energy, according to recent findings [18]. Although
HEA requires five or more elements, it is gradually being demonstrated that high entropy
effects do not necessarily dominate the alloy structure and that the number of elements
does not determine performance. HEAs have fewer densities of vacancy and interstitial
defect clusters owing to their enhanced vacancy-interstitial recombination in the cascade
compared to traditional alloys [19-21]. However, the accumulation of damage in several
HEAs with varying chemical complexity has been studied experimentally. For instance,
Granberg et al. likewise found a significant decrease in damage gathering under delayed
irradiation in NiFe and NiCoCr compared to elemental Ni, which has been demonstrated
by TEM images and MD simulations [22]. Olsen et al. additionally found defect cluster
sizes yet with higher densities in NiCo contrasted to Ni [23]. Yang et al. investigated the
FCC CrMnFeCoNi HEA demonstrating a very stable structure when compared to 304ss
and pure Ni, both have a remarkable helium-ion irradiation resilience at room temperature
and 450 °C [24]. Zhang et al. firstly discovered the dislocation loops in BCC HEAs after
helium-ion irradiation at 350 °C [25].

When designing HEAs to meet the requirements of the nuclear system and the forma-
tion of the BCC structure, elements with a low thermal neutron absorption cross-section
and excellent mechanical properties are considered. In addition to the Zr, there is a small
amount of Nb in Zr4 alloy which has been used as the cladding material in pressurized
water reactors. Further, the addition of Ti can enhance the corrosion performance of the
alloy. In view of this, novel Zr-Nb-Ti MEAs with BCC structure was designed. To replicate
neutron irradiation, the MEAs were subjected to heavy-ion irradiation. The effects of
irradiation on crystal structure, hardness, and microstructure evolution were studied.

2. Experimental Procedures
2.1. Samples Preparation

The three alloy ingots of Zry9Nbs5Tizs, ZrsoNbssTiis, and ZrgoNbssTis, nominal com-
positions of Zr, Nb, and Ti with a purity of >99.95 wt.%, were carefully weighted, followed
by melting using a cold crucible levitation technique under argon atmosphere. Additionally,
they were flipped and remelted 4-5 times to ensure their chemical homogeneity, which was
checked by an FEI Quanta 450 SEM (Scanning Electron Microscope) equipped with EDX
(energy dispersive spectrometer). Finally, it was processed into the diverse size and shape
for subsequent testing using a cutting machine. After being processed, the cross-sections
of the samples were mounted in resin for the surface treatment. The grinding of the sur-
face with sizes of 120# to 2000# and polishing to the mirror-finish surface was achieved
using Tripoli, intermediates, and a finishing rough. The nominal compositions of the three
HEAs are listed in Table 1. For convenience, the three HEAs were designated as 1#, 2#,
and 3#, respectively.
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Table 1. Nominal composition (at. %) of the three HEAs.

Sample No. HEAs Zr Nb Ti
1# Zr40Nbz5Tips 45.06 40.16 14.78
2# Zrs5oNbzsTigs 53.46 38.12 8.42
3# ZreoNb35Ti5 61.05 36.28 2.67

2.2. Heavy Ion Irradiation Procedures

The center parts of the as-cast ingots were chopped into specimens with the dimension
of 10 x 10 x 1 mm?3. They were mechanically polished using 1.5 and 0.5 pm diamond
pastes after being ground with SiC abrasive paper from 200 to 3000 grit. Finally, specimens
were polished for over 8 h with 40 nm colloidal silica slurry to remove the residual strain
caused by grinding and mechanical polishing.

The irradiation experiments were carried out at the Chinese Academy of Science’s
Institute of Modern Physics 320 kV platform for multi-discipline research with highly
charged ions. The three alloys were irradiated with 3 MeV Fe!l* (defocused beam) at
300 and 500 °C to ion fluences of 8 x 10!° ions/cm? and 2.5 x 10® jons/cm?. The effect of
irradiation condition on the microstructure of 1#, 2#, and 3# specimens can be investigated
by comparison with each other with low and high fluences and low temperature and
high temperature. To make ion irradiation doses consistent with hypothetical neutron
irradiations, using the SRIM simulation with lattice and surface binding energies of the Zr,
Nb, and Ti atoms set to zero, and we used the Kinchin—Pease calculation mode based on
findings from previous studies [26]. Figure 1 shows the depth profile of damage and Fe
ion concentration calculated by the SRIM 2008. For the displacement energies of the lattice
atoms Zr, Nb, and Ti, the value is 40, 30, and 20.8 eV, respectively. Table 2 shows the results
for the major factors, including fluence, temperature, peak damage, and peak dose rate.
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Figure 1. The depth profiles of damage (black line) and Fe ion concentration (red line) for the samples
1#, 2#, and 3# calculated by SRIM 2008.
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Table 2. The irradiation conditions of 3 MeV Fel* for the three HEAs, including temperature, fluence,
and peak displacement damage, and peak dose rate calculated by SRIM 2018.

Samples Temperature (°C) Irradiation Fluence Peak Damage Peak Dose Rate
P P (ions/cm?) (dpa) (dpals)
8 x 101 15
300
2.5 x 101 47
1#/2#/34 " ><><1015 15 ~65 x 1074
500 2.5 x 1016 47

2.3. Depth-Sensing Nanoindentation Methods

Hardness measurements on samples were performed at room temperature utilizing an
Anton Paar nanoindenter with Berkovich diamond indenter (3-sided pyramidal tip) for test.
All the tests were performed in the continuous stiffness measurement mode (CSM) [27],
with a consistent stacking rate set to 0.15 nm/s and a surface methodology speed for the
tip of 10 nm/s. The entrance profundity analyzed in the examples went from 0 to 1500 nm,
with a greatest heap of 200 mN, and the information inside 200 nm from the example
surface was disposed of because of enormous information disperses related to surface
unpleasantness. For good measurable examination, each example was indented with
approximately 6 to 8 indents of each example, and the normal of the outcomes was utilized
in the examination. Since the actual measured nanohardness value is easily influenced by
the depth of the indenter diffusion, often the actual measured depth is 4-5-fold deeper than
the depth at that point, we selected the measured value at a depth of 400 nm as the actual
nanohardness value based on our experience and to fit the application of the Nix-Gao
model [28]. Thus, the hardness at an indenter profundity of 400 nm was picked as the
ideal condition for estimating just the 3 MeV Fe!!* irradiation zone without the significant
information disperse seen at shallower profundities.

2.4. Characterization and Properties Procedure

The phase structures of original alloys were detected by x-ray diffraction (XRD) using
a D/max-2400 diffractometer with Cu Kal radiation. The XRD parameters are voltage
45 kV, current 50 mA, Cu Ko target, X-ray wavelength 0.15406 nm, scanning range 20~100°,
and scanning step 5 °/min at room temperature. However, the damage layer of irradiated
samples is shallow, and the conventional X-rays penetrate more deeply than the region.
This leads to the obtained information coming from both the damaged and undamaged re-
gions. Therefore, the changes in the composition and crystalline phase were investigated by
using grazing incidence X-ray diffraction spectroscopy (GIXRD). Usually, the penetration
depth can be calculated using the total reflection critical Angle model [29]. The microstruc-
tures in HEAs were analyzed using transmission electron microscopy (TEM). The TEM
lamellae were prepared by dual-beam focused-ion beam (FIB) lift-out method, and the
microstructure was observed under the bright-field image model by FEI Tecnai F20 TEM
operated at 200 kV. The room temperature mechanical properties and high-temperature
mechanical properties were evaluated using Instron 5565 universal testing machine (IN-
STRON, Norwood, MA, USA) at the strain rate of 0.01 s 1. The samples utilized in the
tensile test were cut into canine bone shape by wire, the gauge length and cross-sectional
area of the specimens were 8 mm and (1 x 2) mm?, separately, and the tensile fracture
surfaces were observed by SEM.

3. Results and Discussion
3.1. Microstructure and Mechanical Behavior of the Unirradiated Zr-Nb-Ti MEAs

Figure 2 shows the XRD patterns and optical images of these three MEAs. It can be
seen from Figure 2a that Zr-Nb-Tix MEAs (ZrsNb35Tips, Zr5oNbssTijs, and ZrgyNb3sTis)
have five diffraction peaks of BCC structure, including (110), (200), (211), (220) and (310).
The strongest peaks are located on the (110) crystal plane and no other diffraction peaks
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appear, which indicates that the three alloys had a single BCC structure with a lattice
constant of 0.3351, 0.3395, and 0.3422 nm, respectively. The diffraction peaks shift gradually
towards the smaller 20 values, which indicates that the lattice constant increases with Zr
content due to the atomic radius of Zr being larger than that of Nb and Ti, resulting in
lattice expansion. Using empirical formula to calculate the lattice constant of these three
alloys is 0.3410, 0.3430, and 0.3448 nm, respectively, which is consistent with the values of
the experimental. The SEM images of the as-cast samples reveal a homogeneous dendrites
microstructure.

(a v BCC
alod 000y @iy
h v (220) (310)
ZrgNbysTlg b4 v
H
E _—L_A—h
Ze5gNby s Th g
ZegoNb3sTizg A A
20 30 40 S e 70 8 % 100 3

20 (degree)

Figure 2. (a) XRD patterns and optical images of ZryNbzsTiys (1#), Zrs5oNbssTijs (2#),
and ZrgpNb35Tis (3#) origin alloys.

Several metrics for predicting the structure stability and phase formation of HEAs have
been developed thus far [30]. Zhang et al. suggested a criterion for the formation of solid-
solution phases in HEAs based on the enthalpy of mixing (AHp;x) and atomic radius differ-
ence (8) [31], as well as an extra parameter was also proposed as Q) = T ASmix/ |AHmix|,
where Ty, is the average melting temperature and AS,;, the entropy of mixing of an alloy.
From available data, the conditions for the creation of HEAs with a single solid-solution
phase are Q) > 1.1 and § < 6.6%, respectively. According to the electronic structure theory,
Guo et al. [32] introduced another measure named valence electron concentration (VEC)
to predict the phase stability of HEAs. According to Guo’s statistics, BCC solid-solution
phases are stable since the VEC value is less than 6.87. Table 3 shows the specifications of
these MEAs, which are perfectly in accordance with the aforementioned criteria.

Table 3. Calculation of relevant parameters of the ZryNb35Tips, Zr50NbssTijs, and ZrggNbszsTis
high-entropy alloys.

AI'Imix Asmix

Alloys KJ/moD) (/mal X0 Q §(%)  VEC AX T (K)
ZrgoNbssTips 2,94 8.98 7.009 418 435 0122 229474
ZrsoNbssTips 322 8.302 598 423 435 0127  2317.8
Z1goNbssTis 35 6.848 457 411 435 0129 23365
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Figure 3 shows the tensile true stress—strain curve of three HEAs at room temperature
and 400 °C. Table 4 summarizes the three HEAs' yield strength (oy), ultimate strength
(8u), and elongation after fracture (e, ). The yield strength of these three MEAs at room
temperature is 945 MPa, 903 MPa, and 1028 MPa, and the strain is 17.5%, 14%, and 11%. The
yield strength of these three MEAs at 400 °C is 380-400 MPa at 400 °C, the tensile strength
is 390430 MPa, and the elongation rate exceeds 20%. Notably, these three MEAs also have
shown excellent mechanical properties at 400 °C, even the fracture strength was reduced
by about 40%, and the elongation increased by about 1 time to 28%. The fracture strength
of these three MEAs is considerably higher than that of most other FCC structures HEAs,
which may indicate a single BCC phase with strong bonding inherited from the refractory
elements and the high solution hardening effect of the whole-solute matrix. Meanwhile,
these MEAs exhibit significant plastic strain, which is uncommon for BCC HEAs.

1400 600
(a) RT — 1# (Zr4yNb,Ti,s) (b) 400°C 1# (Zr4uNb35TTzs)
) 1200 1 —— 2# (ZrgyNbysTi;5) = 5004 — 2# (Zr5yNb35Ti;5)
; = — :
= 1000, —— 3# (ZrggNbysTis) = 3# (ZrgyNbs5Tis)
2 % 400
o £
5 800 47
‘S 600 5
2 £ 200
B 400 &
83} 53]
200 4 100
0 T T T T 0 T T T T T T
0 4 8 12 16 20 0 5 10 15 20 25 30 35
Engineering strain (%) Engineering strain(%)
Figure 3. Engineering stress—strain curves of the alloys under tensile at (a) room temperature and
(b) 400 °C.
Table 4. The yield strength (oy), ultimate tensile (o), and elongation after fracture (eef) for the
ZrNbTi MEAs.
Allovs Temperature Yield Strength Ultimate Tensile Elongation after Fracture
¥ ge) (8y, MPa) (64, MPa) (£et, %)
Zr4oNbssTips (1#) 945 1010 175
Zr5oNb35Ti15 (2#) Room 903 915 14
ZrgoNbssTis (3#) 1028 1050 11
Zr4oNbssTips (1#) 350 423 28
Zr5)NbssTi5 (2#) 400 355 408 25
ZrgoNbssTis (3#) 360 390 205

Figure 4 shows the SEM images of the fracture surface for these three HEAs. Obvious
necking near the fracture surface can be found in Figure 4a, which demonstrates that typical
plastic deformation took place before fracture. As can be observed in the SEM picture, the
grain boundaries are severely deformed and reveal clear vein patterns inside the crystal
grains, which are distributed as densely spaced dimples on the fracture with diameters
between 50 and 100 um. Some tearing was seen beyond grain boundaries, and the tearing
ridges were heavily surrounded by small dimples less than 5 um in size. This indicates that
the alloys are all more resistant to fracture and shear deformation. All of these properties,
as shown in Figure 4, indicate that the fracture behavior is that of a ductile fracture, which
is consistent with the significant plastic strain.
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Figure 4. SEM images of fracture morphology for samples ZryoNbssTips (1#), Zrs5oNbssTiqs (2#),
and ZrgoNb3sTis (3#) after tensile tests. (a—c) are enlargements of the zones labeled “a”, “b”, and “c”
in the sample 1#, respectively. Correspondingly, (d—f) are the local enlargements of the sample 2#,
and (g,h) is the local enlargements of the sample 3#.

3.2. XRD Analysis of the Irradiated MEAs

Grazing incidence X-ray diffraction spectroscopy (GIXRD) tests were performed to
investigate the irradiation effect on the crystal structure of these three MEAs, which are
shown in Figure 5. Figure 5a shows ZrgNb35Tips MEAs exhibit BCC structure with (110)
and (200) planes preferred orientation. After irradiation to a fluence of 8 x 10'® and
2.5 x 10'® jons/cm? and a temperature of 300 and 500 °C, the ZrygNbs5Tizs MEA remains
stable BCC structure without a secondary phase. However, the intensity of BCC diffraction
peaks with (200) and (211) planes decreases drastically and cannot be simply connected to
the 8 x 10'® ions/cm? irradiation at 500 °C. Figure 5b shows Zrs5oNbzsTijs MEAs exhibit
BCC structure with (110) and (200) planes preferred orientation. After irradiation to a
fluence of 8 x 10'° and 2.5 x 10'® ions/cm? and a temperature of 300 and 500 °C, the
ZrsoNb3sTij5s MEA still remains as a stable BCC structure without a secondary phase.
Figure 5c shows ZrgnNbssTis MEAs exhibit BCC structure with (110) and (211) planes
preferred orientation. After irradiation to a fluence of 8 x 10'> and 2.5 x 10'° ions/cm? and
a temperature of 300 and 500 °C, the ZryoNb35Tips MEA also remains stable BCC structure
without a secondary phase. However, the intensity of BCC diffraction peaks with the (200)
plane decrease drastically and even disappears, and peaks with the (211) plane increase
seriously after the 8 x 10'® ions/cm? irradiation at 500 °C. In terms of diffraction peaks
decreasing dramatically or even disappearing, Sun et al. [33] observed that the intensity
of bee diffraction peaks decreased dramatically, or even can hardly be distinguished after
helium-ion irradiation for the Al; 5CrFeNi HEA film. Moreover, Zhang et al. [25] studied
the influence of ion irradiation on the two BCC MoNbCrVTi and MoNbCrZrTi HEAs,
observing a dramatic decrease in the intensity of XRD peaks. This was attributed to the
amorphous structure forming as a result of high-level stress. The decreases in diffraction
peak seen in this study can be attributed to local melting and recrystallization of amorphous
materials caused by thermal spikes created by irradiation [20].
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Figure 5. XRD patterns of the unirradiated and irradiated MEAs at different ion influences and
temperatures. (a) ZrysoNbssTips (1#), (b) ZrsoNbssTijs (2#), and (c) ZrgoNbzsTis (3#).

The diffraction peaks of these three MEAs shift gradually towards the bigger 20 values
after irradiation, implying a decrease in lattice constant. As shown in Figure 5, the lattice
constant of these three MEAs has varying degrees of reduction compared to the original
material within the different irradiated conditions. The observed irradiation-caused shrink
of lattice constant in our MEAs is different from the conventional alloys, such as 316 L,
304 H, and Zr-Nb alloys, of which the lattice constant expands after irradiation [34,35].
Lu et al. [36] detected a drop in the TipZrHfV(sMop, HEA'’s lattice constant with an
irradiation dose of 3 x 101 jons/cm?. On the other hand, Zhang et al. [14] discovered the
irradiation response of the CoCrCuFeNi HEA, which had a rising lattice constant with an
average dose of 0.73-368.5 dpa. In this work, the decrease in the lattice constant may be
ascribed to the irradiation relaxes the extreme lattice distortion that exists in the HEAs due
to different atomic sizes of the solutes, eventually resulting in the lattice shrink.

3.3. The Nanoindentation Result of the Irradiated MEAs

To further study the performance variation of these three MEAs after irradiation, the
nanoindentation hardness of unirradiated and irradiated MEAs samples was measured.
Nanoindentation is a valuable technology for monitoring mechanical property changes
in the small affected regions. To confirm the correctness of the experimental results, six
single indents were created for each sample in this investigation. As shown in Figure 6, the
average nanoindentation hardness of all the studied samples was plotted as a function of
the indentation depth.

The hardness decreases along with the depth in both irradiated and un-irradiated
samples due to the indentation-size effect, that can also lead to the hardness value increasing
with decreasing indentation size. In our work, the specimens were prepared with vibration
polishing, which produced a smooth and deformation-free surface with minimal surface
irregularity. Hence, the data within 100 nm are not shown since the near-surface hardness
data exhibit a large scatter due to the surface irregularities [37], and indentations depth was
controlled to the same depth at 1900 nm for all materials to remove the size effect [38]. It
was demonstrated that the largest region of the near-surface ion irradiation region, which
is independent of the underlying unirradiated substrate, corresponds to an indenter depth
of 350 nm [28]. This is due to the fact that the elastic stress fields beneath the indenter
are sensitive to microstructure features that are up to 10-fold the indenter depth. In order
to conduct a quantitative analysis of the nanoindentation hardness of the ion irradiation
specimens, indenter depths ranging from 200 to 400 nm were utilized. Figure 6a shows
that the irradiated ZryoNb35Tios MEA sample has a larger hardness than the unirradiated
sample with the increase the irradiation fluence and temperature. Figure 6b shows that
the irradiated Zr5oNbss5Tijs MEA sample’s hardness also increases, except for the sample
irradiated with 8 x 10® ions/cm? at 300 °C. Instead, Figure 6¢ shows that the ZrggNbs5Tis
MEA has a smaller hardness than the unirradiated, and the irradiated for 8 x 10'° ions/cm?
at 500 °C. has no obvious variation. The magnitude error bar is attributed to scattering and
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difficulty in fitting the data shown in Figure 6. Figure 7 illustrates the Nix-Gao model for
three MEAs. The result is the same as its indentation depth profiles.
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Figure 6. Variation of hardness with indentation depth before and after Fe
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Table 5 illustrates the results of irradiation hardening and the hardening rate on the
alloy. The results show the hardness value after irradiation with a high dose and high
temperature are to varying changes, some materials increased, and others decreased after
irradiation, but the overall pattern is still hardening. Several factors could cause irradiation-
hardening, including the radiation-induced precipitation (RIP) and the formation of dislo-
cation loops [39]. Additionally, it has been reported that the visible dislocation loops are
the main contributor to the irradiation hardening of HEAs at room temperature [40,41]. As
far as we know, this is firstly showing a softening of the BCC single-solution MEAs after
irradiation.

Table 5. Average nanohardness and hardening rate of Zr-Nb-Ti MEAs in the range of 200-400nm
from the surface under different irradiation conditions.

Alloys Zr4oNb3sTizs Zr50Nb3sTigs ZrgoNb35Tis Hardening Rate (%)
(GPa) (GPa) (GPa) ZrygNb35Tips Zr5oNb35Tigs ZrgoNb35Tis
Unirradiated 5.17 5.15 5.22 —_ —_ _
8 x 1015/300 °C 5.56 5.53 5.62 7.54 7.38 7.66
2.5 x 10 /300 °C 5.48 5.84 6.42 6.01 13.40 22.99
8 x 1015 /500 °C 5.66 495 5.9 9.48 —3.88 13.03
2.5x 10% /500 °C 5.43 — 7.5 5.03 — 42.72

Irradiation would cause hardening, embrittlement, and even softening of structure
materials, which is among the main failure modes of structural materials in nuclear power
plants. The three MEAs have better hardness stability than most typical alloys, which could
be due to fewer flaws caused by irradiation in MEAs.

3.4. Irradiation Defects of the MEAs

TEM examinations of the samples were carried out to further confirm the structural
development of the samples brought on by the irradiation. The initial Zr-Nb-Ti MEAs’
TEM pictures revealed a very dense microstructure. Only a tiny number of imperfections
linked to the ion milling process were found. After exposure to radiation, the cross-
sectional microstructures of Zr-Nb-Ti MEAs samples are shown in bright-field (BF) TEM
images in Figure 8. Figure 8a shown the sample was irradiated at 500 °C to a fluence of
8 x 10'° jons/cm?, which equates to a peak damage dose of 15 dpa, as shown in the TEM
image Figure 8a. The photos clearly show the differences between the irradiation-induced
faults and the reference (unirradiated) samples. In contrast to the SRIM predictions, there
are more black dots in the peak damage region and the defect bands of the ZryyNb35Tiss5
samples are concentrated in the depth range between 450 and 700 nm. In contrast to
Zr4oNb35Tips samples, which are mostly scattered at a depth of 500-800 nm, the irradiation-
induced defects of ZrsoNbssTijs and ZrggNbssTis samples demonstrate higher-density
dispersion. Materials with flaws brought on by irradiation typically have voids, dislocation
loops, and chemical segregation. The dislocation loop is often the most frequent defect in
materials that have been exposed to radiation, and we were unable to detect any voids or
precipitates in the TEM pictures. Additionally, samples with various Zr concentrations, as
well as those exposed to various irradiation effects and temperatures, exhibit the irradiation-
induced defects in a variety of microstructural ways. Therefore, in the materials with
various Zr concentrations, we described and examined the irradiation-induced dislocation
loop. It is believed that the increase in Zr content increases the high entropy effect and
lattice distortion effect of the three MEAs, resulting in a larger lattice distortion degree of
the alloy and some point defects annihilation, reducing the damage degree of the alloy. The
outcomes of the MEAs with various Zr contents that were exposed to various radiation
circumstances may be explained by looking at the nucleation and development stages of
dislocation loops. More Zr contents increased the lattice distortion effect, which is used to
pin irradiation-induced the defects produced during irradiation and inhibit their migration
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doped samples had a greater defect density and smaller defect size than the MEAs samples
with less Zr content.
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Figure 8. BE-TEM images of irradiated samples showing the irradiation-induced black-dot defects
(a) 500 °C—8 x 10" sample of ZryNbssTizs, (b) 500 °C—8 x 10" sample of ZrsoNbssTijs,
and (c) 500 °C—2.5 x 10'® sample of ZrgyNbssTis. The g = <110> near the [111] zone axis was
selected. A, B, and C are the local enlargements of each sample along the irradiation direction.

Figure 9 shows the morphology and size of the defect of Zr4yNbs5Tiy5 samples with
different irradiated conditions. Obviously, the defects in ZryyNb35Tiys samples at 300 °C
to a fluence of 8 x 10 ions/cm? are mainly black dots that are consist of the small
dislocation loops and defect clusters. In the samples irradiated at 300 °C to a fluence of
2.5 x 10' ions/cm? that can see more black dots with an increment of the fluence. The
microstructure of another sample irradiated at 500 °C to a fluence of 2.5 x 10'€ ions/cm?
contains mainly large-sized dislocation loops and dislocation lines. The aggregation of
self-interstitial atoms or clusters causes these dislocation loops, which are mostly interstitial
in nature. Irradiation with 3 MeV Fel* ions triggered collision cascades and the formation

19



Materials 2022, 15, 6565

400:nm -

of interstitial atoms. These interstitial atoms clump together to create defect clusters, which
absorb more interstitials or other point-defect clusters, eventually producing dislocation
loops and lines. With increasing irradiation impact and temperature, there is a modest rise
in loop size and a drop in loop density.

Figure 9. Enlarged BF and DF TEM images of Zr4yNbs5Tips samples irradiated by 3 MeV Fell* jons:
(a) 500 °C—8 x 10'%, (b) 300 °C—2.5 x 10%, and (c) 500 °C—2.5 x 10'°. (d—f) The corresponding
weak-beam DF images. The g = <110> near the [111] zone axis was selected.

The irradiated samples did not include any holes or radiation-induced segregation
(RIS). Materials exposed to radiation at doses greater than 1 dpa frequently include voids
because irradiation-induced vacancies consolidate into stable cavities. Dimensional ex-
pansion and a reduction in fracture toughness are two effects of voids. It is believed that
radiation-induced segregation, which occurs when alloying elements segregate out of
equilibrium near sinks, is a key cause of irradiation-assisted stress corrosion cracking. As a
result of the severe lattice distortion in the Three MEAs, irradiation-induced defects may
diffuse slowly, inhibiting the growth of defect clusters, and defect annihilation may take
place during the transition from amorphization to crystallization under conditions of high
atomic-level stress.

4. Conclusions

In this work, we designed and prepared single BCC Zr-Nb-Ti MEAs, and then per-
formed the Fe-ion irradiation experiments to examine their irradiation resistance. The
nanoindentation experiment and microstructural characterization indicated excellent prop-
erties of the fabricated materials in terms of irradiation resistance compared with traditional
alloys. The main conclusions are summarized as follows:

(1) The tensile tests showed that the MEAs have a good combination of strength and
toughness. At room temperature, the yield strength of these three alloys, Zry)Nbs5Tips,
ZrsoNbssTiys, and ZrggNbssTis, is 943, 903, and 1285 MPa, and the fracture strain is
17.5%, 14%, and 11%, respectively. At 400 °C, the fracture strain increases to 28%, 25%,
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and 20.5%, respectively. The fracture morphology shows that the fracture mode is the
ductile fracture.

(2) The nanoindentation test showed the Zr-Nb-Ti MEAs have a little irradiation harden-
ing that increased with the irradiation fluence.

(3) After irradiation, contrary to traditional alloys, the XRD diffraction peaks of Zr-Nb-Ti
MEAs were shifted to the right, indicating a decrease in the lattice constant. No visible
phase transformation or decomposition of Zr-Nb-Ti MEAs was observed.

(4) Only dislocation loops and dislocation lines were observed in the peak damage region.
This suggests the irradiation resistance of the MEAs is better than that of traditional alloys.
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Abstract: Positron annihilation spectroscopy (PAS) is widely recognized as a powerful characteriza-
tion technique in all types of radiation damage studies in nuclear materials. In the past, fission reactor
irradiation of reactor pressure vessel (RPV) steels was a primary aim in most studies, while today’s
applications of PAS in this field are centered around ion implantation experiments in advanced
structural materials. These experiments use hydrogen, helium, heavy ions, and their combination to
simulate various radiation environments of future nuclear reactors or nuclear research facilities. The
spectrum of ion energies used ranges from a few tens of keV to tens or even hundreds of MeV in
proton irradiation or spallation neutron source irradiation experiments. The variety of ion energies,
irradiation temperatures, and other experimental conditions poses a major challenge to researchers,
who often fail to successfully incorporate the lessons learned from their research. In this paper, we
review and supplement recent PAS studies in which structural materials irradiated under a variety
of irradiation conditions were investigated using positron annihilation spectroscopy. It summarizes
the most important conclusions and lessons learned from the application of PAS in accelerator-based
irradiation experiments.

Keywords: ion irradiation; positron annihilation spectroscopy; positron lifetime; Doppler broadening
spectroscopy; f/m steels; RPV steels; oxide dispersion strengthened steels

1. Introduction

The experimental simulation of the harsh radiation environments of future nuclear
fission and fusion reactors requires compromises to be made on the selection of bombarding
particles and parameters such as flux, energy spectrum, or the production of transmutation
elements and the change in the chemical composition of the target material. Additionally,
for the characterization techniques employed, it is inevitable to consider the shape of
the damage profile, particularly when using low to intermediate energy (tens of keV to
hundreds of keV) of charged particles.

Among the numerous analytical techniques used in material irradiation studies [1-3],
positron annihilation spectroscopy (PAS) is well known for its spectacular sensitivity
to atomic-scale vacancy-type defects, and it has been widely used in the past [4]. This
unique sensitivity originates from the fact that positrons are attracted to regions of the
lattice with an open volume. The positron, unlike any other particle, acts as a self-seeking
probe for vacancy-type defects in condensed matter. Due to its unique features and non-
destructive nature, PAS has been recognized as a convenient complementary tool for the
microstructural characterization of lattice defects.
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The published data refer primarily to irradiation studies of reactor pressure vessel
(RPV) steels [5,6]. Despite being a valuable contribution to understanding radiation-
induced degradation processes in these materials, the lessons learned cannot be simply
extrapolated to the new challenging radiation conditions of future nuclear fission and fusion
reactors [7]. The use of fast neutron irradiation experiments to simulate the harsh radiation
environments of future reactor systems faces two significant hurdles. While it provides
reasonable displacement damage rates in producing collision cascades, it does not provide
an adequate simulation of gaseous transmutation products, such as hydrogen or helium,
severely impairing the defect recombination processes in the displaced matrix. The second,
obvious complication arises from the induced activity of the neutron-irradiated samples;
the handling of which requires dedicated nuclear facilities and radioisotope laboratories.
Both issues can be conveniently solved by using ion implanters in either single-beam
or dual-/triple-beam configurations. Various PAS studies of materials modified by ion
bombardment, in a wide range of ion energies and fluences, have been published in the
last decade. In addition to the structural materials addressed in this paper, plasma-facing
materials [8-11] and nuclear fuel [12-14] have been investigated using this approach.

Comparably to ion irradiation experiments, slow positron beam experiments enable
the region of interest within the studied sample to be precisely selected. This makes
positron beam techniques natural approaches to studying accelerated radiation damage in
materials. Most of the studies use slow positron beams with positron energy of up to a few
tens of keV, corresponding to a mean implantation depth in the micrometer range in most
nuclear-relevant materials. These studies have generally been aimed at ion implantation
experiments using accelerating energies of up to a few MeV. There have been very few
irradiation studies published on nuclear structural materials utilizing charged particle irra-
diation of the target at energies of 10-100 MeV [15-17]. An example of such an implantation
(multi-energy He" implantation of structural steels) is discussed in the paper by Noga
et al. in this Special Issue. Moving up with the particle accelerator energy, the irradiation
experiments necessarily cause activation of the material; for instance, by spallation reac-
tions [18]. This radiological complication is, however, outweighed by extremely interesting
irradiation data, involving realistic and fusion-relevant displacement damage rates, helium
and hydrogen production rates, as well as quasi-homogeneous damage distribution over a
bulk sample [19]. Concerning PAS, the last feature mentioned enables the convenient use
of radioisotope positron sources with a continuous energy spectrum to probe the irradiated
material. The comparison between conventional (radioisotope-based) PAS techniques and
slow positron beam techniques is discussed in the next chapter.

While the individual PAS techniques provide excellent reproducibility of the results
in various studies of semiconductors and non-metallic solids, the results obtained from the
investigations of realistic alloys exposed to dissimilar irradiation conditions can rarely be
found to correlate between different research studies. Here, let us omit the fundamental
distinction between the near-surface studies, utilizing slow positron beams, and the “bulk”
studies, based on unmoderated radioisotope positron sources. Quite substantial discrep-
ancies between the acquired results can arise from the same kind of post-irradiation PAS
examination. There are several potential reasons for this, which can be divided into two
categories. The first group of issues relates to the apparatus, signal processing, and data
processing. In this regard, particular attention must be paid to suppressing the noise signal
originating either from transmutation elements or Compton-scattered positron annihila-
tion gamma. While three-detector positron lifetime spectrometers [20] and a coincidence
setup of Doppler broadening spectrometers [21] can potentially solve this problem, the
deviations in the geometry and activity of the used positron sources, as well as in the iso-
topic composition of the measured samples, affect the effectivity of this solution. Another
source of discrepancy between different PAS characterizations, for instance, ion-implanted
samples, comes from the lack of consensus in the data evaluation. While some studies
report the peak values of displacement damage and ion concentration data, others report
an integral value over the whole implantation profile, or an integral value over the probing
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particle stopping profile. It is important to note that the stopping profile of a monoenergetic
positron is very broad at high-incident energies (tens of keV), and while the mean stopping
depth of the positron can be accounted for the peak region of the ion-modified layer, a
substantial amount of signal can come from either the substrate or the thermal spike region.

The first and foremost benefit of using PAS techniques in nuclear materials irradiation
experiments is that it allows the detection of the slightest changes in the microstructure,
associated either to defect production or defect recombination processes. Positron anni-
hilation characteristics enable a more comprehensive interpretation of conventional TEM
analyses and the results obtained from mechanical testing. To produce relevant and reliable
complementary information to conventional imaging and destructive methods, numerous
aspects need to be considered. This paper addresses the application of PAS techniques in
the characterization of materials exposed to different types of irradiation experiments. It
reviews recent studies in the field, and provides some empirical support for exploiting the
full potential of positron annihilation spectroscopy in nuclear material research.

2. Methodology

Positron annihilation spectroscopy (PAS) refers to a qualitative and quantitative anal-
ysis of spectra acquired from different spectrometry techniques. The two most common
techniques based on electron-positron annihilation are positron annihilation lifetime spec-
trometry (PALS) and Doppler broadening spectrometry of annihilation radiation (DBS).
It is important to note that an overwhelming number of published studies, including the
present study, refer to spectroscopy rather than spectrometry. The likely reason for this is
that the aim of these studies is usually focused on the origin and properties of the acquired
spectra rather than on the actual measurement. The unique feature of the positron as a
probe for microstructural characterization is its remarkable sensitivity to crystal lattice
defects, ranging in size from monovacancy to open-volume defects or precipitates of few
nanometers in diameter. How efficiently the defect acts as a potential well for the positron
depends mostly on the size of the defect (open-volume defects) and the positron affinity
(precipitates—how different the positron affinity is to that of the matrix). The accuracy of
determining the interaction volume of the positron depends on its energy. The selection of
a suitable PAS technique depends on the actual phenomenon studied.

2.1. Positron Stopping in Solids—Interaction Volume

The availability of different radioisotope sources and variable-energy slow positron
beams enables the positron annihilation-based experiments to be optimized to suit the
material damage profile to be investigated. Although studies focusing on a particular
type of positrons source and corresponding stopping profile have been published in the
past [22-25], empirical studies employing both radioisotope positrons and slow positron
beams in the same field of material research are rather scarce. In the material research
studying radiation effects, the radioisotope source has been used typically in the context of
neutron irradiation and gamma irradiation, i.e., deeply penetrating ionizing radiation. On
the contrary, slow positron beams have been predominantly used in the studies employing
charged particle accelerators, producing a typical narrow-peak damage profile in the
irradiated samples. With the increasing energy of particle accelerators and availability
of high-intensity ion beams of tens of MeV, the classical dividing between “near-surface”
and “bulk” radiation damage studies loses its justification. In the following section, we
summarize some fundamental knowledge on the interaction volume associated with
positron stopping in solids.

2.1.1. Radioisotope Positron Sources

Beta-plus decay radioisotopes are the most common types of positron sources used in
material research. In addition to the requirement of a reasonably long half-life (at least a few
years), the emission of the positron must be accompanied by the emission of characteristic
gamma to enable the application of techniques based on positron lifetime measurements.
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It is important to note that regardless of the source design, a fraction of positrons will not
escape from the source, and electron-positron annihilation signals will always contain a
source contribution. The most common procedure for positron source preparation is based
on the use of ?NaCl solution evaporated and sealed in a Kapton encapsulation. Depending
on the thickness of the Kapton foil and the effective diameter, the source contribution of
such sources can vary from ~7 to ~20% [26,27].

Another type of positron source with various prospective applications is based on a
47Tj /44S¢ radionuclide generator. Due to the beneficial mechanical properties of metallic
foils, compared to brittle ionic bonds in ?Na sources, no encapsulation is required to pre-
vent sample contamination from the positron source. Since the production of *4Ti requires
a high-energy proton implantation [28] with limited availability of the information about
actual reactions and reactions cross-sections, it is necessary to consider the contribution
of positron annihilation inside the source as a function of its thickness. The actual source
contribution is, however, also a function of the fraction of backscattered positrons. In the
field of nuclear materials and testing of miniaturized samples, it is reasonable to outline the
fraction of backscattered positrons as a function of the tested sample’s thickness. Figure 1
shows the #4Ti/#4Sc source contribution calculated using GEANT4 code [29] for three differ-
ent source thicknesses and various thicknesses of the used sample (Fe). With a sufficiently
thick sample, the (saturated) source contribution was estimated to be 3.2%, 21.2% and
56.2% for the titanium /scandium source in the form of a 5 um, 25 um and 250 pum thick foil,
respectively. In the case of thinner samples, the contribution of the source is reduced by the
fraction of positrons escaping the source-sample system (no backing materials considered
in the simulations). Figure 1 also includes a commonly used positron source based on ??Na
encapsulated in 7.5 um Kapton foil.
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Figure 1. GEANT4 simulation of the source contribution for *4Ti/#4Sc (different thickness of the
source foil) and 2Na (encapsulated in 7.5 um Kapton foil).

Although the energy spectrum of positrons (i.e., the positron stopping profile) from
any source depends on the encapsulation and the actual thickness of the source, positron
mean stopping depth from the *Ti/##Sc source is roughly 5x deeper than the stopping
depth of ?’Na positrons. Figure 2 shows the estimated stopping profile of positrons from
the two radioisotope sources in Fe. While the ??Na source that is shown is encapsulated in
Kapton, the #4Ti/#Sc is considered in the form of metallic foil with different thicknesses.
The results are obtained from GEANT4 simulation for 7.5 um Kapton-encapsulated ?>Na
source and #4Ti/#4Sc source. Note that the thickness of the source does not significantly
moderate the energy spectrum, and the stopping profile of the positrons from different
thicknesses of titanium foil is practically identical.
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Figure 2. Stopping profile of positrons emitted from a 2?Na Kapton-encapsulated source (thick
dashed line) and from #Ti/44Sc foil sources of different thicknesses (thin lines).

The choice of optimal source depends on the nature of the positron characterization
experiments as well as on the investigated material. While metallic sources are usually
preferred for semiconductors studies, polymer-encapsulated sources provide a good choice
for studies on metallic samples. The study by Saro et al. [30] concludes that practically
measurable signal (20% positrons stopped in the modified region) from ion-implanted
region can be obtained for ion beam modified layer of at least 3 um thickness. This is a
practical reference for mechanical surface treatment where the layer of plastically deformed
material can reach up to 1 micrometer even when sub-micrometer diamond polishing
slurry is used [31]. Therefore, electropolishing following careful mechanical polishing
is strongly suggested as a surface preparation procedure for any experiments involving
moderated or slow positron.

Several papers have been published on analytical characterization of positron stop-
ping profile in different metals with a good correlation in the bulk region and certain
discrepancies in the near-surface region [27,32]. These discrepancies may originate from
low-energy positron backscattering (function of Z) and the actual design of the considered
positron source.

2.1.2. Slow Positron Beam Experiments

A relatively wide interaction range of electron-positron annihilation in experiments
utilizing radioisotope positron sources is not practically suitable for narrow ion beam
modified layers. Various techniques based on slow positron beams have been developed to
study thin multilayer systems or near-surface areas of ion-bombarded samples. While the
positron yield of the sources in such facilities is below the yield of conventional radioisotope
positron sources, there have been some high-intensity positron sources developed, such as
the NEPOMUC source [33] at the FRMII reactor in Garching, Germany. A unique feature of
such facilities is an absence of the “source component”, providing an undisturbed spectrum
characterizing the studied sample exclusively.

The techniques based on slow positron beams utilize the relationship between the
energy of the moderated positron beam and the depth of the positron stopping. The mean
value of the depth of the positron stopping profile, z, is a function of the positron energy
and target material density p (Equation (1)).
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The constants A =40 g cm~2 keV ™" and n = 1.6 are empirically determined and appli-
cable for a wide range of structural materials. The shape and width of the monoenergetic
stopping profile can be described by the Makhovian formula (probability density func-
tion (2)), where z is related to the mean implantation depth by zg = % and the shape
parameter m = 2 [34].

m—1 z\m
P(z, E) = 2 ¢ (%) @)

S5

While the Makhovian profile is relatively narrow for low positron energies (<10 keV),
it broadens significantly for energies above ~15 keV, as can be observed in Figure 3 (note:
log scale on y-axis). This a very important feature to be considered in the interpretation
of slow positron beam data obtained on multilayer samples or ion-implanted samples;
for instance, one sigma interval corresponding to Makhovian profile of 15 keV positron is
200 nm, with a mean implantation depth of 440 nm.
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Figure 3. Mean implantation depth of positrons with variable energy (E). The standard deviation
was calculated from the Gaussian-like Makhovian function as %, where FWHM is full width at
half of the maximum [35].

2.2. Techniques of Positron Annihilation Spectroscopy

Various techniques of positron annihilation spectroscopy have been established in
the past to provide unique information at the atomic scale on characterizing defects in
crystalline materials both in qualitative and quantitative terms. The two most common
techniques are positron annihilation lifetime spectroscopy (PALS) and Doppler broadening
spectroscopy of the annihilation gamma peak (DBS) [36]. While the fundamental principles
of the two techniques (described in detail below) are different, a good correlation can
often be obtained by their complementary application [37]. Together with transmission
electron microscopy (TEM) and some other microstructural characterization methods, such
as SANS and Raman spectroscopy, PAS provides solid support for interpreting the results
obtained from micromechanical testing methods.

2.2.1. Positron Annihilation Lifetime Spectroscopy (PALS)

Positron annihilation lifetime spectroscopy is a widely used analytical technique uti-
lizing the phenomenon of positron trapping by defects and the lifetime of the positron
being dependent on the nature and size of this defect. The values of bulk lifetimes and
elementary defects are well known virtually for all basic metals and simple alloys, en-
abling a qualitative characterization of various defects introduced in irradiation, thermal
or mechanical treatment. There are a few practical limitations of qualitative analyses by
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positron lifetime spectroscopy. First and foremost, the limited number of components into
which the lifetime spectrum can be decomposed. There are rarely more than 2-3 discrete
components determined, additional to the ones assigned to the source contribution. This
problem is even more pronounced in experiments leading to combined defects (e.g., jogs
or vacancies on dislocation lines) or a broad continuous spectrum of open-volume defect
size (instead of a sharp unimodal or bimodal distribution) complicating the spectra de-
composition. Although modern digital lifetime spectrometers [38] have excellent time
resolution (FWHM < 150 ps), reliable decomposition requires a difference of at least several
tens of ps in lifetimes of the identified components. Finally, it is essential to consider all
contributions to the lifetime spectra outside the source sample sandwich, such as sample
holder or positron backscattering to sample surface (or any internal surface), which act as a

strong trapping site. The experiment geometry and good calibration samples are essential
in this regard.

Figure 4 shows a typical 1M count lifetime spectrum of a ferritic/ martensitic (f/m)
steel sample in as-received condition and after irradiation in spallation neutron source
to 20 dpa (2000 appm He) [37]. Besides, the figure shows the lifetime spectrum of pure
defect-free well-annealed Fe, i.e., a two-component (Fe sample + source encapsulation)
lifetime spectrum. One can observe a distinct increase in background as well as an increase
in the contribution of longer lifetime components in the irradiated Fe-9Cr sample. This
example shows a particular case when the trapping of radiation-induced defects leads to
near-saturated positron trapping when the whole lifetime spectrum can be described by a

single component (fitted by a single exponential curve) and the short lifetime component
cannot be identified anymore. For more details on this, view the positron trapping model

in Section 2.4.
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Figure 4. Lifetime spectrum of defect-free annealed Fe, together with the spectrum of Fe-9Cr steel
before and after exposure to radiation environment of spallation neutron source [37].

2.2.2. Doppler Broadening Spectroscopy
Spectroscopy based on the measurement of the Doppler broadening of the annihilation

peak is based on the momentum conservation law of the electron—-positron pair and the
fact that the contribution of the positron to this momentum is practically negligible. This
enables us to observe the changes in the shape of the annihilation peak induced by changing
ratio between low-momentum valence/conduction electrons and high-momentum core
electrons. It also enables changes in the atom-specific core electron distribution to be
detected and thus provides chemical information from the vicinity of the annihilation site.
In PALS spectra, the lower count region corresponds to a long positron lifetime, often
not very meaningful in the research of metals and alloys, while the low count region of the
Doppler-broadened annihilation line is very important for the investigation of the chemical
fingerprint of the annihilation site. The wing parts of the spectra describe the contribution
of core electron annihilations and, in a simple one-detector DBS spectrometer (gamma
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spectrometer), remain almost entirely masked by the background. The reduction in the
background and increase in the peak-to-background ratio is therefore very important. A
convenient, well-established way to obtain virtually no background DBS profile is to use
two HPGe detectors facing opposite sides in a coincidence setup. This only enables the
recording of events when two (annihilation) gammas are detected in a certain time window,
i.e., time discrimination. The spectra of such a coincidence setup of DBS, referred to as
CDBS, are recorded in the form of a two-dimensional matrix, which can be plotted as a
three-dimensional image, as shown in Figure 5. The analysis of the spectra is performed
using a diagonal indicated in the two-dimensional projection of the spectra.

Counts

Background-free 10.0x10°
CDBS spectrum : 5.0x10°
G v 1.0x10°
5.0x102
1.0x10%
5.0x10"
1.0x10'
5.0x10°
1.0x10°

Figure 5. CDBS spectra obtained on defect-free Fe in a three-dimensional plot and two-dimensional
projection. The elliptical region extending diagonally with Ep; + Epp = 1022 keV is virtually back-
ground free.

Naturally, the count rate in 2D CDBS spectra is significantly (roughly an order of
magnitude) lower compared to single-detector DBS spectra. The counts determine the
actual time needed to acquire a spectrum in the high-momentum (low count) region.
Our recent experiments on thermal-induced Cr precipitation in PM2000 steel, however,
show that the best compromise between the sensitivity to the chemical changes in the
microstructure and the count rate can be obtained from the 2D projection of the spectra
to the X(Y)Z plane, i.e., when the coincidence spectrum is discriminated with respect to
the time (the event detected by first detector is considered valid only when the second
detector detects a signal within the given time window). In other words, the “massive”
reduction in count rate in the diagonal region of the CDBS spectra is not always outweighed
by the benefits of “massive” background reduction. Figure 6a shows normalized one-
dimensional Doppler broadening spectra obtained as the main diagonal of the CDBS
matrix (107 counts) and as the sum of the lines (columns), respectively. One can clearly
observe an increased peak-to-background ratio in the main CDBS diagonal. On the other
hand, the amount of counts in the summed lines (columns) is significantly reduced in the
high-momentum region. This leads to a significant worsening of the uncertainty, calculated
as 1/sqrt(counts), in this region. Figure 6b,c show DBS momentum curves relative to the
pure Fe curve obtained for the two discussed cases. In spite of different uncertainty given
by different statistics of counts, the shape of the ratio curves also varies between different
data treatment procedures, as can be observed from the figures. Chemical interpretation of
the CDBS data obtained on complex engineering materials, such as alloys and steels, must
be performed with caution. It is important to note that more sophisticated CDBS spectra
treatments are often used in similar studies, improving the uncertainty of the acquired
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data. It is, nevertheless, beneficial to consider the setup of the equipment, data treatment
procedure and the target statistics of the spectra. Meaningful Doppler broadening data
can be obtained from a coincidence setup utilizing one HPGe detector and one (much
more affordable) scintillator detector. More detailed discussion on the processing of CDBS
spectra, including reference to a new update of a CDBStools software developed at the
Slovak University of Technology, can be found in a paper by Petriska et al. in this issue.
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Figure 6. Normalized DBS spectra (a) of pure Fe obtained from CDBS matrix as the main diagonal
(referred to as DBS) and as the sum of the lines (columns), respectively (referred to as CDBS). DBS
ratio curves, relative to Fe, of two steels with different Cr content and pure Cr sample obtained for
the first case (b) and for the second case (c).

As illustrated in Figure 6a, quantification of the broadening of the annihilation peak
can be performed using two line-shape parameters, S and W, which are defined as the area
under the central part of the peak and the area in the “wing” sections in a background-
subtracted normalized DBS curve. This approach is widely used in most of the studies
aimed at the “quantification” of radiation damage in nuclear materials or efficiency of
recovery annealing in irradiated materials. In the case of strong positron sources and
a sufficient number of counts in the high-momentum (wing) parts of the peak, more
precise insights into microstructural changes can be obtained by evaluation of the actual
momentum curves plotted as a ratio to the reference sample, as illustrated in Figure 6b,c.
In the case of nuclear structural materials, the reference sample is usually a well-annealed
defect-free Fe or a sample of the given studied material in the as-received condition.

2.3. Positron Trapping at Defects

In a perfect lattice, all positrons annihilate in the free delocalized state. The introduc-
tion of defects into the perfect lattice leads to localization of the positrons at these defects.
In positron lifetime spectroscopy, it is represented by an introduction of a new (longer)
defect component (7;) and a reduction in the free positron lifetime, typically represented
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by the shortest component of the spectra (77). In the case of one type of defect, this can be
explained using a simple trapping model, as follows:

1 1
?1 = g + Kq (3)
where the following applies:
I L1 1
-1 = 20, — -2 —
Kq [S ] =M A =7 (Tb Td) @)

is the positron trapping rate at defect d, and A, = le and Ay = Ti are the annihilation rates
in bulk and in defects, respectively. Intensities I; and I, represent the fraction of positrons
corresponding to either group. Considering a bimodal characteristic and two types of
radiation-induced defects, which is a reasonable approximation, for instance, to the critical
size concept of bias-driven cavity growth [39], the lifetime spectra can be analyzed in terms
of three exponential components [4], as follows:

n(t) =ng i I,exp(—%) ®)

i=1

where 7 is the number of positrons at time t, 119 is the number of positrons at time t = 0,
and T7; and I; are the lifetimes and intensities of individual components, respectively. While
71 and I; describe the annihilation with delocalized (untrapped) positrons, 1, I, 13, I3
refer to positrons trapped at defects.

In numerous works, including many of those reviewed in this paper, the (total)
positron trapping rate at defects is given as a sum of the trapping rate in the defect of type
1 (1) and the trapping rate in the defect of type 2 (i3).
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The positron trapping rate at defects, x [s~'], is directly proportional to the density
of the given type of defects via the so-called positron trapping coefficient 4 [m3s~!]. This
constant has been obtained for point defect and small defect clusters in a wide range
of materials. It is important to note that the trapping rate is proportional to the density
of traps only in so-called transition-limited positron trapping, which assumes a small
size of positron traps with a spatial extent that is much less than the positron thermal
wavelength (~few nm). This assumes homogeneous distribution of (small) defects, zero
probability of detraining from defects, as well as zero probability of trapping of non-
thermalized positrons. In the case of large defect agglomerations (>2-3 nm), such as
bubbles or voids, positron diffusion needs to be considered, and consideration of diffusion-
limited trapping [40] is advised. In constant-temperature measurements (constant thermal
velocity of positrons), the transition from the transition-limited to diffusion-limited regime
in the irradiated samples usually arises from the lower cavity concentration and the larger
trapping coefficient due to the larger cavity sizes.

In the case of more than one type of defect present in the investigated sample, it
is reasonable to consider the evaluation of the average positron lifetime (74y¢), rather
than the lifetimes and intensities of the individual components of the spectra. T4y is
defined as a weighted average of positron lifetime components. According to the simple
trapping model, with increasing concentration of defects, the positron trapping at defects
is enhanced, which results in an increase in T4y g.
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The introduction of defects is, in terms of DBS measurements, typically accompanied
by an increase in the line-shape S parameter, which characterizes the Doppler broadening
of the annihilation line due to the non-zero momentum of the annihilating electrons.
Unlike the positron lifetime carrying information about the local electron density at the
annihilation site, the S parameter carries information about the local electron momentum
distribution. This feature is particularly valuable in the case of production of transmutation
inert gasses, such as helium or argon, in harsh radiation environments or in the case of
radiation-induced precipitation processes.

2.4. Positron Diffusion in Solids

For the efficient treatment of the data obtained from the slow positron beam mea-
surements, not only the initial implantation profile, but also the thermalized positrons
diffusion should be considered. This is considered in the positron diffusion trapping model
(DTM) [23].

In the case of so-called transition-limited trapping assuming homogeneously dis-
tributed (small) defects, the positron diffusion constant D is not a function of space
coordinates, and the effective positron lifetime 7.f is proportional to the effective positron
diffusion length in the given material (Equation (8)).

Lierr =/ D1Tess (8

L ¢ff can be obtained from slow positron experiments utilizing monoenergetic beams
of positrons with variable energy. For this purpose, the VEPFIT software [41], fitting of the
curves, is traditionally used. This program numerically solves the positron diffusion equa-
tion, and provides positron diffusion lengths and ranges of individual layers in multi-layer
systems. However, our recent experiment [42] on slow positron lifetime measurements
suggests that the same approach can be used for T4y (E) curves obtained from average
positron lifetime data. This study builds on numerous experiments showing an excellent
correlation between the (E) and T4y (E) obtained on helium-implanted steel samples.

Using Equations (3) and (8), one can express the positron trapping rate at defects [s ]
as a function of positron diffusion length by the following formula:

2
k=L <L+r3 - 1) ©)
5\ L es?

Here, L p refers to the positron diffusion length in defect-free bulk. The positron
trapping rate can be obtained by Equation (9), even in the case of saturated positron
trapping when the positron lifetime does not reflect the increased concentration of defects
anymore. This approach is very beneficial in studies of irradiated materials with a high

density of internal surfaces and other defects, such as tempered martensitic steels and
nanostructured alloys.

3. Application of PAS Techniques in Accelerator-Based Irradiation Experiments

The following section reviews some of the recent papers published on the PAS charac-
terization of ion-implanted structural materials used or considered in nuclear applications.
More than 30 papers, selected from scientific libraries by using the keywords “positron an-
nihilation” and “ion implantation”, have been reviewed and complemented by our studies
and experiments. The presented discussion was divided into four sections, based on the
type of irradiation experiment, namely, self-ion irradiation, hydrogen (proton) irradiation,
helium (alpha) irradiation, and combined synergistic studies utilizing at least two of these
types of ions.
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3.1. Self-Ion Irradiation

The primary benefit of using heavy-ion or self-ion irradiation lies in the high displace-
ment damage rate and the ability to obtain high dpa’s without a significant change in the
chemical composition of the irradiated material. It is important to note that a significant
fraction of the implanted damage is “lost” in the heat spikes, and the final amount of
damage produced may be much less than the estimation provided by, for instance, the
SRIM code [43], as this is limited to the binary collision approximation, which does not
describe defect recombination. A better prediction is provided by, e.g., models based on the
two-temperature model [44], with extensions focusing on the interaction with metals [45],
or in combination with molecular dynamics, e.g., [46]. As in swift heavy ions, the high
electronic stopping (strong inelastic electronic excitation) characterizing the initial part
of the ion trajectory significantly dominates over the nuclear stopping (elastic nuclear
collision). This type of irradiation experiment usually results in a relatively narrow region
of ion beam modified material. From the positron annihilation perspective, the use of
unmoderated radioisotope sources is practically not applicable here, and the whole damage
region can be characterized by slow positron beam experiments with a positron energy
of a few keV. On the one hand, the corresponding Makhovian profile corresponds to a
very localized positron-sample interaction volume, while the quality of the sample surface,
on the other hand, affects the obtained results significantly. Unless very careful sample
preparation, finished by electrochemical polishing, is performed, the near-surface region
should be described by a separate layer in the positron diffusion model. The interpretation
of the positron annihilation spectroscopy data obtained on self-ion implanted materials is
usually much more straightforward compared to the experiments discussed in the next
chapter. Without transmutation elements, such as H or He, the positron lifetime increases
monotonically with the size of the (vacancy-type) defect cluster. This enables a rather
reliable qualitative characterization of the radiation-induced defects. There is also a typical
linear dependency between the DBS line-shape parameters S and W, indicating one type of
defect with no changes in the chemical environment at the annihilation site. The typical
energy used in the self-ion irradiation experiments characterized by slow positron beam
techniques, published in the literature, lies in the range of a few MeV, i.e., in the sub-um
region (Table 1).

Table 1. Selected PAS studies published on self-ion irradiation of nuclear structural materials.

Material Ion (E) TI[°C] Fluence(s) [cm—2] Techniques Ref.
DBS (SPB 0.25-21.5 keV) +
FeCrCoNi (HEA) Ni* (1.5 MeV) 500 5 x 1016 VEPFIT analysis; GIXRD; [47]
EBSD
DBS (SPB 0.05-16 keV) +
Fe film Fe* (2 MeV) RT 5.65 x 1014 VEPFIT analysis; LT (SPB [48]
0.5-16 keV)
1.0 x 10
DBS (SPB 0.5-25 keV) +
+ 15
BCC Fe Y* (1.2 MeV) RT 2.0 x 1015 VEPFIT analysis, SIMS [49]
3.0 x 10
Fe9%Cr DBS (SPB 0.5-20 keV) +
° Fet (3.25 MeV) RT; 300; 450 1.7 x 106 VEPFIT analysis; [50]
(T91 steel) . .
nanoindentation
e 43 % 103; DBS (SPB 0.18-20.18 keV) +
_ + ;
High Si Fe-11Cr Fe* (3.25 MeV) RT, 450 1.7 % 1016 VEPFIT analysis [51]
2.66 x 10% .
RPV steel (JRQ) Fe* (5 MeV) 300 - DBS (SPB 30 eV-36 keV); [52]
266 x 1015 Nanoindentation

34



Materials 2021, 14, 6238

In the work by Abhaya et al. [47], Ni* ions of 1.5 MeV and fluence of 5 x 10'® cm—2
were used to produce damage of nearly 100 dpa in an FeCrCoNi high-entropy alloy at
500 °C. The irradiation led to the creation of monovacancies, which were observed to be
stable up to 700 °C. The authors concluded that there was a significant effect of the grain
boundaries in the polycrystalline FeCrCoNi, acting as strong sinks and preventing the
formation of voids, which would be expected at the given displacement damage level and
at the used irradiation temperature.

The slow positron beam experiment, utilizing both positron lifetime and Doppler
broadening techniques, has been used in Agarwal et al. [48], in the characterization of a
mechanism for the interaction of cascade damage with voids in Fe films. Ion irradiation
of the Fe films was performed with 2 MeV Fe ions at room temperature, to a fluence of
5.65 x 10'* cm~2. The relatively low irradiation fluence (0.06 dpa in peak) resulted in the
formation of a maximum of four vacancy clusters assigned to a 258 ps lifetime component.
The study concludes an interesting result, where the density of small vacancy clusters
increases with irradiation, whereby the size of large voids is reduced, which is an effect
attributed to the high porosity of the initial microstructure. However, the authors also
note the limited accuracy of defect density calculations, due to missing positron trapping
coefficients for small vacancy clusters.

Another PAS study devoted to Fe, by C.W. He et al. [49], used SPB DBS to investigate
the interaction between vacancies and Yttrium atoms in BCC iron irradiated with 1.2 MeV
Y ions at room temperature and fluences from 1 x 10" em=2 to 3.0 x 10'5 em~2. The
authors also observed a decrease in the size of the vacancy clusters with increasing fluence;
however, in this case, the concentration of these decreased too. This effect is explained as a
combination of the (i) formation of Vi,—Y, complexes, as the migration temperature of the
vacancies in BCC Fe is below RT and the mobility of the vacancies can be further reduced
by binding with Y, which limits their agglomeration; (ii) formation of Ym—Xy, precipitates
(where X = Y,0, etc.), leading to a decrease in the size and concentration of vacancy clusters.

Commercial-grade 9Cr-1Mo steel (T91) was investigated by SPB DBS after implan-
tation by 3.25 MeV Fe ions at different temperatures, by Zhu et al. [50]. The applied DBS
technique revealed that the concentration of open-volume defects decreased with the im-
plantation temperature, while the complementary nanoindentation technique showed an
increase in hardness with increasing irradiation temperature. Similar irradiation conditions
were used in another work of Zhu et al. [51] on the NHS, a high Si reduced activation f/m
steel. In both the fluences used in this research, the S parameter was found to increase
significantly after RT irradiation. On the other hand, the irradiation performed at 450 °C
resulted in an S-parameter depth profile that was almost identical to the one of the unirradi-
ated sample. This was explained by the enhanced mobility of the vacancies and interstitials
at high temperatures, together with the concentration gradient of SIA, due to excess Fe
atoms from the deeper layers (while having a vacancy-rich ion-track region).

The work of Pecko et al. [52], on RPV steel JRQ containing 0.15 wt.% of Cu, addressed
some empirical connections between Cu atoms and the vacancies introduced by self-ion
Fe irradiation (Fe?* 5 MeV; at 300 °C; 2.66 x 1013-2.66 x 10'%). While the vacancy-type
defects were found to not be directly responsible for the radiation-induced hardening of
the steel, they take part in the radiation-enhanced diffusion of Cu atoms and the formation
of Cu-rich clusters.

3.2. Hydrogen (Proton) Implantation

In many ways, proton irradiation overcomes the drawbacks of using heavy-ion irra-
diation as a surrogate for neutron irradiation. Accelerators that are capable of delivering
protons of a few MeV are relatively widely available, enabling the modification of tens
of micrometer-thick layers in the studied samples by relatively flat damage profiles [1].
The principal benefit of using proton irradiation is the small mass of the proton compared
to heavy ions, resulting in a lower energy of recoils. This provides smaller, more widely
spaced cascades compared to heavy ions or fast neutrons. Since a relatively small energy of
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protons is required to overcome the Coulomb barrier, there is often a chance to introduce
the activation of certain samples, and this chance increases with proton energy [1].

After losing energy to the electronic degrees of freedom of the metal, a fast proton
slows down to thermal velocities and captures an electron to become a hydrogen atom [53].
It is well known that the accumulation of hydrogen can lead to severe embrittlement after
reaching a critical concentration near a crack nucleus [1]. Due to the small mass of the
proton and the relatively low number of displaced atoms after collision with the target
material, the irradiation fluences must be relatively high in order to introduce distinct
radiation damage. This opens up the question of the solubility and mobility of hydrogen in
the target materials, and the possible effect of blistering. Due to the extremely low activation
energy of hydrogen diffusion in alpha iron (0.045 eV), the threshold for blistering in Fe is
very high (8 x 10¥-1.5 x 102’ cm~2) [54], and ferritic steels can accommodate very high
fluences of implanted hydrogen. Another consequence of the high mobility of hydrogen in
Fe-based materials is that the Bragg peak is smeared out in-depth by diffusion [54], i.e., the
SRIM profiles cannot be simply correlated by the results of, for instance, VEPFIT analysis.

The effect of hydrogen cannot be neglected in any proton irradiation experiments. The
diffusion of hydrogen into radiation-induced open-volume defects does not only change
the susceptibility of the material to brittle fracture, but it also strongly affects the process
of positron trapping at these defects. The estimation of the hydrogen content in the open-
volume defects is further complicated by the presence of fast migration paths, such as
grain boundaries, lath boundaries, dislocations, etc., which are typical for ferrous alloys
and steels.

In the technique of the measurement of Doppler broadening of the annihilation
line, the results (line-shape parameters S and W) are often presented in the form of a
so-called S-W plot. The linearity of the data in such a plot usually indicates one type
of defect in the matrix, with no change in the chemical composition at the vicinity of
the annihilation site. Many authors report a change in the linearity (slope) of the S-W
data after proton implantation, attributing this trend change to the effect of hydrogen.
There are, however, numerous proton irradiation experiments reported with no indication
of a change in the S-W trend line. A well-known effect of hydrogen on the lifetime of
positrons trapped in vacancy clusters was reported for various materials by theoretical
modelling [55-57]. The experimental validation of the lifetime data is, however, very
complicated for irradiation experiments, leading to the formation of vacancy clusters,
which practically involves all types of irradiations except electron and low-energy proton
irradiation (which do not lead to the creation of defects larger than monovacancies). Despite
these hurdles, proton irradiation combined with post-irradiation examination (PIE), using
positron annihilation techniques, provides extremely valuable complementary data for the
research of the radiation tolerance of nuclear structural materials. Some selected papers
utilizing this approach are summarized in Table 2 and discussed below.
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Table 2. Selected PAS studies published on proton irradiation of nuclear structural materials.

Material Ton (E) TI[°C] Fluence(s) [cm~2] Techniques Ref.
H* (11 MeV); 45 % 101
H* (150 MeV), incl. H RT (150 MeV); (150 MeV); PALS (*Na);
Fe-9Cralloy (1100 appm /dpa) 300 (11 MeV) 6.0 x 1016 Tensile (sl
and He (120 appm/dpa) (11 MeV);
H* (73 keV; 173 keV; 3 x 1015; DBS (SPB 0.1-36 keV)
. . 16, + VEPFIT analysis;
Polycrystalline Fe multi-energy RT 1 x10%; . . [58]
50-173 keV) 3 % 1016 Elastic Recoil
’ Detection (ERD)
. DBS
16.
Modified 310 H* (50 keV); 290 401075 (SPB ~ 0.2-20 keV); 1591
steel 1.2 x 10*/;
TEM
6.2 x 107;
German RPV H* (100 keV) <100 5.1 x 10'8; PALS (®Na) [60]
weld metals 19
2.0 x 10"7;
2.5 x 10'6;
Chinese RPV . 5.5 x 10'6; DBS (SPB 0.25-26 keV);
steel (A508-3) H" (240 keV) <100 1.1 x 10Y7; Nanoindentation [o1]
2.5 x 10Y7;
0.01 dpa;
Fe-9%Cr . ’ DBS (SPB 1-25 keV);
steel (T92) H" (250 keV) RT 0.05 dpa; TEM; Nanoindentation 162]
0.2 dpa
SA-738Gr.B steel 1.07 x 10'7;
(AP1000 reactor H* (400 keV) 150 2.68 x 10'7; PALS (2Na);TEM [63]
containment steel) 5.37 x 10Y7;

An excellent comprehensive study on a high-energy proton-irradiated Fe-9Cr alloy
was published by Xu et al. [15]. Compared to the above-referenced studies, the work
by Xu et al. involves proton energies above the spallation reaction threshold, inducing
additional transmutation-based hydrogen and helium production, and spallation neutron
damage. The positron lifetime of 137.7 ps that was measured for the unirradiated sample
was attributed to dislocations and complex defects (vacancies trapped by dislocations),
as well as to a carbide component. After irradiation, the long lifetime actually decreased,
which was interpreted by the trapping of helium and hydrogen atoms on the above-
mentioned defects. A similar reduction in the yield stress and tensile strength, i.e., softening
of the alloy, was also explained by interstitial helium (150 MeV irradiation) and hydrogen
atoms (11 and 150 MeV irradiations), as well as by the annihilation of jogs on dislocations
(11 MeV). Only a few studies involving a proton implantation-induced nuclear reaction
(spallation neutron production), and substantial production of transmutation hydrogen
and helium in the irradiated samples, were published in the past, employing positron
annihilation techniques [37,64,65]. However, as the overview of spallation neutron sources
is not the subject of this review, this area of irradiation experiments is not discussed herein
in more detail.

Horodek and Kulik used the variable-energy slow positron beam technique of Doppler
broadening spectroscopy to characterize proton-implanted pure polycrystalline Fe [58].
Their results provide a good reference for more complex materials, such as alloys and
steels modified by proton beams. Using the VEPFIT software, the authors obtained a
positron diffusion length, in the reference material, of 158 + 3 nm. This diffusion length
is drastically reduced by proton implantation, to a few nm, regardless of the energy and
fluence used in the experiment (see Table 2). The performed VEPFIT analysis further
showed that the quasi-homogeneous profile obtained by multi-energy proton implantation
can be effectively described by a two-layer model characterizing the implanted region
and the unimplanted bulk (substrate) layer. More surprisingly, the two-layer VEPFIT
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model described single-peak implantation very well using an energy of 73 keV or 173 keV,
respectively [58].

Proton-implanted samples of modified 310S steels were characterized by means of
slow positron Doppler broadening spectroscopy and transmission electron microscopy in
the study by Zhang et al. [59]. Irradiation at 290 °C, using 50 keV H" ions to fluences of
4.0 x 10'® and 1.2 x 107 cm~2 led to a more pronounced production of hydrogen-vacancy
clusters (referred to as proton-vacancy clusters) in Nb-, Ta-, and W-added steels, compared
to Zr-added steels. Supported by TEM results on the size of dislocation loops, the authors
concluded that the addition of oversized solute Zr to 310S steel leads to a more effective
radiation resistance improvement than the addition of Nb, Ta, and W.

An interesting comparison of the proton-implanted samples of German RPV weld
materials with their neutron-irradiated counterparts was published by Pecko et al. [60].
Identical levels of proton and neutron fluences were proposed in this experiment, but
the relatively low energy of proton implantation resulted in a loss of some information
from the conventional ’Na positron lifetime measurements, with a positron stopping
profile that was well below the introduced damage peak. Nevertheless, the increase in
the positron lifetime was found to be roughly the same in the two irradiation experiments
(slightly more pronounced for the proton-implanted samples). According to Pecko et al.,
neither of the irradiation experiments resulted in the formation of large vacancy clusters,
with possible consequences in the form of embrittlement of the materials. Again, it is
important to note that the use of the conventional radioisotope positron source for the
100 keV proton-implanted samples could not provide a sufficient signal from the implanted
layer, and the data were, to a large extent, blurred by the positron annihilation in the
unirradiated bulk.

In order to understand the nature of the hardening after radiation in reactor vessel
steels, Chinese A508-3 steels were implanted by protons, and investigated by SPB DBS
and nanoindentation techniques [61]. A good correlation observed between the two
experimental techniques indicates a certain level of retention of hydrogen in the implanted
samples, in the form of hydrogen—vacancy complexes, affecting the mechanical properties
of the irradiated steel. On the other hand, the obtained S-W plot does not indicate notable
changes in the data after proton irradiation, suggesting that there are changes in the nature
of the defects. It is important to note that the implantation energy of the H" ions in [61] was
240 keV, in contrast to the 50-173 keV reported in [58], which resulted in most of the positron
annihilation data obtained from the region being well below the ion accumulation peak.

The microstructural evolution induced by thermal ageing and proton irradiation was
studied by transmission electron microscopy and positron annihilation spectroscopy in the
work of Zhao et al. [62]. The study shows that proton irradiation leads to higher densities
and larger sizes of dislocation-type defects, but less vacancy-type defects in the T92 steel
samples aged at 650 °C (15,000 h) compared to the normalized and tempered reference
steel samples. An interesting finding of the experiments was the linearity of the S-W plot,
which was more affected by thermal ageing than by proton irradiation. This suggests the
creation of some new phases, such as precipitates changing the chemical environment in
the vicinity of the annihilation site.

Proton irradiation of structural materials, using energies of 400 keV and more, opens
up the potential of applying conventional radioisotope sources as an alternative to slow
positron beams. In the study by Ma et al. [63], relatively high fluences of H* ions
(1.07 x 10'7-5.37 x 107 cm—2) were used to produce radiation defects in AP1000 re-
actor containment steel. Although the proton beam modified layer was clearly less than
3 um thick, an increase in the positron lifetime was observed and used in the complemen-
tary characterization, along with TEM. The reason for the observed contrast in the positron
lifetime spectra is likely the presence of large voids of several nm, identified by the TEM
technique. These can act as strong sinks for positrons, providing a long lifetime component
in the lifetime spectra (although the corresponding intensity could be relatively low).
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3.3. Helium (Alpha) Irradiation

Helium has a detrimental effect on the evolution of radiation damage in steels, with a
severe consequence for fission, fusion, and, particularly, accelerator-driven systems (ADS).
Many radiation damage studies have been published on nuclear materials, involving
helium (alpha) irradiation and various irradiation, and PIE experiments.

The argument against single-beam helium implantation is often the ratio of helium
number density to displacement damage (dpa). The helium production rates in some
fission applications are well below 1 appm/dpa [66]. In fusion applications, the ratio is
on the level of a few tens of appm He/dpa [67], while, in spallation neutron sources, the
helium production rates can reach 100 appm/dpa [68]. On the other hand, direct helium
implantation (hundreds of keV ion energy) leads to a damage profile with a minimum
level of a few hundreds of He appm/dpa, extending to a maximum of a few at.%/dpa. In
our earlier study [69], we concluded, however, that the effect of the helium production rate
(cre/dpa) is not very significant at a helium concentration below a few thousand He appm.
A comparison of helium-implanted f/m steels and spallation neutron source-irradiated
f/m steels indicated the similar size of cavities (likely helium-vacancy clusters) at similar
helium concentrations in the irradiated material.

The slow positron beam data obtained from the “flat” part of the helium implantation
profile are widely considered as relevant for fusion and spallation applications, while,
moving on to the helium concentration peak, the information obtained from the depth
profiled measurements becomes devalued by an extremely high helium concentration
and broadening of the positron stopping profile. Let us, nevertheless, look at an example
of high-fluence helium implantation of the Fe-9Cr alloy, studied by the slow positron
lifetime technique. Two similar materials were irradiated by helium, either in single-energy
(250 keV) or subsequential two-energy (250 + 100 keV) implantation, to doses ranging from
1 x 10 t0 6.2 x 10'® cm~2 (Figure 7).
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Figure 7. SRIM calculated displacement damage (a) and helium concentration (b) profiles proposed for slow positron

lifetime experiments.

Despite their low added value, most of the authors almost exclusively perform the
evaluation of the slow positron lifetime data by plotting them as a function of the depth of
the sample. Let us compare the information given by the positron lifetime depth profiles
with the same data evaluated with respect to the irradiation conditions. The average
positron lifetime, as the, statistically, most reliable parameter, is plotted as a function
of the mean positron stopping depth in Figure 8. These data can be correlated to the
SRIM profiles in Figure 7. Despite very different damage and cye profiles, two Fe-9Cr
alloys, with very distinct microstructures (Fe-9Cr binary and ODS Eurofer97), show almost
identical depth profiles of the average positron lifetime (Tavg) change (max. increase of

39



Materials 2021, 14, 6238

~30%) when irradiated to fluences of 1.0 x 10'® cm~2 and 1.25 x 10'® cm~2, respectively.
On the contrary, the positron lifetime increases much more significantly in the non-ODS
Fe-9Cr alloy (Eurofer97) implanted by He to 1.0 x 10'® cm~2 (max. increase of ~55%). With
increasing the total He fluence to 3.7 x 10'® cm ™2 and 6.2 x 10'® cm~2, the average positron
lifetime in the binary Fe-9Cr alloy increases by 60% and 90%, respectively. In the first
approach, we must consider three factors affecting these profiles. The first is the presence of
defects sinks (such as grain boundaries, lath boundaries, dislocations, internal surfaces, etc.)
in the pristine material. The second is the formation of new defect sinks (such as cavities)
by agglomerations of radiation-induced defects. These cavities become primary sinks
for new point defects and helium ions at high concentrations, and significantly suppress
further growth of the radiation-induced cavities. Finally, the increase in positron lifetime
in the given irradiated materials naturally depends on the fluence (number density) of the
implanted helium ions.
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Figure 8. The increase in positron lifetime (implanted—unimplanted) as a function of the mean positron
stopping depth. Filled symbols represent data with <50 at.% He, considered in further evaluations.

The depth profile of the average positron lifetime, such as the one in Figure 8, often
causes scientists to incline to correlate it with SRIM profiles. This is, however, quite
meaningless above a certain level of helium fluence/concentration, due to the accumulation
of helium, blistering, and following exfoliation of the ion beam modified layer. Given the
two energies of helium implantation used and the performed scanning electron microscopy
(SEM) analysis, we can conclude that the blistering threshold for helium in the Fe-9Cr alloy
is somewhere between 1.3 and 3.5 x 10'® cm 2. At a total He fluence of 3.74 x 108 em 2,
about 15% of the surface was exfoliated, while at the fluence of 6.24 x 10'® cm~2, about
25% of the surface was exfoliated after the implantation. The relative change (increase) in
positron lifetime was multiplied by 1.15 and 1.25, respectively. The reason for this was to
provide a more accurate estimation of positron lifetimes in extremely damaged Fe alloys.
Nevertheless, in further evaluation, the peak concentration data were not considered, and
irradiation conditions with a maximum of 40-50 at.% of helium were plotted in further
graphs. These ranges of damage profiles are indicated by full symbols in Figures 7 and 8.

Figure 9 shows the relative values (implanted /un-implanted) of the average positron
lifetimes obtained for the helium-implanted samples, and plotted as a function of cjye and
cpe/ dpa, respectively. In contrast to slow positron lifetime data evaluated with respect to
the (mean) stopping depth of the positron, one can observe specific irradiation conditions
leading to the given positron lifetime change. Although the number density of helium (cfe)
seems to be the most representative irradiation parameter, it is important to not detach the
cHe from the displacement damage (dpa). Since different energy of incident ions leads to a
different number of primary knocked-on atoms (PKA), the information of displacement
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damage must be considered in the data interpretation. Figure 9 suggests that the increase
in positron trapping at the defects increases rapidly at lower helium concentrations (lower
dpa), and this increase slows down near saturation at high helium concentrations. It is
reasonable to assume that this saturation is caused by new radiation-induced sinks for
point defects and helium. At low cpe, the primary sinks for radiation-induced defects are
the initial lattice defects (such as grain boundaries, lath boundaries, dislocations, internal
surfaces, etc.), while at certain He fluences, the sinking of point defects takes place primarily
at helium bubbles and other types of radiation-induced cavities. This must be considered
in the experiments leading to the production of a high density of such cavities, i.e., effective

defect sinks, which can give a certain impression of good radiation resistance.
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Although Tayg is the most reliable parameter statistically and its variation can be used
for a rough assessment of the radiation tolerance of a given material, the comparison of
absolute positron lifetime values between different materials and/or different irradiation
conditions is far from being straightforward. It is, however, the aim of this paper to provide
some empirical suggestions for researchers, regarding the interpretation of experimental
PAS data in the research of the radiation resistance of materials. Let us plot the relative
Tavg data from Figure 9 as a function of the corresponding average lifetime obtained for
unirradiated material (Tayg un-implanted). As shown in Figure 10, such a relationship is
fairly similar for the three Fe-9Cr alloys studied, which were irradiated to a similar fluence
(1-1.25 x 108 cm~2). As expected, the most pronounced change (increase) in the positron
lifetime was obtained for measurements where the Tayg of the un-implanted sample was
the shortest. In other words, the presence of trapping sites for positrons in the unirradiated
material can be correlated with the presence of sinks for radiation-induced defects, i.e.,
the potential for local defect recombination. It is not surprising that the high positron
lifetimes of the SPB data correspond to the surface and near-surface region (Figure 10b).
This underlines the importance of considering the “surface effect” (positron diffusion to
the surface), which acts both as a strong positron trap, and a sink for radiation-induced

defects and helium.
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Figure 10. Relative change in the average positron lifetime in different irradiation experiments plotted as a function of
the corresponding lifetime of the unirradiated sample (a). Exponential decay fit of datapoints obtained for three different
Fe-9Cr alloys irradiated to He fluences <1.25 x 108 em=2 (b).

Based on Figure 10, we can conclude that a comparison of the average positron
lifetime in unirradiated materials can provide a useful estimation of the potential radiation
tolerance of the material in the swelling incubation phase. In other words, the effectiveness
of the initial defect sinks in as-received material can be conveniently predicted using
positron lifetime spectroscopy. This technique is also capable of tracking the microstructural
evolution in the bubble or void swelling regime, i.e., when the fluence increases to the point
where new internal surfaces emerge in the material bulk, such as large cavities or blisters.
In such conditions, the interpretation of PAS data can be supported by, and correlated
to, TEM.

In addition to the positron annihilation lifetime measurement of helium-implanted
metals, valuable complementary information on the chemical composition at the vicin-
ity of the annihilation site can be obtained by DBS. In our earlier work [70], theoretical
calculations of ratio profiles for empty and He-filled vacancy clusters were performed
to investigate the possibility of direct He detection in radiation-induced open-volume
defects, by means of the DBS technique. The comparison of theoretical momentum profiles
for monovacancy and nine-vacancy clusters, with and without the presence of contained
helium atoms suggests that a characteristic helium-related peak can be expected in the
momentum range of 5-7 x 102 myc. By comparing experimental momentum profiles of
the He-implanted Fe-12Cr alloy obtained from the ion track region (low concentration of
implanted He ions) and He peak region, we reported experimental evidence of the antic-
ipated He peak. This was later confirmed by Sabelova et al. [71], on annealed Eurofer97
steel irradiated in a spallation neutron source. Although a direct experimental confirmation
of a helium signal in the (C)DBS spectra is usually complicated by various factors (mostly
the complexity of the material microstructure), the technique is, without any doubts, a very
effective tool for the investigation of helium behavior in irradiated structural materials.

In the work of Sharma et al. [72], DBS measurements of He-implanted Ni—Cr alloys
have been conducted, along with comprehensive theoretical calculations of positron lifetime
characteristics in this type of alloy. These calculations confirm the findings of previous
studies on the effect of helium on positron lifetime in vacancy clusters. Similarly to the
earlier reported work of Troev et al. [57], the study by Sharma et al. reports a significant
decrease in positron lifetime in vacancy clusters (VC), with an increasing number of
implanted helium ions. This effect is slightly more pronounced compared to the same
quantity of hydrogen atoms. On the other hand, however, this study shows that with
increasing the number of implanted ions surrounding the vacancy defects, the S parameter
is decreased, which is attributed to the electron momentum distribution of the helium ions.
The authors suggest that in the case of He, 15 and 2S electrons have a very large contribution
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to the low-momentum region (0-1.8 x 1073 myc). As a result, the S-parameter value
drastically increases with the increase in He atoms surrounding the vacancy defects. This
calculation is practically in agreement with the calculations of the characteristic helium peak
by Sabelova [70], which indicated that the position of the peak was somewhere in between
the regions generally attributed to the S and W parameters. In the experimental part,
Sharma et al. reported that the relative density of isolated vacancy defects in the cascade
(damage peak) region was smaller compared to the ion track region in the investigated
He-irradiated alloys.

Somewhat higher momentum values (8-14 x 10~ myc) were attributed to the helium
peak in the CDBS spectra of the Fe-9Cr alloy irradiated by He ions at 550 °C, in the
work of Zhu et al. [73]. In this work, the authors investigated the effect of irradiation
temperature on the formation of helium—vacancy clusters. The reported results suggest
a coexistence of large amounts of Her, V1 and monovacancies in the sample irradiated at
room temperature. However, irradiation at a temperature between 250 and 550 °C leads
to the absorption of helium atoms by helium—vacancy clusters, and the formation of over-
pressurized Hep, Vy, (m > 1) clusters or helium bubbles. The results also show that void
swelling in the investigated Fe-9Cr alloy is most pronounced under 450 °C irradiation.

Fe-9Cr steel Eurofer 97, together with its ODS variant, implanted by 500 keV helium
ions, was investigated using the SPB DBS technique and reported in our recent work [74].
Using VEPFIT analysis, we characterized the positron diffusion in the studied materials and
determined the effective positron diffusions length. As expected, this length is significantly
shorter in the ODS materials (5 nm in the ODS Eurofer vs. 35 nm in as-received Eurofer97),
and the sample preparation plays an important role in the evolution of the radiation-
induced point defects in the near-surface region.

The near-surface region of helium-implanted Eurofer97 steel was reported earlier by
Carvalho et al. [75]. In this study, extraordinarily low energy of implanted helium ions
(30 keV) was used in the irradiation experiments, providing a damage peak at a depth
of ~20 nm. Despite the likely strong sinking of the created defects by the sample surface,
the results show a clear effect of the initial microstructure on the evolution of helium-
vacancy clusters. In the as-received (polished) samples, a decrease in the S parameter was
observed after implantation, while no significant change in the S parameter was observed
after the implantation of annealed samples. This was explained by helium absorption by
pre-existing vacancies and clusters of vacancies, which dominated the creation of new
defects. Similar conclusions were obtained for the early stage of the spallation neutron
source irradiation of the Fe-9Cr alloy, and published in the paper by Krsjak et al. [37].
The paper by Carvalho et al. further confirms that an irradiation temperature of 100 °C
leads to the formation of small helium—vacancy clusters, while large helium bubbles are
being formed already at 250 °C. In this regard, the Doppler broadening data are in good
agreement with the thermal desorption spectroscopy (TDS) results.

Chinese low-activation martensitic steel CLAM was investigated after 140 keV He
implantation by DBS and nanoindentation techniques, in the work by Xin et al. [76]. The
work concludes that the concentration of vacancy-type defects decreases with increasing
irradiation temperature, ranging from RT to 600 °C. The results of nanoindentation show
that the irradiation-induced hardening, observed at all irradiation temperatures, is most
pronounced at 200 °C. This suggests that both vacancy—helium complexes and helium
bubbles substantially contribute to irradiation-induced hardening.

The behavior of open-volume defects in stainless steel 316L was investigated by the
DBS technique, as a function of post-irradiation annealing temperature, by L. Song et al. [77].
The authors reported competition between the formation of helium-vacancy clusters and
the recombination of radiation-induced vacancies in the temperature range 100-400 °C.
Above 500 °C, a steady-state growth of helium bubbles was observed. After the annealing
temperature was increased to above 800 °C, unstable He, Vi, clusters were observed to
dissociate into vacancies and He atoms, and eventually disappear. This was observed via a
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decrease in the S parameter in the near-surface region, as the vacancies sank to the surface
and the He atoms diffused out of the sample.

The same stainless steel (316L), and an Fel6.7Cr14.5Ni model alloy, were studied
by DBS after irradiation by 140 keV He ions at different fluences, by Lu et al. [78]. In
addition to room-temperature irradiation, the investigated samples were irradiated at
300 °C. The authors reported (He-free) vacancy-type defects as a major defect type in
the ion track region, while the main defects in the cascade region were identified as He—
vacancy complexes. Only small differences were observed between the microstructural
changes in the two studied materials after room-temperature irradiation, while irradiation
at 300 °C led to more pronounced differences. The much more dramatic increase in the S
parameter in the model alloy was explained by the effect of microelements in 316 SS. The
authors confirmed previous studies suggesting that impurities, such as C, N, H, and He,
can potentially increase the vacancy migration energy in Fe-based alloys.

The irradiation conditions and the used experimental techniques reviewed in this
section are summarized in Table 3 below.

Table 3. Selected PAS studies published on helium irradiation of nuclear structural materials.

Material Ton (E) TI[°C] Fluence(s) [ecm~2] Techniques Ref.
LT (SPB 1 to 18 keV)
—12% 18

Fe-12%Cr alloy He (250 keV) <80 1.25 x 10 DBS (SPB 0.5 to 38 keV) [70]

o 5% 1062 x 1017,  DBS(SPB0.2-20keV) +
Ni—40% Cr alloy He (65 keV) - 17 VEPFHIT analysis; [72]

7 x 10 . .

Theoretical calculations

250; 350: PALS (*3Na); DBS (SPB
Fe-9%Cr alloy He (100 keV) 450: 600, 5 x 1016 ~0.1 to ~20 keV); CDBS [73]

! (SPB 8 keV)
Fe-9%Cr-1%W steel
(Eurofer97) He (500 keV) RT 1x 108 DBS (SPB 0.5 to 36 keV) [74]
+ its ODS variant

Fe-9%Cr-1%W steel ) 3 x 10 (100 °C) DBS (SPB 0.1 to 25 keV);

(Eurofer97) He (3 keV) 100; 250 1-2 x 1019 (250 °C) DS 73]
DBS

oo . 16 (SPB ~0.1 to ~21 keV) +

Fe—9%Cr steel (CLAM) He (140 keV) RT-600 1x 10 VEPFIT analysis; [76]
Nanoindentation
RT
316L stainless steels He (50 keV) (post-irr. anneal. 1 x 101 DBS (SPB 0.18 to 20 keV) [77]
100-1000)
: 16 .

FeCrNi alloy He (140 keV) RT: 300 1x10°RD);  5ps(GpB 018 to20keV)  [78]

316L stainless steels

5 x 10® (RT; 300 °C)

3.4. Synergistic Effects of Helium and Hydrogen on Self-Ion-Induced Damage in Steels

The production of transmutation helium in structural materials exposed to harsh
radiation environments rarely occurs without accompanying production/accumulation
of hydrogen. Whether it is fusion or spallation application, structural materials suffer
from synergistic effects of hydrogen and helium accumulated in the microstructure of
the irradiated material. One of the great opportunities to study these synergistic effects
is spallation neutron target irradiation. With a helium production of ~75-90 appm/dpa
and H production of ~300-400 appm/dpa, spallation neutron target irradiation provides
unique irradiation conditions for such a study. On the other hand, the production rate of
the transmutation elements is proportional to the proton/neutron flux, which naturally
determines the irradiation temperature gradient. It is, therefore, very difficult to investigate
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any standalone irradiation parameter and its effect on the microstructure in spallation
neutron target irradiation.

Numerous studies on the experiments were published recently, using sequential or
simultaneous hydrogen, helium, and self-ion implantation in a wide range of fluences
and irradiation or post-irradiation annealing temperatures. The convenient control of
the irradiation parameters enabled various effects to be studied independently, which
provided a unique set of data for improving the knowledge in this challenging area of
nuclear material research.

One of the first studies utilizing slow positron beam experiments on sub-sequential H-
and He-implanted samples was published on CLAM steel by Xin et al. [79]. In reference
to unirradiated material, a positron diffusion length of 120 4+ 8 nm was obtained by
VEPFIT analysis. This is a relatively high value for martensitic steel, and suggests a rather
low concentration of positron traps in pristine material. The value of the S parameter
in the samples pre-implanted by H was found to be higher compared to the samples
pre-implanted by He. This difference decreased with increasing fluence.

At about the same time, Kogler et al. investigated open-volume defect generation
and its impact on the hardness of ODS FeNiCr in a dual-beam experiment, applying
sequential, as well as simultaneous, Fe and He irradiation [80]. The unirradiated materials
contained dislocations and clusters of 4-5 vacancies that were closely related to Y-Al oxide
nanoparticles (being less pronounced for samples having undergone heat treatment prior
to irradiation), whereas, after irradiation, significant differences were found in the hardness
increase for the simultaneous and sequential process in the case of the non-heat-treated
sample. This effect was attributed to the immediate stabilization of vacancy clusters by
helium during simultaneous irradiation, in contrast to the sequential process, where helium
implantation followed Fe. The heat-treated sample, on the other hand, did not exhibit
significant differences owing to the irradiation sequence, which, however, might have
been caused by a He concentration that was too low. At elevated temperatures, 300 °C,
simultaneous dual implantation resulted in a surprisingly large decrease in open-volume
defects, and the remaining defects were 3—4 vacancy clusters, in connection with the Y-Al
oxide particles, similarly to the untreated sample.

Another Chinese reduced activation ferritic/martensitic (RAFM) steel SIMP, with en-
hanced high-temperature oxidation and liquid metal corrosion resistance, was investigated
by DBS and TEM, after sequential H and He (room temperature) implantation, in a very
comprehensive work of Jin et al. [81]. Similarly to the study by Xin et al. [79], the increase
in the S parameter of the H-implanted sample was found to be higher than in the case of
the He-implanted sample, despite the lower displacement damage introduced by hydrogen
implantation. The authors interpreted this by the higher trapping rate of helium atoms by
vacancies, compared to H atoms. Helium is expected to occupy the center of vacancies.
Any sequential implantation by both He and H ions led to a lower AS parameter compared
to separate H implantation. The increase in the S parameter He + H was more pronounced
compared to the H + He sequence when the hydrogen fluence was sufficiently high. The
TEM results indicated that a smaller size and higher density of bubbles are produced in the
steel after He + H implantation compared to the hydrogen-only implanted sample. The
authors, moreover, conclude that the hydrogen atom prefers the interstitial positions in the
vicinity of vacancies and tends to form a H-vacancy complex. Hydrogen is, nevertheless,
effectively captured by helium—vacancy clusters, and the existence of such agglomerations
leads to the suppression of direct binding between H atoms.

The effectivity of helium-vacancy nano-clusters in storing hydrogen atoms was inves-
tigated in detail in work by Zhu et al. [82]. The authors used first-principle calculations
and positron annihilation spectroscopy to study the potential of defect sites, formed after
irradiation, for hydrogen storage. The study confirms, again, the effectivity of hydrogen
capturing by helium—vacancy clusters or bubbles formed in He implantation.

A study focusing on hydrogen-assisted embrittlement of reactor pressure vessel (RPV)
steels was reported by Shi et al. [83]. The authors used proton and Fe!3* ion irradiation
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to simulate a harsh radiation environment and study relatively (compared to the usual
displacement damage in RPV steels) severely damaged samples. The study shows that
the S parameter does not saturate for proton-irradiated (A508-3) steel, even at a relatively
high displacement damage (2.26 dpa). On the other hand, Fe ion implantation leads to
fast S-parameter saturation, and further irradiation does not increase positron trapping at
radiation-induced defect agglomerations. It is reasonable to assume that Fe implantation
at 3 MeV produces voids that become sinks for new radiation-induced vacancies, and
prevents further production of new helium-vacancy agglomerations.

A comprehensive study of RPV steels under proton and ion irradiation has been
published by Jiang et al. [84], employing PAS, atom probe tomography (APT), transmission
electron microscopy (TEM), and nanoindentation. The authors identified a wide range of
defects, from small-size defects, such as vacancies, vacancy—solute complexes, dislocation
loops, to large-size vacancy clusters and cavities. The study aimed to investigate the
difference between the microstructural evolution of RPV steels irradiated by protons
(240 keV) and heavy ions at low temperatures. Although the synergistic effect between the
different implanted ions was not investigated, the study reports unique data provided by
a combination of many experimental techniques. Similarly to the study by Shi et al. [83],
positron trapping at radiation-induced defects was observed to saturate rapidly in Fe
ion implantation at a relatively low dose. On the one hand, positron trapping increased
without a notable saturation in the samples irradiated by protons. The atom probe did
not reveal any solute segregation at low irradiation temperatures. On the other hand,
TEM showed the formation of dislocation loops after proton irradiation to 1 dpa, which
were responsible for the increase in hardness measured by the nanoindentation technique.
The authors suggest that proton irradiation induces the migration of vacancies and their
agglomeration into vacancy clusters. These are expected to be stabilized by hydrogen atoms.
Fe implantation resulted in a high density of interstitial and vacancy clusters, inducing the
formation of dislocation loops and corresponding to the increase in nano-hardness.

Interesting PAS studies were published on different irradiation experiments on Indian
reduced activation ferritic/martensitic steel INRAFM). An isochronal annealing study
has been published on INRAFM samples that were individually irradiated with H and
He ions, and sequentially irradiated with both H and He ions [85]. Among the single-ion
irradiated samples, the hydrogen-irradiated sample showed the presence of hydrogen—
vacancy complexes with a high H content in the as-irradiated state, and an increase in the
S parameter, due to the release of H from these complexes, at 100 °C. Complete recovery
of the microstructure was observed after annealing at 400 °C. On the other hand, three
distinct stages of annealing were identified in the helium-only irradiated samples. There
was a defect annealing stage, with a decrease in the S parameter from as-irradiated to
300 °C, bubble nucleation stage, with a stable S parameter from 300 °C to 400 °C, and
the bubble growth region, characterized by an increase in the S parameter, was observed
between 400 °C and 700 °C. It is reasonable to assume that the first stage is affected by
the diffusion of helium into existing sinks (open-volume defects), which naturally reduces
the rate of positron trapping at these defects. Similar behavior was observed, for instance,
in the work of Sabelova et al. [71]. The authors concluded that when sequential H and
He implantation is used, the nucleation and growth of helium bubbles, due to isochronal
annealing, are independent of the irradiation sequence, and this is not affected by the
presence of hydrogen.

Another ion irradiation experiment involving DBS characterization has been published
on the Indian INRAFM steel in [86]. The samples were irradiated up to 70 dpa by Fe ions at
different temperatures, with and without helium (~700 appm) pre-implantation. The DBS
data confirmed that radiation-induced vacancy-type defects can be effectively annealed
at high-temperature Fe irradiation. Complete recovery from irradiation-induced vacancy-
type defects was observed at 400 °C. The sample pre-implanted by helium also exhibited
a decrease in the S parameter with an increasing irradiation temperature up to 400 °C,
but this was due to helium absorption by vacancy clusters and an increase in the He/V
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ratio. At a higher irradiation temperature, the formation and growth of helium bubbles
was observed by a notable increase in the S parameter. Again, this observation is in good
agreement with other PAS studies of the irradiation/annealing temperature dependencies
of positron trapping in samples containing injected or transmutation helium.

A different approach to the study of the synergistic effect of hydrogen and helium
was used in the work of Li et al. [87]. In this study, the authors used Ni* pre-implantation
to produce radiation-induced vacancy clusters in the studied samples of the Fe-9Cr alloy.
Such samples were consequently irradiated by H and He ions separately or subsequently.
The study showed that the S parameter after sequential He + H implantation was almost
identical to the S parameter obtained for the samples irradiated by only He ions. The au-
thors concluded that H atoms implanted into He pre-implanted material can be effectively
absorbed by He, Vi, clusters by forming He,VinH complexes. The authors confirmed that
helium ions implanted into H pre-implanted material might decompose H;,Vy, clusters and
release hydrogen into the matrix. This can be accompanied by a production of additional
vacancy defects.

Excellent work by Scepanovic et al. [88] was published on the Fe-14Cr alloy and
its ODS variant, subjected to single Fe*™ or He" ion irradiations at different doses and
temperatures. All the experimental techniques applied, namely, PALS, DBS, and TEM,
confirmed a more pronounced production of radiation-induced defects in the non-ODS
alloy. The experiments confirmed the role of Y-rich nanoparticles in acting as vacancy
sinks, hindering the growth of helium bubbles. The published results indicate that positron
traps after the irradiation of the ODS alloy are not associated with nanoparticles, but rather
with the ferritic matrix. Similarly, TEM data suggested that helium bubbles are mostly
associated with the ferritic matrix in both materials, although the coarsening of the bubbles
was clearly hindered in the ODS alloy.

Also of interest is another study of this group on Fe-15Cr steel, where the influence
of external magnetic fields on defect evolution was studied and found to be “not insignif-
icant” [89]. In the presence of a B field, the samples show a lower vacancy density and
smaller cluster sizes compared to irradiation in the absence of it, yet the significance of this
effect will be investigated in the future.

One of the few PAS studies utilizing simultaneous implantation, triple-ion (Fe*, He*,
H*) irradiation has been published by Parente et al., on the Fe-12Cr alloy (including its
ODS variant) and two different ODS Fe-14Cr alloys [16]. The reported DBS momentum
profiles suggest that the defects induced by this irradiation in the ODS Fe-12Cr and non-
ODS Fel2Cr alloys appear to have the same structural characteristics as Cr atoms, as they
are the nearest neighbors. The authors pointed out that defects with similar characteristics
were also present in the unirradiated materials produced by powder metallurgy. The
S-parameter curves obtained on the ODS Fe-14Cr alloy samples, irradiated by the triple
beam at 600 °C, were found to be depth independent for positron energies >5 keV. The
obtained S-parameter values were slightly lower than the corresponding values for the
unirradiated alloy. This was explained by the trapping of H* and He" at the pre-existent
vacancy clusters. The CDB spectra of the irradiated ODS Fe-14Cr samples, normalized
to the corresponding unirradiated sample, pointed out the association between the new
radiation-induced vacancy clusters and Cr atoms.

The irradiation conditions and the used experimental techniques reviewed in this
section are summarized in Table 4 below.
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Table 4. Selected PAS studies published on synergistic effects of heavy-ion and H/He irradiation on the microstructure of

nuclear structural materials.

Material Ion (E) TI[°C] Fluence(s) [ecm~—2] Techniques Ref.
Fe-9%Cr steel H (80 keV); RT H:5 x 10'5-5 x 10'° DBS (SPB 0.1-20 keV) + [79]
(CLAM) He (140 keV) He: 1 x 1051 x 106 VEPFIT analysis
LT (3Na)
ODS FeCrAl Fe (2.5 MeV) RT. 300 2.74 x 10'5 /He DBS, CDBS (SPB 30 eV-35 (0]
(PM2000) He (350 keV) ¢ 2.94 x 106 /Fe keV) + VEPFIT analysis
Nanoindentation
Fe—-9%Cr steel 26% ffvl;ﬁe RT H:2.78 x 10151 x 1018 DBS (SPB 0.18-20 keV) [81]
(STMP) (130 keV; 500 KeV) He: 7.14 x 101°-1.8 x 106 TEM
LT (**Na); DBS (SPB
. . 16 ’
Fe-9%Cr steel o ((éiié(i\e/\)/) RT A 0.18-20 keV) + theoretical  [82]
: calculations
Fe (3 MeV H: 2.5 x 1016-1.13 x 10'8
RPV steel (A508-3) He(z( 10 keeV)) 100 For 455 % 10132506 x 1015 DBS (SPB 0.5-26 keV) [83]
Fe (3 MeV) DBS (SPB 0.5-26 keV)
RPV steel (A508-3) |, (110 + 240 keV) 100 0.05-1.0 dpa; LT (SPB 14 keV); APT; [84]
€ TEM; Nanoindentation
Fe (1.1 MeV)
Fe-9%Cr steel Fe (70 dpa) DBS (SPB 0.2-22 keV) + .
(INRAFM) Hjégok;\?)o * 200, 400, 500 He (700 appm) VEPFIT analysis (8]
RT;
Fe-9%Cr steel H (80 keV) Post-irradiation H (1500 appm); DBS (SPB 0.25-22 keV) [86]
(INRAFM) He (130 keV) annealing up to He (450 appm) incl. VEPFIT analysis
700
RT (Ni); RT
Ni (1 MeV); (Ni + H); Fe: 3.4 x 1013 DBS
Fe9Cr alloy H (50 keV); RT (Ni) + 450 (H); H:1 x 10'° g [87]
He (80 keV) RT (Ni) + 450 (H) He: 2 x 105 (SPB 0.18 keV-20.18 keV)
450 (He)
DBS
Fel4Cr alloy; Fe (1 MeV); RT (Fe) Fe: 6.5 x 10°
i ) 5 16 (SPB ~0.1 keV-30 keV) [88]
Fel4Cr ODS He (50 keV); 400-450 (He) He: 6.5 x 10'5;1 x 10 CDBS (SPB 7 keV: 18 keV)
He: 4.0 x 10'°
He (45 keV) ) 15, DBS, CDBS
Fel5Cr alloy Fe (1 MeV) RT Fel' f’f‘i 1 0112 ; (SPB ~02 keV-30kev) 18]
Fe (10 MeV); RT Fe: 5 x 10'5;
Feuo%scﬁgizcr Fe (4 MeV)/ (Single beam); Fe: 1.49 x 1016/ DBS (SPB 1-30 keV) el
ODSL4CIWTi He (1.6 MeV)/ 600 He 1.4 x 10'5/ CDBS (SPB 30 keV)
H (500 keV) (Triple beam) H3.55 x 1015
4. Summary

Over the past two decades, positron annihilation spectroscopy has proven to be
an invaluable characterization tool in various radiation damage studies aimed at the
evolution of early-stage microstructures. However, due to the wide variety of materials
and irradiation conditions to be studied, and the complexity of data analysis, it is often
difficult to reflect the knowledge obtained so far in new irradiation studies. This paper
summarizes recent studies of structural materials subjected to different ion beam irradiation
experiments and investigated by techniques of positron annihilation spectroscopy. It
provides a convenient reference for experiment proposals in the field and enables a quick
comparison of the obtained results to the published data. This helps researchers to conduct
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more reproducible experiments, and will eventually help them to use positron annihilation
spectroscopy as a primary characterization tool.
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Abstract: A modern Chinese ferritic/martensitic steel SIMP, is a new perspective nuclear structural
material for the spallation target in accelerator driven sub-critical system. In this work, aimed at
exploring the radiation resistance properties of this material, we investigate the differences between
simultaneous Fe and He ions irradiation and He implantation of SIMP steel pre-irradiated by Fe
self-ions. The irradiations were performed at 300 °C. The radiation-induced hardening was evaluated
by nano-indentation, while the lattice disorder was investigated by transmission electron microscopy.
Clear differences were found in the material microstructure after the two kinds of the ion irradiation
performed. Helium cavities were observed in the co-irradiated SIMP steel, but not the case of He
implantation with Fe pre-irradiation. In the same time, the size and density of Frank loops were
different in the two different irradiation conditions. The reason for the different observed lattice
disorders is discussed.

Keywords: martensitic steel; Fe and He irradiation; microstructure

1. Introduction

Nuclear energy is a leading source of low-carbon electricity in the world. Together
with renewables, it provides an essential role in the global energy transition. However,
three main concerns to be considered: (1) ensuring a sustainable and responsible use of
resources; (2) minimizing the probability and consequences of major nuclear accidents; (3)
reducing the production of long-lived radionuclides, e.g., 1291 137Cg, 909Gy, P7T¢ in nuclear
waste. In order to address all three aspects, the concept of an accelerator driven sub-critical
(ADS) system was proposed in the 1990s, containing spallation neutron source, which
enables usf to run a subcritical nuclear reactor and to use an existing spent fuel from PWR
reactors. In particular, the decay time of the long lived radionuclide can be reduced by a
factor 1000 to time scales that are below 1000 years, resulting in shorter-term hazard and
less heat from the waste. The Chinese Academy of Sciences (CAS) performed a strategic
project of advanced nuclear fission energy in the future since 2011 [1]. Using a very high
power of neutron transmutes the long-lived radionuclide into short-lived medium elements,
as well as from less than 1% of the fuel’s energy content in light water reactors to above
95% in ADS. Due to its a low melting point, low vapor pressure, high atomic number
and high thermal conductivity, lead-bismuth eutectic (LBE) is considered the primary
candidate material used in spallation target and coolant. One of the serious problems
using LBE is that containment materials, such as ferritic-martensitic (FM) steels, suffer
from LBE corrosion [2,3]. Oxidation, dissolved corrosion and liquid metal embrittlement

Materials 2021, 14, 1393. https:/ /doi.org/10.3390/ma14061393 53

https:/ /www.mdpi.com/journal /materials



Materials 2021, 14, 1393

possible occur when FM steels contact with LBE. In order to lower the influence of LBE
corrosion, a new type of reduced activation martensitic steel, SIMP steel (Fe-10.7 Cr-1.4
Si-1.2 W-0.5 Mn-0.2 C-0.2 V, wt.%) with 1.4 wt.% Si, was corporately developed by the
Institute of Modern Physics, CAS and Institute of Metal Research, CAS. In ADS operation
surroundings, SIMP steel suffers from synergistic influence of neutron irradiation, LBE
corrosion and high temperature. Therefore, it is vital to assess the property changes of
SIMP steel under particle irradiation and LBE corrosion.

The use of ion irradiation as a surrogate for neutron irradiation is a convenient way to
assess the radiation resistance of nuclear material, in a reasonable time and without any
induced radioactivity. So far, most of reports of ions irradiated SIMP steel using single-beam
ions [4-7]. It is well known that a great number of helium atoms are formed by the (n, o)
nuclear reaction. We can use Fe ion irradiation to simulate neutron irradiation-induced
lattice displacement. The production of transmutation helium in the material can be
effectively simulated by He ion implantation [8-10]. Due to the simultaneous occurrence of
lattice disorder and helium accumulation, simultaneous dual-beam implantation of Fe and
He seems to be an optimal procedure for an experimental simulation of realistic radiation
condition. However, there are many reports published in the literature where subsequent
irradiations are performed, either with pre-implanted Fe followed by He implantation
or with pre-implanted He followed by Fe implantation [11-13]. Wei et al. [11] reported
irradiation hardening under He and subsequent Fe ions irradiation in CLAM steel (Fe-8.9
Cr-1.5 W=0.5 Mn-0.2 V-0.1 C, wt.%) at RT. They argued significant irradiation hardening
via He ions irradiation to fluences of 0.7-1.0 x 1017 ions/cm? at room temperature (RT), and
less contribution of the subsequent Fe ions irradiation to a fluence of 5.0 x 1015 ions/cm? at
RT. It is still an open question whether subsequent irradiation can simulate co-irradiation,
which needs elucidate what difference between subsequent irradiation and simultaneous
irradiation. In this study, we investigated the microstructure of SIMP steel irradiated by
Fe + He simultaneously and Fe + He subsequently at 300 °C. The irradiation temperature
is within the operation surroundings of ADS and pressurized water reactor. Dislocation
loops are particularly concerned, because clusters of self-interstitial atoms and interstitial-
type dislocation loops are of the main microstructural damage features at intermediate
temperatures (room temperature to 300 °C). These defects act as obstacles for dislocation
movement, resulting in irradiation hardening and the increase in ductile-to-brittle transition
temperature (DBTT).

2. Experimental Process

The composition of SIMP steel is given in Table 1. The sample surface was polished
by sandpaper down to 4000 grit and then mirror-like polished with 0.1 diamond spray.
The sample dimension was 5 x 3 x 1 mm3. Dual-beam irradiation experiment was carried
out at the dual-Beam Material Irradiation Facility for Energy Technology (DuET) at the
Institute of Advanced Energy, Kyoto University. The experiment facility was described in
Ref. [14]. The energy of Fe>* ions was 6.4 MeV provided by a 1.7 MeV tandem accelerator.
The energy of He" ions was 1 MeV supplied by a 1 MV Singletron accelerator. In order to
provide a uniform distribution of helium atoms in a certain depth range, the helium beams
went through three different thicknesses of alumina films. The Fe and He fluences were
1.65 x 10'® jons-cm™2 and 4.5 x 10! ions-cm ™2, respectively. The irradiation temperature
was well controlled at 300 & 5 °C detected by an infrared thermometer. The Monte-Carlo
code Stopping and Range of Ions in Matter (SRIM-2008) quick cascade simulations was
used to simulate depth profiles of the displacement damage induced by 6.4 MeV Fe®*
irradiation and the helium deposition (using the threshold displacement energy of 40 eV
and the density of 7.86 g-cm~3) [9]. The simulated result is illustrated in Figure 1a. The
nominal displacement damage rate, nominal displacement damage were 3 x 10~ dpa-s~!
and 5 dpa at a depth of 600 nm, respectively. The helium injection ratio was 60 appm
He.dpa~! in the corresponding depth. Single-beam irradiation experiment was carried out
at 320 kV High-voltage Platform in the Institute of Modern Physics, Chinese Academy of
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Helium injection rate (appm He/dpa)

Sciences. 2.5 MeV Fel®* ions to a fluence of 1 x 10'® ions-cm~2 at 300 °C irradiated SIMP
steel, and then 110 keV He" ions to a fluence of 5 x 10 ions-ecm 2 at 300 °C implanted
the Fe pre- irradiated sample. Figure 1b shows that the displacement damage and helium
injection ratio were 5 dpa and 60 appm He dpa~! at a depth of 300 nm, respectively;
therefore, it gets the same displacement damage and helium concentration as the Fe and
He co-irradiation. Note that the displacement contribution by He implantation was only
0.01 dpa, which is far smaller than the elastic collision induced by Fe irradiation. The Fe!%+
flux was kept at 6 x 10! cm~2 57! and the He* flux was kept at 3 x 10'2 cm~2 s~1. The
depth profiles of the displacement damage induced by 2.5 MeV Fe!** irradiation and the
helium deposition were simulated by SRIM-2008 [15], as shown in Figure 1b.

Table 1. Nominal composition of SIMP steel (wt.%).

Steels Fe Cr Si w Mn C v Nb P
SIMP Bal 10.7 1.4 1.2 0.5 0.2 0.2 0.01 0.004
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Figure 1. Depth profiles of displacement damage induced by Fe irradiation and of helium deposition via (a) dual-beam, (b)
single-beam, simulated by SRIM-2008.

Nano Indenter G200 with a Berkovich-type indentation tip with a load resolution of
50 nN and displacement resolution of 0.01 nm was used to measure the nano-indentation
hardness. The continuous stiffness measurement (CSM) was carried out to characterize the
hardness-depth relationship. The maximum penetration depth was 1.2 um with a strain
0.05 57! rate. A harmonic displacement of 2 nm, 45 Hz frequency and Poissons Ratio of 0.3
at room temperature, was set. A fused silica reference specimen was used to calibrate the
indenter tip geometry. The Oliver-Pharr method was performed to calculate the hardness
change. For each sample, fifteen testing points with 50 pum interval were set and the
averaged hardness was calculated based on the measured hardness data. Post irradiation,
the sample was characterized by a JEOL 2010 TEM operated at 200 kV. Cavities were
observed via Fresnel contrast, where they exhibit bright Fresnel fringes in under-focused
condition, but dark Fresnel fringes in over-focused condition [10]. Lattice disorder was
observed by dynamical two-beam bright-field, as well as weak-beam dark-field diffraction
conditions. Cross-sectional TEM (XTEM) samples were fabricated to investigate the depth
distribution of radiation-induced damage. XTEM samples were obtained by Hitachi 2000
focused ion beam (FIB) system. Initially 30 keV was used and finally 5 keV was used.
Electrochemical polishing for 15 ms at —45 °C was performed to remove the Ga ions-
induced damage during FIB fabrication. Initially deposited a 1-2 um thickness tungsten
film on the irradiated surface, TEM-lamella sample was extracted by 30 kV Ga ions. The
sample thickness was measured by convergent beam electron diffraction (CBED) method.
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Hardness (GPa)

The size and number density of the observed cavities were measured by Nano Measurer
software with an uncertainty of approximately +20% [16].

3. Results and Discussion

Figure 2 presents the hardness profile with indentation depth. It can be seen that
the hardness value of the unirradiated sample decreases monotonously with increasing
indentation depth. It can be accounted for the indentation size effect, which is often
observed in crystalline materials and related to the increasing contribution of geometrically
necessary dislocations at small scales [17]. Similarly, the hardness values of samples
after Fe irradiation and Fe pre-irradiation + He implantation also decrease monotonously
with indentation depth. The difference is that the hardness value at depths ranging from
50-700 nm is significantly larger than that of the unirradiated sample. The hardness values
between the Fe irradiation and Fe pre-irradiation + He implantation have little difference,
which indicates that the He implantation does not introduce pronounce hardness. However,
the Fe and He co-irradiated sample has different curve change. There is an inflection at
a depth of approximately 300 nm, which is about one fifth of the Fe ion projected range.
According to the plastic deformed theory, the depth of the deformed region beneath the
indent was approximately 4-5 times indentation depth [18]. This result demonstrates
there is an obvious hardening layer inside the sample. Using Nix-Gao model and Kasada
approach [19,20] the hardness value in the unirradiated sample is 3.31 GPa, and hardness
increased about 43.5%, 44.1-4.75% GPa, 4.77 GPa after Fe irradiation and Fe pre-irradiation
+ He implantation, respectively. However, the hardness change obviously increases about
50.2-4.97% GPa after Fe and He co-irradiation. Therefore, the Fe and He co-irradiation
can enhance hardness of the damaged layer. Lee et al. [21] investigated triple ion beams
studies of radiation damage in 9 Cr-2 WVTa at 80, 200 and 350 °C, and reported the
severe hardening in Fe + He + H, followed by Fe + He, Fe, Fe + H, He and He + H beams.
The present result is consistent with Lee’s report. According to the Orowon’s theory for
athermal bowing of dislocations around obstacles on a slip plane [22], the hardening is
proportional to square root of the number density and diameter of obstacles, such as
irradiation-induced dislocation loops, cavities and precipitates. Therefore, it is necessary to
observe microstructure change in the different irradiated samples.
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Figure 2. (a) Indentation-depth dependence of the nano-indentation hardness of samples after Fe irradiation, Fe pre-
irradiation + He implantation and Fe + He co-irradiation, compared to the as-irradiated sample, (b) the hardness change (%)
after three different irradiation conditions.
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Figure 3 shows the depth distribution from 200 to 700 nm of the observed lattice
defects and cavities formed by the Fe and He co-irradiation, where helium deposition was
calculated by SRIM-2008. In bright-filed condition, a great number of defects, including
black spots, ellipse-shaped loops and lines, are exhibited black contrasts. In general,
black spots are regarded as the initial growth stage of ellipse-shaped loops; thus, black
spots and ellipse-shaped loops belong to dislocation loops [23]. The size and density of
observed dislocation loops are analyzed. In addition, many cavities observed under the
under-focused condition, and the distribution zone is consistent with helium deposition
simulated by SRIM-2008. No preferential nucleation of cavities along grain boundaries
or dislocations is observed. It is indicated that the migration rate of irradiation-induced
vacancies is limited at 300 °C, rather than the case of 400 °C and above irradiation that
cavities are inclined to form along grain boundaries and dislocations, resulting in increasing
risk of brittle-fracture [24].

Figure 3. (a) Bright-field XTEM micrograph of irradiation-induced dislocation loops in the Fe and He co-irradiated SIMP
steel to fluences of 1.65 x 101 Fe>*.cm~2 and 4.5 x 10" He*-cm ™2, Micrographs were taken near [110] zone axis under the
kinematic condition, g = (—110), (b) Bright-field TEM micrograph of cavities formed in the Fe and He co-irradiated SIMP
steel. The under-focused view with Af = —512 nm was performed to characterize cavity distribution.

Figure 4 shows the depth distribution from 350 to 700 nm of lattice defects, including
dislocation loops and dislocation lines in the He implantation with Fe pre-irradiation into
SIMP steel. The dislocation loops were formed by Fe irradiation and dislocation lines exist
in the as-grown sample. The lattice defects can be observed by the two-beam and weak-
beam dark-field conditions. In the two-beam bright-field condition, dislocation loops were
easily observed due to a strong diffraction contrast. Figure 4a,b shows the dislocation loops
observed by the two-beam condition with diffraction factors, g = (—1-10) and g = (200),
respectively. It can be seen that the number of the observed dislocation loops observed
by g = (200) is approximately 3.01 x 10?2 m~3, while it is approximately 2.23 x 10?2 m~3
with g = (—1-10). The number density of the observed dislocation loops was obtained by
the following relationships based on g-b contrast and assuming only 1/2 <111> and <100>
loops exist. dq11 + 1/3d109 = A for g = (200), and 1/2d111 +2/3d;00 = B for g = (110), where
di11 and djqp are the number density of 1/2 <111> loops and <100> loops, respectively. A
and B are the number density of the visible loops with g = 200 and g = 110, respectively.
Hence, it can get dq1; = 2.52 x 102 m~2 and djgp = 1.45 x 1022 m—3. It demonstrates
that the most of the observed dislocation loops have Burgers vectors b = 1/2<111>, which

57



Materials 2021, 14, 1393

is consistent with some reports that 1/2<111> loops were easily formed at 300 °C and
below [25,26]. Figure 4d,e shows the lattice defects observed by the weak-beam bright-field
and weak-beam dark-field conditions, respectively. Some ellipse-shaped defects and many
black spots were observed. The size of the observed lattice defects was evidently smaller
than that observed by the two-beam condition, while the number of the observed lattice
defects was larger than that observed by the two-beam condition. It should be noted that
no cavities were observed in this region.

50 _nm

50 _nm

Figure 4. TEM micrographs of irradiation-induced dislocation loops in the He implantation with Fe pre-irradiation into
SIMP steel to fluences of 1 x 1010 Fel9*.cm~2 and 5 x 10! He™-cm 2, under bright-field (a-d), and weak-beam dark-field
(e). In comparison, the microstructures observed by bright-field and weak-beam dark field in the Fe-irradiated sample to a

fluence of 1 x 10'® Fe'%*.cm~2 were presented in (c—f), respectively.

The size of the observed dislocation loops in Figure 2a was measured and the result is
illustrated in Figure 5a. These dislocation loops have size ranging from 4.5-29 nm. The
mean size is 12.82 nm and the number density is approximately 1.63 x 102 m—3. Similarly,
the size of the observed cavities in Figure 2b was measured and the result is shown in
Figure 5b. The size of these cavities ranges from 2.65-14.35 nm. The mean size is 7.75 nm
and the number density is approximately 7.98 x 10> m~23. In comparison, only dislocation
loops were observed in the He implantation with Fe pre-irradiation into SIMP steel, and the
observed dislocation loops under the two-beam condition with g = (200) has a mean size of
5.35 nm and a number density of 3.01 x 1022 m~>. According to the present experimental
results, there are two differences of the observed lattice defects between the Fe and He
co-irradiated SIMP steel and the He implantation with Fe pre-irradiation into SIMP steel.
First, cavities were observed clearly in the Fe and He co-irradiated SIMP steel, but not in
the He implantation with Fe pre-irradiation into SIMP steel. Tanaka et al. [27] evaluated the
synergistic effect via single, dual and triple ion beams consisting of Fe**, Fe** + He* or Fe3*
+He" + H* in Fe-Cr ferritic alloys, and found the increase in cavity nucleation via dual beam
irradiation with He. Wakai et al. [28] argued that swelling in ferritic/martensitic steels is
significantly enhanced by the synergistic effect of Fe irradiation- induced damage, hydrogen
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and helium atoms. Similarly, Hu et al. [29] reported synergistic effect of helium and
hydrogen for bubble swelling in ferritic/martensitic steel, and also argued the increasing
irradiation swelling of ferritic/martensitic steel after helium and hydrogen implantation.
Marian et al. [30] regarded that the synergistic effect of hydrogen-helium depends on
irradiation temperature. At lower temperatures (e.g., 470 °C and below), H and He atoms
strongly interact with vacancies, but the mobility of these clusters is slow and there are
many nano-scaled cavities. It is consistent with our present result that cavities with an
average diameter of 8.4 nm were observed in the Fe and He co-irradiated sample. Secondly,
the mean size of observed dislocation loops is larger, while the number density is lower
after the Fe and He co-irradiation, compared to the He implantation with Fe pre-irradiation.
This experimental phenomenon can be attributed to the increasing defect migration due
to atomic collision. It is well known that energetic charged particles interact with both
electrons and atoms in materials. Kinetic energy transfers to atoms can induce the atom
displacement from their original sites, forming interstitial-type defects. The irradiation-
induced disorder increases nonlinearly with irradiation dose [31]. With increasing defect
concentration, more formed defects start recombination based on radiation-enhanced and
diffusion defect reaction rate theory (e.g., high defect concentrations and modified energy
barriers due to the formation of charge defects and charge redistribution) [31,32]. Radiation-
enhanced diffusion induces the Ostwald ripening of oxide nanoparticles in oxide dispersion
strengthened (ODS) steels after Fe irradiation [33]. In addition, the decrease in the threshold
temperature for recrystallization during ion collision of amorphous SiC based on the model
of ion-beam-induced random nucleation has been reported [34-36], similar phenomenon
reported in Si [37]. In addition, the decrease in total lattice disorder after ions implantation
or swift-heavy ions irradiation has been observed in disordered SiC [32,38—42]. The same
mechanism can explain our experimental results that an obvious increase in the migration
rate of lattice defects during Fe and He co-irradiation, resulting in the increase in the mean
size, but the decrease in the number density of the observed dislocation loops. Meanwhile,
the cavity formation depends on the concentration and size of vacancy-helium clusters.
The increase in the migration rate of helium atoms and vacancies induces the formation
of vacancy-helium clusters easily, and therefore cavities were observed in the region of
helium atom deposition (see Figure 2b). On the contrary, initial Fe irradiation and then
He implantation, Fe irradiation-induced defects migrate and accumulate to form clusters,
such as vacancies, which are stable, and therefore these defects are hard to migrate during
He implantation at a low fluence [32]. The microstructure in the Fe irradiation at 300 °C
presents the same morphology with the Fe pre-irradiation + He implantation, as shown in
Figure 4c. There are only dislocation loops in the damaged region. Therefore, the influence
of He implantation on the Fe pre-irradiation-induced defects can be neglected. As a result,
the mean size of the observed dislocation loops is smaller, while the number density of
the observed dislocation loops is larger in the He implantation with Fe pre-irradiation
into SIMP steel. More important, no cavities are observed in the helium deposition region.
The hardness change among these three different irradiations also shows the pronounced
irradiation hardening in the Fe and He co-irradiated sample compared to the others. The
additional hardening should relate to helium cavities in the damaged layer. It is consistent
with report of Ando et al. [43] that extra radiation hardening in the Fe and He co-irradiated
F82H due to cavities in the damaged layer. Compared with the co-irradiation, He injection
via the subsequent irradiation cannot give effective hardening.

It should be noted that radiation-induced precipitation in nuclear structural materials
has been widely reported. Tunes et al. [44] recently reported 30 keV Xe-irradiated an
austenitic stainless steel at 800 °C and argued that inert gas bubbles can accelerate clustering
and precipitation kinetics. Similarly, vacancy-type defects can enhance the nucleation of
carbide precipitations in Ar-irradiated AISI 316L alloys [45]. Fang et al. [46] investigated
Fe-irradiated SIMP steel at 300 °C and 400 °C and regarded the Si element enrichment and
Ta element depletion inside the precipitates after 1 dpa irradiation at 300 °C. In addition,
thermodynamics of the SIMP steel after irradiation should be concerned. Tunes et al. [47]
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)
=3

observed o« and M,3C¢ precipitates formed in the 30 keV Xe irradiated AISI-348 steel
at 800 °C. A equilibrium state can be reached by ion irradiation. Radiation-induced
precipitation and radiation-assisted thermodynamic equilibrium can be accounted for the
increase in diffusion rate of solute atoms by the exchange of atoms with point defects. In
this study, the selected zone diffraction patterns do not present extra diffraction spots,
except for matrix, indicating no precipitation formed after irradiation. However, the
resolution of the selected zone diffraction pattern is limited. In particular, the growth of
carbide precipitates is slow at 300 °C irradiation [48] and, therefore, these new phases have
weak diffraction spots as compared to matrix. To confirm irradiation-induced precipitation
in SIMP steel, it needs scanning transmission electron microscopy and energy dispersive
X-ray spectroscopy to analyze element distribution in the damaged zone.
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Figure 5. (a) Dislocation loop size and (b) cavity-diameter distributions in the Fe and He co-irradiated SIMP steel to fluences
of 1.65 x 10'® Fe**.cm~2 and 4.5 x 10'® He*-cm ™2, (c) dislocation loop size distribution in the He implantation with Fe
pre-irradiation into SIMP steel to fluences of 1 x 10'® Fel%*.cm~2 and 5 x 10 He*-cm™2. It shows a skewed distribution

in (a—c).

A schematic diagram presented in Figure 6 illustrates the lattice disorder observed in
the two irradiation conditions. There are cavities and dislocation loops formed in the Fe
and He co-irradiated SIMP steel at 300 °C, while only dislocation loops were formed in the
He implantation with Fe pre-irradiation into SIMP steel. Similarly, no cavities, but only
dislocation loops were observed in the Fe irradiated SIMP, as illustrated in Figure 6.

O Dislocation loop

@ Cauvities

Figure 6. A schematic diagram showing microstructural defects in the Fe and He co-irradiated SIMP
steel (a) or He implantation with Fe pre-irradiation into SIMP steel at 300 °C (b).
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4. Conclusions

In this study, a comparison between Fe and He co-implantation and He implantation
with Fe pre-irradiation of SIMP steel has been investigated by nano-indenter and XTEM.
Irradiation hardening was found more pronounced in the simultaneously co-irradiated
samples compared to the subsequently irradiated sample. Almost identical hardness
profiles were obtained for the Fe irradiated sample and for the He implanted sample with
Fe pre-irradiation. Lattice defects, including dislocation loops and cavities were observed
by TEM. By analyzing the observed lattice defects, synergistic effect of simultaneous Fe
and He co-irradiation have been observed at 300 °C irradiation, where cavities with a mean
size of 7.75 nm are randomly distributed. Moreover, the growth of dislocation loops with a
mean size of 12.82 nm was found in the damaged layer, compared to no cavities but small
dislocation loops in the subsequent irradiation. Based on the present study, we conclude
that subsequent irradiation does not provide an adequate replacement for dual-beam or
triple-beam irradiation.

Author Contributions: Original writing & editing, funding acquisition: Y.W.; Irradiation experiment:
T.Z.; Investigation: Q.L. and J.Y.; Data curation: W.G.; Formal analysis: Y.R. and Z.].; Review and
Supervision: B.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by National Nature Science Foundation of China (Grant Nos.
U1832133, 12075194) and Sichuan Science Technology Program (Grant No. 20202YD055) and National
Key Research and Development Program of China (Grant No. 2017YFE0301306).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work is supported by National Nature Science Foundation of China (Grant
Nos. U1832133, 12075194) and Sichuan Science Technology Program (Grant No. 2020ZYD055) and
National Key Research and Development Program of China (Grant No. 2017YFE0301306).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhan, W.L,; Xu, H.S. Advanced Fission Energy Program-ADS Transmutation System. China Acad. . Electron. Publ. House 2012, 27,
375-381.

2. Liu,J.; Yan, W.; Sha, W.; Wang, W.; Shan, Y.; Yang, K. Effects of temperature and strain rate on the tensile behaviors of SIMP steel
in static lead bismuth eutectic. J. Nucl. Mater. 2016, 473, 189-196. [CrossRef]

3. Zhang, L.; Yan, W.; Shi, Q.; Li, Y,; Shan, Y.; Yang, K. Silicon enhances high temperature oxidation resistance of SIMP steel at
700 °C. Corros. Sci. 2020, 167, 108519. [CrossRef]

4. Li, Y.-F; Shen, T--L.; Gao, X.; Gao, N.; Yao, C.-F; Sun, J.-R.; Wei, K.-F;; Li, B.-S.; Zhang, P.; Cao, X.-Z.; et al. Helium-Implantation-
Induced Damage in NHS Steel Investigated by Slow-Positron Annihilation Spectroscopy. Chin. Phys. Lett. 2014, 31, 036101.
[CrossRef]

5. Li, Y.-F; Shen, T.-L.; Gao, X.; Yao, C.-F.; Wei, K.-E; Sun, J.-R; Li, B.-S.; Zhu, Y.-B.; Pang, L.-L.; Cui, M.-H.; et al. Cavity Swelling in
Three Ferritic-Martensitic Steels Irradiated by 196 MeV Kr Ions. Chin. Phys. Lett. 2013, 30, 126101. [CrossRef]

6. Wang, J.; Gao, X,; Wang, Z.-G.; Wei, K.-F,; Yao, C.-F; Cui, M.-H.; Sun, J.-R.; Li, B.-S.; Pang, L.-L.; Zhu, Y.-B.; et al. TEM
Characterization of Helium Bubbles in T91 and MNHS Steels Implanted with 200 keV He Ions at Different Temperatures. Chin.
Phys. Lett. 2015, 32, 076101. [CrossRef]

7. Zhu, H; Wang, Z.; Gao, X.; Cui, M.; Li, B.; Sun, J.; Yao, C.; Wei, K.; Shen, T.; Pang, L.; et al. Positron annihilation Doppler
broadening spectroscopy study on Fe-ion irradiated NHS steel. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater.
Atoms 2015, 344, 5-10. [CrossRef]

8. Krsjak, V.; Degmova, J.; Sojak, S.; Slugen, V. Effects of displacement damage and helium production rates on the nucleation and
growth of helium bubbles—Positron annihilation spectroscopy aspects. J. Nucl. Mater. 2018, 499, 38-46. [CrossRef]

9. Degmova, J.; Krsjak, V.; Shen, T.L.; Veternikova, ].S.; Gatciova, A.; Sojak, S.; Hruska, P. Near-surface investigation of positron
diffusion length in helium-implanted Fe9Cr and its ODS variant. Appl. Surf. Sci. 2021, 538, 148004. [CrossRef]

10. Krgjak, V.; Kuriplach, J.; Shen, T.; Sabelova, V.; Sato, K; Dai, Y. Helium behavior in ferritic/martensitic steels irradiated in

spallation target. ]. Nucl. Mater. 2015, 456, 382-388. [CrossRef]

61



Materials 2021, 14, 1393

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31
32.

33.

34.

35.

36.

37.

38.

39.

Wei, Y.; Liu, P; Zhu, Y.; Wang, Z.; Wan, F.; Zhan, Q. Evaluation of irradiation hardening and microstructure evolution under the
synergistic interaction of He and subsequent Fe ions irradiation in CLAM steel. J. Alloys Compd. 2016, 676, 481-488. [CrossRef]
Yang, Y.; Zhang, C.; Meng, Y.; Liu, J.; Gou, J.; Xian, Y.; Song, Y. Nanoindentation on V-4Ti alloy irradiated by H and He ions. J.
Nucl. Mater. 2015, 459, 1-4. [CrossRef]

Jin, P; Shen, T.L.; Cui, M.H.; Zhu, Y.B.; Li, B.S.; Zhang, TM.; Li, J.Y,; Jin, S.X.; Lu, E.Y.; Cao, X.Z,; et al. Study on vacancy-type
defects in SIMP steel induced by separate and sequential H and He ion implantation. J. Nucl. Mater. 2019, 520, 131-139. [CrossRef]
Kohyama, A.; Katoh, Y.; Ando, M.; Jimbo, K. A new Multiple Beams-Material Interaction Research Facility for radiation damage
studies in fusion materials. Fusion Eng. Des. 2000, 51-52, 789-795. [CrossRef]

Interactions of Ions with Matter. Available online: http://www.srim.org (accessed on 12 March 2021).

Nano Measurer. Available online: https:/ /www.editsprings.com/Home/ArticleDetail?sort=352394 (accessed on 12 March 2021).
Xiao, X.; Yu, L. Nano-indentation of ion-irradiated nuclear structural materials: A review. Nucl. Mater. Energy 2020, 22, 100721.
[CrossRef]

Xiao, X.Z.; Chen, L.R; Yu, L.; Duan, H.L. Modelling nano-indentation of ion-irradiated FCC single crystals by strain-gradient
crystal plasticity theory. Int. ]. Plast. 2019, 116, 216-231. [CrossRef]

Nix, W.D.; Gao, H. Indentation size effects in crystalline materials: A law for strain gradient plasticity. J. Mech. Phys. Solids 1998,
46,411-425. [CrossRef]

Kasada, R.; Takayama, Y.; Yabuuchi, K.; Kimura, A. A new approach to evaluate irradiation hardening of ion-irradiated ferritic
alloys by nano-indentation techniques. Fusion Eng. Des. 2011, 86, 2658-2661. [CrossRef]

Lee, E.; Hunn, J.; Rao, G.; Klueh, R.; Mansur, L. Triple ion beam studies of radiation damage in 9Cr-2WV'Ta ferritic/martensitic
steel for a high power spallation neutron source. J. Nucl. Mater. 1999, 271-272, 385-390. [CrossRef]

Martin, J.W. Micromechanisms in Partcle-Hardened Alloys; Cambridge University: Cambridge, UK, 1980.

Jenkins, M.L.; Kirk, M. A. Characterization of Radiation Damage by Transmission Electron Microscopy; Informa UK Limited: London,
UK, 2001.

Li, B.; Wang, Z.; Wei, K,; Shen, T.; Yao, C.; Zhang, H.; Sheng, Y.; Lu, X,; Xiong, A.; Han, W. Evaluation of helium effect on
irradiation hardening in F82H, ODS, SIMP and T91 steels by nano-indentation method. Fusion Eng. Des. 2019, 142, 6-12.
[CrossRef]

Yao, B.; Edwards, D.; Kurtz, R. TEM characterization of dislocation loops in irradiated bce Fe-based steels. |. Nucl. Mater. 2013,
434, 402-410. [CrossRef]

Yao, Z.; Hernandez-Mayoral, M.; Jenkins, M.; Kirk, M. Heavy-ion irradiations of Fe and Fe-Cr model alloys Part 1: Damage
evolution in thin-foils at lower doses. Philos. Mag. 2008, 88, 2851-2880. [CrossRef]

Tanaka, T.; Oka, K.; Ohnuki, S.; Yamashita, S.; Suda, T.; Watanabe, S.; Wakai, E.; Tanaka, T.; Oka, K.; Ohnuki, S.; et al. Synergistic
effect of helium and hydrogen for defect evolution under multi-ion irradiation of Fe—Cr ferritic alloys. J. Nucl. Mater. 2004,
329-333, 294-298. [CrossRef]

Wakai, E.; Sawai, T.; Furuya, K.; Naito, A.; Aruga, T.; Kikuchi, K.; Yamashita, S.; Ohnuki, S.; Yamamoto, S.; Naramoto, H.; et al.
Effect of triple ion beams in ferritic/martensitic steel on swelling behavior. J. Nucl. Mater. 2002, 307-311, 278-282. [CrossRef]
Hu, W,; Guo, L;; Chen, J.; Luo, F; Li, T.; Ren, Y.; Suo, J.; Yang, F. Synergistic effect of helium and hydrogen for bubble swelling in
reduced-activation ferritic/martensitic steel under sequential helium and hydrogen irradiation at different temperatures. Fusion
Eng. Des. 2014, 89, 324-328. [CrossRef]

Marian, J.; Hoang, T.; Fluss, M.; Hsiung, L.L. A review of helium-hydrogen synergistic effects in radiation damage observed in
fusion energy steels and an interaction model to guide future understanding. J. Nucl. Mater. 2015, 462, 409-421. [CrossRef]
Was, G.S. Fundamentals of Radiation Materials Science; Springer International Publishing: New York, NY, USA, 2017.

Zhang, Y.; Weber, W.J. Ion irradiation and modification: The role of coupled electronic and nuclear energy dissipation and
subsequent nonequilibrium processes in materials. Appl. Phys. Rev. 2020, 7, 041307. [CrossRef]

Lescoat, M.-L.; Ribis, J.; Chen, Y.; Marquis, E.; Bordas, E.; Trocellier, P.; Serruys, Y.; Gentils, A.; Kaitasov, O.; de Carlan, Y.; et al.
Radiation-induced Ostwald ripening in oxide dispersion strengthened ferritic steels irradiated at high ion dose. Acta Mater. 2014,
78,328-340. [CrossRef]

Hofgen, A; Heera, V.; Miicklich, A.; Eichhorn, F.; Skorupa, W. Ion-beam-induced crystal grain nucleation in amorphous silicon
carbide. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2000, 161-163, 917-921. [CrossRef]

Heera, V.; Stoemenos, J.; Kogler, R.; Skurupa, W. Amorphization and recrystallization of 6H-SiC by ion-beam irradiation. J. Appl.
Phys. 1995, 77, 2999-3009. [CrossRef]

Heera, V.; Stoemenos, J.; Kogler, R.; Skorupa, W. Complete recrystallization of amorphous silicon carbide layers by ion irradiation.
Appl. Phys. Lett. 1995, 67, 1999-2001. [CrossRef]

Nakata, J. Epitaxial crystallization during 600 °C furnace annealing of amorphous Si layer deposited by low-pressure chemical-
vapor-deposition and irradiated with 1-MeV Xe ions. J. Appl. Phys. 1997, 82, 5446-5459. [CrossRef]

Han, Y; Li, B.S.; Wang, Z.G.; Peng, ].X,; Sun, ].R.; Wei, K.E;; Yao, C.-F,; Gao, N.; Gao, X; Pang, L.-L.; et al. H-ion-induced annealing
in He-ion implanted 4H-SiC. Chin. Phys. Lett. 2017, 34, 12801-12804. [CrossRef]

Heinisch, H.; Gao, F,; Kurtz, R. Atomic-scale modeling of interactions of helium, vacancies and helium-vacancy clusters with
screw dislocations in alpha-iron. Philos. Mag. 2010, 90, 885-895. [CrossRef]

62



Materials 2021, 14, 1393

40.

41.

42,

43.

44.

45.

46.

47.

48.

Wang, X.; Li, J.; Wang, J.; Song, J.; Zhao, F.; Tang, H.; Li, B.; Xiong, A. Microstructure investigation of damage recovery in SiC by
swift heavy ion irradiation. Mater. Des. Process. Commun. 2019, 1. [CrossRef]

Thomé, L.; Velisa, G.; Miro, S.; Debelle, A.; Garrido, F.; Sattonnay, G.; Mylonas, S.; Trocellier, P.; Serruys, Y. Recovery effects
due to the interaction between nuclear and electronic energy losses in SiC irradiated with a dual-ion beam. J. Appl. Phys. 2015,
117,105901. [CrossRef]

Debelle, A.; Backman, M.; Thomé, L.; Weber, W.J.; Toulemonde, M.; Mylonas, S.; Boulle, A.; Pakarinen, O.H.; Juslin, N.;
Djurabekova, F; et al. Combined experimental and computational study of the recrystallization process induced by electronic
interactions of swift heavy ions with silicon carbide crystals. Phys. Rev. B 2012, 86, 100102. [CrossRef]

Ando, M.; Tanigawa, H.; Jitsukawa, S.; Sawai, T.; Katoh, Y. Evaluation of hardening behavior of ion irradiated reduced activation
ferritic/ martensitic steels by an ultra-micro-indentation technique. J. Nucl. Mater. 2002, 307-311, 260-265. [CrossRef]

Tunes, M.A.; Schon, C.G.; Greaves, G. Radiation-induced precipitation with concurrent bubbles formation in an austenitic
stainless steel (AISI-348). Materials 2019, 7, 100408-100412.

Timm, M.M,; Italo, M.O,; Tatsch, F;; Amaral, L.; Fichtner, PF. Au and Ag ion irradiation effects on the carbide precipitation and Ar
bubble formation in solubilized AISI 316L alloys. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2019, 458,
174-178. [CrossRef]

Fang, X.-S.; Shen, T.-L.; Cui, M.-H.; Jin, P; Li, B.-S.; Zhu, Y.-B.; Wang, Z.-G. Characterization of Microstructure and Stability of
Precipitation in SIMP Steel Irradiated with Energetic Fe Ions *. Chin. Phys. Lett. 2017, 34, 116102. [CrossRef]

Tunes, M.A.; Greaves, G.; Kremmer, T.M.; Vishnyakov, V.M.; Edmondson, P.D.; Donnelly, S.E.; Pogatscher, S.; Schon, C.G.
Thermodynamics of an austenitic stainless steel (AISI-348) under in situ TEM heavy ion irradiation. Acta Mater. 2019, 179, 360-371.
[CrossRef]

Pareige, C.; Kuksenko, V.; Pareige, P. Behaviour of P, Si, Ni impurities and Cr in self ion irradiated Fe-Cr alloy-Comparison to
neutron irradiation. J. Nucl. Mater. 2015, 456, 471-476. [CrossRef]

63






vegl materials

Article

Bubble Swelling in Ferritic/Martensitic Steels Exposed to
Radiation Environment with High Production Rate of Helium

Stanislav Sojak "2*, Jarmila Degmova 2, Pavol Noga 2, Vladimir Krsjak 2, Vladimir Slugen ! and Tielong Shen 3

Citation: Sojak, S.; Degmova, J.;
Noga, P; Krsjak, V.; Slugen, V.;

Shen, T. Bubble Swelling in
Ferritic/Martensitic Steels Exposed
toRadiation Environment with High
Production Rate of Helium. Materials
2021, 14,2997. https://doi.org/
10.3390/ma14112997

Academic Editor: Bicai Pan

Received: 22 April 2021
Accepted: 29 May 2021
Published: 1 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Nuclear and Physical Engineering, Faculty of Electrical Engineering and Information Technology,
Slovak University of Technology in Bratislava, Ilkovi¢ova 3, 81219 Bratislava, Slovakia;
jarmila.degmova@stuba.sk (J.D.); vladimirkrsjak@stuba.sk (V.K.); vladimir.slugen@stuba.sk (V.S.)
Advanced Technologies Research Institute, Faculty of Materials Science and Technology in Trnava,

Slovak University of Technology in Bratislava, Jana Bottu 25, 91724 Trnava, Slovakia; pavol.noga@stuba.sk
Institute of Modern Physics Lanzhou, Chinese Academy of Sciences, Lanzhou 730000, China;
shentielong@impcas.ac.cn

Correspondence: stanislav.sojak@stuba.sk

Abstract: Reduced-activativon ferritic/ martensitic (RAFM) steels are prospective structural materials
for fission/fusion nuclear applications because their radiation and swelling resistance outperforms
their austenitic counterparts. In radiation environments with a high production rate of helium,
such as fusion or spallation applications, these materials suffer from non-negligible swelling due to
the inhibited recombination between vacancy and interstitial-type defects. In this work, swelling
in helium-implanted Eurofer 97 steel is investigated with a focus on helium production rates in
a wide range of helium/dpa ratios. The results show virtually no swelling incubation period
preceding a steady-state swelling of about 2 x 10~#%/He-appm/dpa. A saturation of swelling above
5000 He-appm/dpa was observed and attributed to helium bubbles becoming the dominant sinks
for new vacancies and helium atoms. Despite a relatively low irradiation temperature (65 + 5 °C)
and a rather high concentration of helium, transmission electron microscope (TEM) results confirmed
a microstructure typical of ferritic/martensitic steels exposed to radiation environments with high
production rates of helium.

Keywords: RAFM steels; swelling; helium implantation; helium bubbles; helium embrittlement

1. Introduction

Volumetric void, or bubble swelling, is one of the major degradation mechanisms of
materials exposed to harsh radiation conditions. It is a key factor limiting the safe opera-
tional lifetime of nuclear power plants (NPP) and other nuclear installations. Currently,
austenitic steels are used as structural materials at NPPs but their low swelling resistance
to neutron irradiations limits their application in environments with high temperatures
and dpa rates, which is expected for future nuclear facilities. Similar behaviour can also be
observed at irradiation by charged particles [1].

Among structural materials, reduced-activation ferritic/martensitic (RAFM) steels
are known for their high resistance to void swelling. Due to their additional low thermal
expansion and high thermal conductivity, they are considered as candidate materials for
applications in nuclear fusion reactors. RAFM steel Eurofer 97 was chosen as the main
blanket structural material for the experimental fusion reactor DEMO.

Substantial research activities are currently underway to develop advanced steels
with higher radiation resistance. Physical and mechanical properties of new fabricated
model alloys are being tested in harsh radiation environments, such as in spallation
neutron targets [2]. The main goal of these research studies is to increase the radiation
damage resistance of nuclear structural materials, leading to a long operational lifetime
and reliability of fusion reactors [3].
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Even though the void swelling resistance of ferritic/ martensitic (F/M) steels is fairly
adequate, their resistance to bubble swelling after exposure to radiation with high pro-
duction rates of helium (fusion or spallation) is still questionable. A study on the bubble
swelling of 9% Cr and 12% Cr RAFM steel after irradiation to 400 dpa by Fe** at 460 °C,
was published by Wang et al. [4]. Results reported 20-300 times lower swelling for 12% Cr
steel after irradiation.

This decrease was dependent on the presence of sinks (grain/lath boundaries), oxides,
and radiation-induced voids which influence the swelling rate [5,6]. The harsh environment
of deuterium-tritium (DT) fusion [3] will likely lead to a very different swelling response
compared to that of a fission reactor. Therefore, in-depth microstructural studies are needed
to address the swelling phenomenon to improve the radiation resistance of materials to be
used in future fusion reactors.

The objective of the study is twofold: to assess the potential of implanting a single-
beam ion (helium) to simulate spallation and spallation-relevant radiation environments
and to provide a better understanding of the sole effect of the helium production rate
on volumetric bubble swelling in F/M steels. To achieve these objectives, we used a
low temperature (65 = 5 °C) helium injection and cross-sectional transmission electron
microscope (TEM) analysis. The results are discussed with respect to the helium-to-dpa
(cHe/dpa) ratio to investigate the performance of F/M steels in a wide range of harsh
radiation environments.

2. Experimental

In the present experiments, the RAFM steel “Eurofer 97" (Fe-8.9Cr-1.1W-0.47Mn-
0.2V-0.14Ta-0.11C), was investigated. A 10 x 10 x 0.5 mm sample was prepared by
electrical-discharge cutting and mechanical polishing. To eliminate any residual stresses
induced by the polishing, the surface was given an electrochemical polishing in a perchloric
acid solution. The sample was subsequently irradiated at a temperature of 65 & 5 °C with
500 keV He+ ions with a fluence of 10'® ions/cm? using the 500 kV open-air implanter at
ATRIMTE STU [7]. The number of displacements per atom (dpa), calculated according to
the NRT model [8] ranging from 1.6 to 39.4 for the near-surface region (50 nm) and peak
region (1050 nm), respectively. The helium concentration (cg,) determined in the same way
was 370 and 50 atomic parts per million (appm) at.%, respectively. The range of cy,/dpa
ratios studied in this work was from 460 to 15,000 He-appm/dpa. For a comparison,
typical helium production rates in FeCr steel are ~10 He-appm/dpa under fusion reactor
conditions and up to 100 appm/dpa in spallation neutron targets [9].

The cross-sectional TEM samples of the implanted steel were prepared using the
focused ion beam (FIB) lift-out technique using a FEI Helios Nanolab system (Nanolab
Technologies, Milpitas, CA, USA), with Ga acceleration voltage between 1 kV to 30 kV. In
the next step, a cleaning process to remove the FIB damaged layer was performed by low
energy (Ga) ion milling. Microstructural characterization was performed using FEI Tecnai
F20 TEM (FEI Company—Thermo Fisher Scientific, Hillsboro, OR, USA), operated at an
accelerating voltage of 200 kV with a field emission gun.

The dpa profile and injected helium concentration profiles, normalized to the area
under the curves, are shown in Figure 1 with a cross-sectional TEM micrograph of the
implanted steel in the background.
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Figure 1. Theoretical simulation of the dpa and cp, profiles with a cross-sectional transmission electron microscope (TEM)
micrograph of the implanted Eurofer 97 steel in the background.

3. Results

Previously published TEM studies of Eurofer 97 steel [10,11] identified martensite laths
of a microns to about 20 um, with present carbide precipitates along the grain boundaries
(M23Cp) and inside the martensite grains (MX). Our TEM observation in Figure 2 shows
a bright field cross-sectional micrograph of the He-implanted Eurofer 97 steel. As can
be seen in the figure, the radiation-induced defects start to be resolvable at a depth of
>300 nm, i.e., at ~3 dpa, or ~2000 He-appm, respectively. Two magnified insets, dark field
(a) and bright field (b), shown in Figure 2, suggest a relatively uniform microstructure
across the mapped area. This area represents very different implantation conditions for
helium concentration (cf,) and displacement damage (dpa). This implicitly points to the
role of the irradiation temperature, a dominant factor in swelling, caused by neutron
(produced either in fission or spallation reactions) irradiation in structural steels. Since the
temperature is basically constant across the implantation profile, a 200-300% increase in
cre and dpa does not lead to a very significant change in microstructure because the F/M
steels do not swell at such low displacement damage (~3 dpa) even at high temperatures
(>350 °C) [12]. Therefore, the main driving force for volumetric growth is associated with
interstitial helium. Another perspective can be obtained from using the ratio of cy, and
dpa parameters, which change only slightly in the given area. This suggests that the
(cHe/dpa) parameter is a better indicator (predictor) of volumetric bubble swelling than
either displacement damage (dpa) or helium concentration (cg).

The distribution of bubble size corresponding to the region with He concentration
3000-10,000 appm is shown in Figure 3. With average size of ~2 nm the microstructure
can be compared to similar F/M steels (F82H) irradiated in a spallation neutron target to
~20 dpa at an irradiation temperature ~300 °C and with a transmutation helium concen-
tration of ~1800 appm [13]. It is clear from the cross-sectional TEM image that the size of
bubbles grew significantly (>5 nm) towards the dpa and cy, peak.
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Figure 2. Cross-sectional bright-field TEM micrograph of the implanted steel with magnified dark-field (a) and bright-field
(b) insets representing the range of 3000-10,000 He-appm.
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Figure 3. Size distributions of helium bubbles corresponding to cf, range 3000-10,000 appm.

In total, 11 areas of at least 50 x 50 nm were analyzed at a depth ranging from 350
to 900 nm, representing the range of 460-15,000 He-appm/dpa. Since the main param-
eter affecting low-temperature bubble swelling in helium-implanted ferritic steels is the
concentration of helium cyy,, rather than the dpa, it is reasonable to evaluate the swelling
rate with respect to the cp, or ¢y, /dpa ratio, respectively. Figure 4 shows the volumetric
bubble swelling associated with the helium production rate. Since only a weak dependence
of the swelling rate on the dpa was expected, it was evaluated only as an average value,
i.e., 0.08 £ 0.03%/dpa. This was, in the first approach, surprisingly low with respect to
a commonly accepted steady state swelling rate of 0.2%/dpa for F/M steels irradiated
under fast reactor conditions [14]. On the other hand, the experimental swelling data
in Figure 4 show virtually no transient regime (incubation period) prior to the onset of
steady-state swelling, which can be clearly seen between 750 and 3000 He-appm/dpa. The
incubation period is subsequently represented by the initial two data points in the figure.
The experimental swelling data were saturated after approximately 3000 He-appm/dpa.
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This seemed to represent the irradiation conditions where newly formed bubbles were
becoming dominant sinks for radiation-induced vacancies and helium. Such a regime
would, in material engineering, correspond to massive damage, likely compromising the
structural integrity of the given component. Nevertheless, considering the general trend in
the plotted data, volumetric bubble swelling in the studied steel could be described as a
nonlinear saturation using either logarithmic or a 1-exp function. A more comprehensive
assessment of helium bubble evolution in a wide range of He concentrations, that includes
complementary positron annihilation experiments and different types of Fe-Cr alloys, is
being carried out.
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Figure 4. Volumetric bubble swelling in Eurofer 97 steel as a function of helium concentration relative
to the number of displacements per atom (cg, /dpa).

The increasing dominance of helium bubbles as sinks for radiation-induced vacancies
and helium atoms is illustrated by a decrease swelling rate along the increase of the cy,/dpa
ratio in Figure 5. The incubation period can be very well resolved in the plot (first two
data points). Therefore, to describe analytically the role of helium production rate in the
volumetric bubble swelling, we used the data plotted in Figure 5.
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Figure 5. Swelling rate relative to the cp,/dpa ratio with a model fit to the data representing the
volumetric bubble swelling in F/M steels exposed to radiation environments with high production
rates of helium.
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The following behavior, steady-state swelling and the saturation of the swelling, can be
very well approximated by a swelling rate exponential decay formula A * exp(—x/t1) + yo,
where A, t; and yj are approximately equal to 5.9 x 10~*%/He-appm~-/dpa, 2400 He-
appm/dpa and 9 x 107°%/He-appm/dpa, respectively.

4. Conclusions

The present study provided a new perspective on the behaviour of reduced-activation
ferittic/martensitic (RAFM) steels exposed to radiation environments having a high pro-
duction rate of helium. A wide range of radiation conditions in helium production rates
was investigated using a single-beam helium implantation and cross-sectional TEM analy-
sis. Despite relatively low irradiation temperature (65 + 5 °C) and a rather high helium
concentration, the TEM showed a microstructure typical for RAFM steels exposed to harsh
radiation environments. This suggested that low-temperature helium implantation can
be a valuable tool in an experimental simulation of challenging radiation conditions, such
as the environment of fusion reactors or spallation neutron sources. Our study suggested
that a suitable depth-sensitive technique can provide unique data on helium-implanted
structural materials to improve understanding of the role that the helium production rate
plays on the evolution of the microstructure.

The results show virtually no swelling incubation period preceding a steady-state
swelling of about 2x107*%/He-appm/dpa. A saturation of swelling above 5000 He-
appm/dpa was observed and attributed to helium bubbles, which become dominant
sinks for new vacancies and helium atoms. The results indicated that a high helium
concentration introduced in near-room temperature implantations had a similar effect on
the high irradiation temperature. The saturation of the volumetric swelling of helium-
containing irradiated material, therefore, can be interpreted solely neither by displacement
damage nor by the irradiation temperature, and all available information on helium
concentration must be carefully considered.

Author Contributions: Conceptualization, V.K. and S.S.; validation, S.S., ].D. and V.S.; investigation,
J.D, PN, TS. and S.S.; resources, PN. and T.S.; writing—original draft preparation, V.K.; writing—
review and editing, S.S. and V.K.; project administration, V.S.; funding acquisition, J.D. and V.K. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to acknowledge partial support from the VEGA grant No. 1/0382/20
and VEGA 1/0395/20, as well as from the European Regional Development Fund, projects No.
ITMS2014+: 313011U413 and 313011W085.

Institutional Review Board Statement: Non applicable.
Informed Consent Statement: Non applicable.

Data Availability Statement: All data used to reach the conclusions are presented in the paper. TEM
micrographs are available upon request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1. Garner, EA.; Toloczko, M.B.; Sencer, B.H. Comparison of swelling and irradiation creep behavior of fcc-austenitic and bcc-
ferritic/martensitic alloys at high neutron exposure. J. Nucl. Mater. 2000, 276, 123-142. [CrossRef]

2. Dai, Y,; Krsjak, V.; Kuksenko, V.; Schaublin, R. Microstructural changes of ferritic/ martensitic steels after irradiation in spallation
target environments. J. Nucl. Mater. 2018, 511, 508-522. [CrossRef]

3. Zinkle, ].; Boutard, ].L.; Moelzer, D.T.; Kimura, A.; Lindau, R.; Odette, G.R.; Rieth, M.; Tan, L.; Tanigawa, H. Development of next
generation tempered and ODS reduced activation ferritic/martensitic steels for fusion energy applications. Nucl. Fusion 2017, 57,

92005. [CrossRef]

4. Wang, X; Yan, Q.; Was, G.; Wang, L. Void swelling in ferritic-martensitic steels under high dose ion irradiation: Exploring possible
contributions to swelling resistance. Scr. Mater. 2016, 112, 9-14. [CrossRef]
5. Was, G. Fundamentals of Radiation Materials Science: Metals and Alloys; Springer: Berlin/Heidelberg, Germany, 2007; ISBN 978-3-

540-49472-0.

70



Materials 2021, 14, 2997

10.

11.

12.

13.

14.

Farrell, K.; Maziasz, PJ.; Lee, E.H.; Mansur, L.K. Modification of radiation damage microstructure by helium. Radiat. Eff. 1983, 78,
277-295. [CrossRef]

Noga, P.; Dobrovodsky, J.; Vana, D.; Beno, M.; Zavacka, A.; Muska, M.; Halgas, R.; Minarik, S.; Riedlmajer, R. A new ion-beam
laboratory for materials research at the Slovak University of Technology. Nucl. Instrum. Meth. B 2017, 409, 264-267. [CrossRef]
Norgett, M.].; Robinson, M.T.; Torrens, LM. A proposed method of calculating displacement dose rates. Nucl. Eng. Des. 1975, 33,
50-54. [CrossRef]

Mansur, L.K.; Rowcliffe, A.F,; Nanstad, R.K.; Zinkle, S.J.; Corwin, W.R.; Stoller, R.E. Materials needs for fusion, Generation IV
fission reactors and spallation neutron sources—Similarities and differences. J. Nucl. Mater. 2004, 329-333, 166-172. [CrossRef]
Kolluri, M.; Edmondson, P.D.; Luzginova, N.V.; Berg, F.A. A structure-property correlation study of neutron irradiation induced
damage in EU batch of ODS Eurofer97 steel. Mater. Sci. Eng. A 2014, 597, 111-116. [CrossRef]

Klimenkov, M.; Lindau, R.; Materna-Morris, E.; Moslang, A. TEM characterization of precipitates in EUROFER 97. Prog. Nucl.
Energy 2012, 57, 8-13. [CrossRef]

Klimenkov, M.; Moslang, A.; Materna-Morris, E. Helium influence on the microstructure and swelling of 9%Cr ferritic steel after
neutron irradiation to 16.3 dpa. J. Nucl. Mater. 2014, 453, 54-59. [CrossRef]

Wang, K. Microstructure and fracture behavior of F82H steel under different irradiation and tensile test conditions. J. Nucl. Mater.
2016, 468, 246-254. [CrossRef]

Klueh, R.L. Analysis of swelling behaviour of ferritic/ martensitic steels. Philos. Mag. 2018, 98, 2618-2636. [CrossRef]

71






7%

< .oéi materials m\py
Article

Positron Annihilation Study of RPV Steels Radiation Loaded
by Hydrogen Ion Implantation

Vladimir Slugen L* Tomas Brodziansky 1,Jana Simeg Veternikova 1 Stanislav Sojak 1.2 Martin Petriska !,
Robert Hinca ! and Gabriel Farkas !

Citation: Slugen, V.; Brodziansky, T.;
Simeg Veternikova, J.; Sojak, S.;
Petriska, M.; Hinca, R.; Farkas, G.
Positron Annihilation Study of RPV
Steels Radiation Loaded by
Hydrogen Ion Implantation.
Materials 2022, 15,7091. https://
doi.org/10.3390/ma15207091

Academic Editor: Francisca
G. Caballero

Received: 8 September 2022
Accepted: 3 October 2022
Published: 12 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Nuclear and Physical Engineering, Faculty of Electrical Engineering and Information Technology,
Slovak University of Technology, Ilkovicova 3, 812 19 Bratislava, Slovakia

Advanced Technologies Research Institute, Faculty of Materials Science and Technology, Slovak University of
Technology, Jana Bottu 25, 917 24 Trnava, Slovakia

Correspondence: vladimir.slugen@stuba.sk

Abstract: Specimens of 15Kh2MFAA steel used for reactor pressure vessels V-213 (VVER-440 reactor)
were studied by positron annihilation techniques in terms of their radiation resistance and structural
recovery after thermal treatment. The radiation load was simulated by experimental implantation
of 500 keV H* ions. The maximum radiation damage of 1 DPA was obtained across a region of
3 pum. Radiation-induced defects were investigated by coincidence Doppler broadening spectroscopy
and positron lifetime spectroscopy using a conventional positron source as well as a slow positron
beam. All techniques registered an accumulation of small open-volume defects (mostly mono- and
di-vacancies) due to the irradiation, with an increase of the defect volume AVp =~ 2.88 x 10~8 cm 3.
Finally, the irradiated specimens were gradually annealed at temperatures from 200 to 550 °C
and analyzed in detail. The best defect recovery was found at a temperature between 450 and
475 °C, but the final defect concentration of about ACp = 0.34 ppm was still higher than in the
as-received specimens.

Keywords: VVER reactor; long-term operation; radiation-induced defects; recovery annealing;
positron annihilation techniques

1. Introduction

Prolongation of nuclear power plants’ (NPPs) lifetime, also known as long-term oper-
ation (LTO), allows NPPs to generate reliable, low-cost, low-emission electricity for many
years longer than originally envisioned and thus maximize their value. Today’s operat-
ing nuclear reactors were originally designed for 30 to 40 years of operation, but there
is no fixed technical limit to the life of the reactors [1]. LTO of NPPs has been success-
fully demonstrated and is increasingly recognized internationally as standard practice.
LTO of an NPP may be conditioned by life-limiting processes and features of structures,
systems, and components—the emphasis is on the irreplaceable reactor pressure vessel
(RPV) and its construction steel. Degradation of its mechanical properties is the crucial
limiting factor of NPP lifespan [2]. Elements causing degradation of RPV properties are
neutron irradiation, high temperature and pressure, fatigue, corrosion, etc. Therefore, it is
recommended to evaluate periodically the structural integrity of an RPV and to predict
the future development of RPV degradation. It is well-known that neutron irradiation is
the main driver of the microstructural changes in the RPV during reactor operation. RPV
steels that are exposed to a wide spectrum of irradiation (including fast neutrons, whose
influence is dominant) during LTO will degrade over time via effects connected to radiation
damage. The traditional method of studying microstructural changes in reactor steels is
based on stay (irradiation) in material research reactors, where (depending on position)
irradiation of special model specimens is accelerated. Of course, although accelerated,
these experiments take several months or years and cannot be equal in complexity to real

Materials 2022, 15, 7091. https:/ /doi.org/10.3390/ma15207091 73

https:/ /www.mdpi.com/journal /materials



Materials 2022, 15, 7091

conditions in commercial NPPs. Additionally, it is necessary to note that these experiments
are not cheap and are difficult from a handling and radiation protection point of view. A
promising approach could be the application of light ion accelerators for experimental
simulation of neutron irradiation [3] performed on original commercial RPV steels.

In this paper, we will be focused mainly on positron annihilation techniques, which
have been frequently applied in nuclear material microstructural studies in the last 50 years.
Detailed descriptions of these techniques have been published worldwide in numerous
scientific publications [4-7]. In the last 30 years, our laboratory has focused on the appli-
cation of positron annihilation spectroscopy (PAS) techniques to nuclear reactor pressure
vessel steels. In particular, RPV steels of Russian water-moderated and water-cooled pres-
sured reactors (VVERs) were at the centrum of our studies. Although during the years
we have come to understand the limits of these techniques, the conclusions and results
interpretations we have made have resulted from combination with results from other
techniques, and we continue with our trials to upgrade the level of experimental resolution
as well as minimize the influence of possible disturbing factors as much as possible. An
application of proton implantation as an experimental simulation of neutron irradiation
seems appropriate in this study.

Nevertheless, we have touched also on point of limited reproducibility of results due
to material inhomogeneities and a wide range of different possible errors.

Degradation of Reactor Pressure Vessel Steels

At the end of 2020, worldwide, 292 reactors have been in operation for longer than
30 years. This represents more than 65% of power reactors. During the last decade,
only 63 new units were put in operation. From a long-term perspective and regarding the
projected design lifetime, in 2030 about 160 reactors will be shut down [8,9]. Refurbishments
and LTO seem to be a clever way to extend NPPs’ lifetime and minimize global warming’s
impact on the world. It is important to stress that the operation of NPPs can deliver
baseload power and can give a guarantee of quite acceptable and stable electricity costs.

Several NPPs, most notably 73 units in the United States, prolonged their operational
license for up to 60 years. A similar trend is also present in other countries, where the
crucial condition for operational lifetime prolongation is a decision from periodic safety
reviews (PSRs). Based on these PSRs, which are supervised by a national nuclear regu-
latory authority, factors such as (i) aging management, (ii) environmental management,
(iii) operating experiences, (iv) safety and security improvements, and emerging issues are
considered and analyzed in detail [10].

The essential mechanisms of RPV irradiation embrittlement were deeply studied and
analyzed via different RPV surveillance specimen programs. The RPV steel specimens
were placed in specially designed capsules and irradiated in an operating reactor at exact
analyzed conditions for several years. The base for evaluations was tensile, Charpy-V, and
fracture toughness tests. After testing, these specimens were cut and used for additional
non-destructive testing via different spectroscopic methods, and thanks to placement closer
to the reactor core, an accelerating factor of up to 10 could be achieved [11].

Generally, it was stated that the most important embrittlement mechanisms are di-
rect matrix damage, formation, and movement of Cu-rich precipitates (reported as CRP,
with connection to Ni, Mn, Si, etc.), MnNi-rich precipitates (MNP), and P segregation
on grain boundaries [12,13]. Recently published papers [14,15] also described Cu- and
Ni/Si/Mn-rich clusters in irradiated reactor steels and they are often being located near line
dislocations. Structural defects such as vacancies or dislocations probably can suppress the
formation of large Ni/Si/Mn-rich and Cu-rich clusters by reducing the diffusion process
under irradiation.

The neutron flux during the operation of commercial reactors depends on their design
as well as power. Generally, in pressurized water reactors (PWRs), the neutron flux ranges
between 10° and 10'2 n.cm~2.s~!. The real impact of neutrons on irradiation damage
in this relatively wide range of fluxes is influenced also by its spectrum, where special
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importance is placed on the fast neutrons (basically E > 1 MeV, in the case of VVERs
neutrons with E > 0.5 MeV being considered) and differences in total neutron fluences.
Of course, differences in coolant temperature (in the case of PWRs 260 to 330 °C), water
chemistry, and reactor operation dynamics (out of all thermal pressurized shocks) can
play a special role in real design material embrittlement. With an increase in radiation
exposure, an increase in the number of obstacles can be observed too, and higher stresses
are required for dislocation motion, with a resulting increase in the yield strength of the
material. We have to consider also non-hardening embrittlement, which can appear via
radiation-induced solute segregation to grain boundaries. This effect is usually assigned to
the segregation of phosphorous on the grain boundary [16]. Many studies performed in
the last 50 years have confirmed that the dominant effect on embrittlement from alloying
elements involves copper. Its content dramatically influences irradiation sensitivity, more
so than nickel, phosphorus, and vanadium, which are considered important contributors
as well [11,16]. In addition to these elements, sulfur content, due to its negative influence
on RPV steels’ resilience, should be strictly controlled.

The duration of operational RPV lifetime is limited by neutron embrittlement. The
crucial effect is resistance against potential brittle damage. Prolongation of NPP operation
from the previously scheduled 40 years to the considered 60-80 years implies an increasing
neutron exposure of about 100%. This lifetime extension could increase the maximal level
of neutron fluences up to 1 x 10%° n.cm~2 [17]. The neutron irradiation shifts the Charpy
toughness curve to increased levels of temperature. The second characteristic of the effect
of increased irradiation is a significant decrease in fracture resistance [18].

One effective way to recover (at least partially) fracture toughness properties decreased
due to irradiation of RPV steels is thermal annealing. Although we use the term annealing,
it is correct to note that temperatures lower than 500 °C are not enough for complex
annealing. The restoration of material toughness via thermal annealing was the focus of
nuclear utilities mostly in connection to the VVER-440 V-230 design due to the not-so-
strictly limited content of Cu and P in 15Kh2MFA steels, and annealing treatment was
an acceptable solution for the increase of the operational safety margin as well as the
pressurized thermal shock criteria requested by national regulatory authorities [19,20].

It is necessary to note that there exists a substantial difference between the old genera-
tion of the VVER-440 type V-230 and the second generation, called the V-213, regarding the
chemical composition of steels. Therefore, the second generation, with minimized content
of Cu and P, is marked as 15 Kh2MFAA [21]. The differences are shown in Table 1, and an
illustrative cross-section of typical VVER-440 RPV steel is depicted in Figure 1.

Table 1. Chemical composition (in wt.%) of 15 Kh2MFA and 15Kh2MFAA RPV steels.

Steel C Mn Si P S Cr Ni Mo A\ Cu
15Kh2MFA 0.13 0.30 - max max 2.50 max 0.60 0.25 max
0.18 0.60 - 0.020 0.025 3.00 0.40 0.80 0.35 0.30
15Kh2MFAA 0.11 0.30 0.17 max max 2.00 max 0.60 0.25 max
Investigated steel 0.16 0.60 0.37 0.012 0.015 2.50 0.40 0.80 0.35 0.10
Additions: As Sb Sn P+Sb+Sn Co P S Cu
0.10 0.005 0.005 0.015 0.02 0.012 0.15 0.08

Based on results from several materials, studies of RPV steel specimens focused on
macroscopical as well as microscopical changes due to annealing; the crucial conclusion
was made from the tensile notch and Charpy-V tests. In the case of wet annealing, the
knowledge was summarized in [22,23]. Changes in microstructure were observed mostly
via transmission electron microscopy with relatively low resolution (corresponding to the
time about 1980) at temperatures of ~340 °C minimum. This low temperature is an essential
obstacle preventing significant minimization of irradiation embrittlement. Based on [23],
the recovering effect is less than 50%. On the other hand, for so-called dry annealing
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with a much higher difference (=230 °C) from the operating temperature at which RPV
steels were long-term irradiated, the effectiveness level is over 90% [24,25]. The recent
electron microscopy investigation of RPV steels and Fe-Cr model alloys after irradiation
and annealing are described in more detail in [26-28].

Figure 1. Illustrative cross-section from VVER-440 RPV (Original not-irradiated peace from VVER-440
V-213 RPV—Greifswald Unit 7).

Especially important approaches for evaluation of RPV steels” long-term operational
degradation were surveillance specimen programs [29,30], which provided the possibil-
ity to observe continuously the shift of ductile-brittle transmission temperature (DBTT)
curves. Additionally, broken Charpy-V specimens were suitable for the preparation of new
specimens for non-destructive testing via different methods of studying the phenomena
but could contribute to the complex information about neutron embrittlement as well as
the effectiveness of thermal annealing of RPV base and weld materials. In the last decade
of the previous century, several spectroscopic methods (including positron annihilation
techniques, whose applications will be reported in the next chapters) were used in these
studies with the aim of describing microstructural changes, defect creation/relaxation in
annealing, the role of alloying elements or long-term thermal and radiation treatment.
From the positron annihilation sensitivity on vacancy-type defects point of view, irradiation
damage studies were dominant.

From the complexity of irradiation that impacts RPV steels during decades of opera-
tion, we select neutron irradiation. Of course, there are also beta and gamma particles of
different spectra or energies, but in comparison to the high-energy neutrons, we consider
it plausible to neglect them. Similarly, alpha particles or potential light ions play no role
due to distance from the core. Therefore, neutron irradiation is dominant in all considera-
tions. The limiting factor of most conventional studies and methods is the activation of the
specimens. Handling (cutting, surface cleaning) and possible contamination require special
devices including hot cells, which make these studies expensive, time-consuming, and
difficult from the radiation protection point of view. Experiments in material test reactors
could not always achieve the requested conditions, mostly in neutron fluxes, fluences,
temperatures, or irradiation dynamics.

Computer simulations were and still are frequently used in the last few decades but
cannot replace material studies in an adequate form. Results from these simulations are
sometimes unique, but at least some of them should be experimentally verified. There
are fewer research reactors and, due to the limited possibility for experiments on power
reactors, also less chance for verification. Therefore, experimental simulation via ion
implantation (ion irradiation) seems to be one of the proper methods to conduct this type of
study in the future. We have already started bearing in mind that verifying the equivalency
of neutron and ion irradiation is a very important task [31-33]. For experimental neutron
treatment, we have used proton (H*) implantations due to our 0.5 MeV cascade accelerator.
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There is no doubt that the degree of RPV embrittlement in a reactor pressure vessel
(RPV) is a complex function of different parameters such as temperature, neutron fluence,
flux, material chemistry, etc. [34—40].

2. Methodology

From the available positron annihilation techniques, we applied positron annihilation
lifetime spectroscopy (PALS), coincidence Doppler broadening spectroscopy (CDBS), and a
pulsed low-energy positron system (PLEPS).

Generally, the lifetimes of positrons, which are trapped in monovacancies, determined
both experimentally and theoretically lie in the interval of 150-300 ps for metals [41].
The lifetimes of positrons trapped in small vacancy clusters have been calculated and
experimentally verified many times. As the lattice relaxation around the cluster has a
relatively small influence on positron annihilation parameters, it was not included in the
calculations. The results show that the lifetime of a positron trapped by di-vacancy does
not differ much from that for monovacancy (an increase is about 10 ps for Fe). The lifetime
increases rapidly when the cluster grows into two-dimensional tri-vacancy and further
into three-dimensional tetra-vacancy [41]. For very large clusters (over 50 vacancies), the
lifetime saturates around 450-500 ps. For large voids, the trapping may be limited mainly
by positron diffusion to the defect.

Theoretical calculations have revealed that the dislocation line is only a shallow
trap for positrons [42,43] (binding energy <0.1 eV). On the other hand, the lifetimes of
trapped positrons observed in plastically deformed metals [44] are only slightly lower
than the lifetimes of positrons trapped in vacancies. Smedskjaer [45] suggested that the
pure dislocation line is a weak positron trap and explained the long lifetimes seen in
experiments by point-like defects (vacancies, jogs) associated with the dislocation. For
example, the binding energy of 0.92 eV for a vacancy to the edge-dislocation line was
calculated in [46] for Fe. Once a positron arrives at the core of the dislocation, it diffuses
very quickly (pipe diffusion) until it finds a vacancy attached to the dislocation or a jog of
the dislocation; it is then trapped and annihilates there. This explanation is supported also
by further calculations [43,47-49]. Calculated lifetimes of positrons trapped in dislocations
and corresponding binding energies are listed in Table 2.

Table 2. Calculated lifetimes T and binding energies EB of positrons trapped in the core region of
dislocation line and defects associated with dislocation [43,47,48].

Annihilation Site T EB
(ps) (eV)
Fe: defect-free structure 97-110
mono-vacancy 179 —2.39
di-vacancy 195
vacancy with hydrogen 146
Fe: edge dislocation line 117 —0.28
jog on the edge dislocation line 117 —0.11
vacancy on the edge dislocation line 140 —0.92
di-vacancy on the edge dislocation line 117 —0.07
Fe: screw dislocation 114 —0.22
vacancy in screw dislocation 174 —2.35

The specific trapping rates vp for dislocations were obtained by a combination of
positron lifetime measurement and transmission electron microscopy (TEM) or other
techniques capable of determining dislocation density (e.g., X-ray diffraction profile) [49].
The values of vp lie in the range of about 107°~10~# m?s~! for metals. Thermally activated
de-trapping of positrons trapped in a dislocation core (initial shallow trap) may occur at
elevated temperatures, which makes vp temperature-dependent [50].
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Table 2 shows calculated lifetimes T (ps) of positrons trapped in bulk, vacancies, and
dislocations. The different lifetimes for screw and edge dislocations in Fe single crystals
were reported in detail in [48,49]. According to this work, screw dislocations exhibit larger
specific trapping rates vp and lifetimes than edge ones. Similarly, to vacancies in the
previous section, it can be shown that the minimum dislocation density detectable by PAS
lifetime spectroscopy is pp ~10'> m~2. On the other hand, if pp ~10'® m~2, almost all
positrons are trapped at dislocations (saturated trapping), and only the contribution of the
trapped positrons is resolved in the PAS spectrum.

Positrons may be trapped in metals also by a grain boundary (GB). Nevertheless,
trapping in GBs is likely only when the mean linear dimension of grains does not exceed a
few pm. This means the grain size is comparable to (or smaller than) the positron diffusion
length L+, and some fraction of positrons have a chance to reach a GB by diffusion motion.
The transport of a positron to GBs limits substantially the positron trapping rate in GBs [51].

The relative values of the energy value for the ground state of a delocalized positron in
different materials are different. This makes for possible positron trapping in a precipitate
with a lower level of positron ground state energy. An excellent review paper about positron
applications in radiation-induced defect studies has been published [52]. During the last few
decades, many additional destructive and non-destructive methods have been applied with
the aim of making progress in the characterization of complex information about defects’
formation and their annealing and/or reannealing [53]. It is necessary to mention that some
effects (neutron embrittlement and annealing of defects) are occurring at the same time, and
the final microstructure depends on the level of neutron flux/fluence and the temperature of
the treatment. Based on previous studies combining Mdssbauer spectroscopy (MS) [54,55],
positron annihilation spectroscopies (PAS) [56-70], and transmission electron microscopy
(TEM) [62,64,68], we recognized that the PALS, as well as CDBS measurements, can yield
substantial information about types and concentration of vacancies and their behavior
after annealing [63-75]. Positrons trapped in open volume defects, i.e., radiation-induced
vacancies, dislocations, microvoids, etc., annihilate with a lower probability than in the
perfect area of the same material; thus, the positron lifetime grows with the size of the
defects. The production of vacancy defects is directly attributed to radiation damage [59,63].
This was confirmed also by precise TEM studies [76,77]. Nevertheless, the interpretation of
results depends on several uncertainties, and the reproducibility could be limited. Generally,
we assume that specimens are homogenous. This condition, which is not fully fulfilled
in the case of commercial RPV steels, is important for the application of the standard
trapping model (STM) [78] in the evaluation of PALS measurements. In inhomogeneous
specimens, positrons can be partially attracted by other trapping centers and the various
implantation sites, which affects the positron data [79,80]. Therefore, the diffusion-trapping
model (DTM) [81] was developed and successfully applied [82,83]. The DTM was several
times improved, and its application for the pulsed positron beam technique is described in
detail in [84]. The pulsed low-energy positron system (PLEPS) [85-87], which enables the
measurement of irradiated specimens if their activities are lower than 1 MBq, was applied
also for radiation degradation of RPV steels, although the pick/background ratio became
significantly worse. This technique enables the depth profiling study of specimens (in the
case of steels up to 550 nm) and can reduce the ®°Co radiation contribution to the lifetime
spectra to a minimum.

3. Investigated Specimens, Experimental Treatment, and Experimental Techniques

In this work, Russian RPV steel specimens from 15Kh2MFAA (from Greifswald Unit 7,
producers: Atomstroyexport JSC, Moscow, Russia & Skoda Works, Plzen, Czech Repub-
lic) commercially used in VVER-440 V-213 type reactors including the Mochovce 34 NPP,
Slovenské elektrarne in Slovakia (today under physical start-up) are studied from the
perspective of radiation damage and structural recovery after the annealing [88]. The inves-
tigated material was cut into 10 pieces, creating five pairs of specimens with dimensions of
10 mm x 10 mm x 0.2 mm. The specimens were polished in a mirror-like way to create
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perfect surface conditions before the surface radiation load. The chemical composition of
the investigated specimens of 15Kh2MFAA steel was shown above in Table 1.

The radiation damage was experimentally simulated by proton irradiation (H*) in a
500 kV implanter of the Research Centre for Ion Beams and Plasma Technologies SlovakION
within the Slovak University of Technology in University Science Park CAMBO Trnava
(Slovakia) [89]. Each specimen was implanted (irradiated) with protons with an energy of
500 keV and a hydrogen fluence of 1 x 10'® cm~2. The total radiation damage achieved
a value of up to 1 DPA. The layers were implanted at up to 3 um according to the SRIM
calculation for Fe-2.5Cr-0.6Mo implantation by H ions, and the highest level of radiation
damage was at a depth of ~2.3 um (Figure 2).
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Figure 2. SRIM calculations of DPA for 500 keV H* ions incident on Fe-2.5Cr-0.6Mo. The detailed
K-P calculation was used with a total number of ions in the calculation of 5 x 10%.

The investigated specimens were observed by positron annihilation techniques due
to their strong sensitivity to small vacancy defects formed during the process of irradia-
tion/implantation. The radiation load affected mostly surface and subsurface layers, and
therefore slow positrons were firstly applied for verification of a defect accumulation and
observation of a defect depth profile up of to 520 nm. For that, a pulsed low-energy positron
system (PLEPS) with the high-intensity positron source NEPOMUC at the FRM-II reactor
in Technical University of Munich, Garching, Germany [90,91] was used.

Later, positron annihilation lifetime spectroscopy (PALS) and coincidence Doppler
broadening spectroscopy (CDBS) [92] with a conventional positron source of 2>Na (Insti-
tute of Nuclear and Physical Engineering, Slovak University of Technology, Bratislava,
Slovakia) were applied at the Institute of Nuclear and Physical Engineering, Bratislava. The
measurements were performed with expectations that only ~20% of positrons can provide
a measurable signal from the implanted region up to 3 um [93], while these techniques
investigate materials up to 150 pm.

A PALS spectrum with a total count of ~210° was measured by three Hamamatsu H3378
photomultipliers tubes coupled with BaF2 scintillators (Hamamatsu Photonics, Hamamatsu
City, Shizuoka Pref., Japan) and powered by Ortec 556 HV sources (ORTEC/AMETEK, Oak
Ridge, Tennessee, USA) in an air-conditioned box (Figure 3a) at room temperature. The
START signal for the lifetime measurement is ~1.2 MeV gamma photons emitted by the
positron source ?Na. The STOP signal, the annihilation energy of 511 keV, terminates the
timing of the positron lifetime measurement, which is directly recorded and stored by DRS4
digitizer chip (RADEC, Koblenz, Switzerland). The own software QtPALS (Petriska, M.,
Institute of Nuclear and Physical Engineering, Slovak University of Technology, Bratislava,
Slovakia) was used for pulse processing and spectrum construction. The data were treated
by LT 9 software (Kansy, J., Institute of Physics and Chemistry of Metals, Katowice, Poland).
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(b)

Figure 3. Air-conditioned unit setup for PALS (a) and CDB instrument in Institute of Nuclear and

Physical Engineering, Bratislava (b).

CDB techniques [94] observed spectra with about 10° counts by two HPGe detec-
tors GC2019 (ORTEC/AMETEK, Oak Ridge, Tennessee, USA) with Gaussian resolution
function 1.9 keV at 1.33MeV (Figure 3b) cooled by the cooling system Cryo-JT. As a high
voltage source, a dual high-voltage power supply Canbera3125 (Canberra Industries,
Inc./Mirion Technologies, Inc., Meriden, CT, USA) is used. The standard multi-channel
analyzer and spectra amplifier was replaced by digital components—DAQ Adlink-PCI
(ADLINK Technology, Inc., Taoyuan City, Taiwan). The momentum window for a cal-
culation of the S parameter is |pL| < 2.5 x 10~3mqc, and for the W parameter, it is
15 x 1073 mpc < IpL| <25 x 1073 myc. Pulse amplitudes were collected and evaluated
by own software — QtPALS and QtCDB (Petriska, M., Institute of Nuclear and Physical
Engineering, Slovak University of Technology, Bratislava, Slovakia).

After the observation of the radiation damage, the specimens were gradually annealed
at 200, 300, 400, 450, 475, 500, and 525 °C for detection of the optimal annealing temperature
in the process of structural recovery. The post-irradiation annealing was performed in a
compact vacuum tube furnace MTI GSL-1800x (MTI Corporation, Richmond, CA, USA).
The specimens were annealed for 2 h in a ~6.4 x 10~? vacuum bar and after that cooled
down in the air for about 45 min. The specimens were then observed by the PALS technique,
whereas the annealing process affected the whole depth of the specimen.

4. Results
4.1. PLEPS Measurement

PLEPS measurement of one investigated specimen was used to confirm the ability of
protons to deliver significant lattice damage and observation of the defect depth profile up
to 520 nm. The specimen in the as-received state and after the implantation were compared
in terms of defect size and defect presence in the surface and subsurface layers.

Figure 4 shows that positron lifetimes in bulk (LT;) of the as-received specimen
remained approximately at the same level through all measured depths, which is in perfect
agreement with expectations because positron annihilation in bulk should remain the same
independently of the state of the material. However, LT, for proton-irradiated specimens
compared to the non-irradiated ones increased from 140 ps to 160-170 ps. A slight increase
of the positron lifetime LT; in our measurements compared to positron lifetime LT; in pure
Fe (~107 ps [95]) might be attributed to the fact that these spectra were also decomposed into
two components instead of the usual three components; thus, the DTM model was applied.

Because of the two components’” decomposition, we believe the evaluation software
attributed some annihilations to minor lattice defects such as dislocation and monova-
cancies to the annihilation in bulk, which resulted in the increase of LT;. The same ex-
planation applies also to the ~20-30 ps difference between the non-irradiated and the
irradiated states—the presence of larger defects in lattices after proton irradiation led to
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their attribution to annihilation in bulk and therefore the increase of LT; compared to the
as-received state.
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Figure 4. Positron lifetimes (LT;) and intensity of annihilation (I;) in bulk for various energies of
incident positrons (penetration depth) for both non-irradiated and proton-irradiated specimens.

The intensity of annihilation in bulk (I;) for the depth range of 150-520 nm for the
as-received state remains constant at values around 90%; only for depths of 50 and 90 nm is
I; is somewhat lower. This decrement is naturally accompanied by a proportional increase
in the intensity of annihilation in defects (), as seen in Figure 5. This can be attributed to
the fact that positrons after implantation and thermalization move randomly, and during
this process, they can also return to the entrance surface.
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Figure 5. Positron lifetimes (LT;) and intensity of annihilation (I) in defects for various energies of
incident positrons (penetration depth) for both non-irradiated and proton-irradiated specimens.

“Positrons can be trapped at the surface where the electron density is lower than in
the bulk. Additionally, they can be trapped at surface defects or positronium, i.e., a bound
state between positron and electron can be created” [96]. Another factor that might be
contributing is residue defects from specimen preparation—ones that remained even after
polishing. All of this causes the I; value to be lower and the I, value to increase at depths
closer to the surface than in the bulk (Figure 5). This effect is even more significant for
proton-irradiated specimens. As seen in Figure 4, I; decreases from ~95% for depths deep
in the bulk to 45% for depths close to the surface (also accompanied by a proportional
increase in I, in Figure 5). We believe that this significant decrease in I; /increase in I, for
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proton-irradiated specimens was caused mainly by storage of the specimens (creation of
an oxidation layer on the surface, see below) and by manipulation and transportation of
specimens during proton irradiation and PLEPS measurements (surface damage).

As seen from Figure 5, positron lifetimes in defects (LT,) for depths of 50, 100, and
150 nm is 2040 ps higher for the proton-irradiated specimens compared to the as-received
state. At depths this close to the surface, the possibility that this disproportion would
be created by proton irradiation is excluded because, as shown by SRIM simulations, the
lattice damage starts at depths of ~100-150 nm (Figure 5). This increase in LT, was probably
caused by the creation of an oxidation layer on the surface of the specimen. The assumption
of the oxidation layer creation is supported by the results from other papers focused on the
study of corrosion-related defects by slow positron beam. These papers reported similar
values of LT, in the surface oxidation layer [97,98]. However, the creation of the surface
oxidation layer was expected because the period between specimen preparation and PLEPS
measurements of proton-irradiated specimens on this occasion was prolonged because of
various problems with the FRM-II reactor to more than two years. Figure 5 also shows
that the surface oxidation layer reaches a depth of around 200 nm, where the positron
lifetime in defects (LT,) for proton-irradiated specimens exhibits the same values as for the
non-irradiated state (without the oxidation layer).

For depths starting at ~270 nm, a progressive increase in LT, for the proton-irradiated
state is clear compared to the non-irradiated state. This progressive increase in LT, is in
perfect agreement with SRIM simulations because, as seen in Figure 2, the number of va-
cancies produced starts to increase at this depth. At maximum depth, LT, reaches ~460 ps,
which indicates the presence of vacancy clusters containing more than 40 vacancies [99]. It
is important to note that the maximum depth of positrons reached by PLEPS is, as seen
in Figures 4 and 5, around 0.52 um, but according to SRIM simulations, the maximum
lattice damage is at 2.3 um; therefore, even bigger vacancy clusters are expected to form
deeper in the material. Unfortunately, we were unable to probe deeper into the specimen
because 0.52 um is the maximum depth that can be reached by positrons in PLEPS. By
using 500 keV protons, we hit the spot where this energy is too low for effective usage of
conventional PALS and simultaneously too high for PLEPS to see the overall lattice damage.
Nevertheless, PLEPS data confirmed that lattice damage was introduced to the material by
proton irradiation.

4.2. CDB Measurement

The CDB measurements using standard positron energy spectra were preliminarily
applied only for five as-received and five implanted specimens as confirmation of PLEPS
results and the test of sensitivity to the observed defects by a conventional positron source.
The CDB results characterizing the material at a depth of 150 um are shown in the S-W
diagram (Figure 6), where the W parameter describes positron annihilation with core
electrons (annihilation in bulk) and the S parameter with valence electrons located mostly
in open volume (annihilation in vacancy defects). These two parameters are extracted from
each spectrum, and each carries different information about the measured materials [4].

As seen in Figure 6, proton-irradiated specimens exhibit a significant increase in the S
parameter and a decrease in the W parameter compared to the non-irradiated specimens.
The total amount of annihilating positrons is fixed, and in general, an S parameter increase
is necessarily accompanied by a W parameter decrease. The S parameter can be affected
by both the number density and the size of vacancy-type defects [100], so in our case,
this enhancement of the S parameter indicates defect accumulation in the structure due
to the implantation. These results are in good agreement with the PLEPS results above,
and they also indicate that conventional positron sources can be useful for the detection of
implantation-accumulated defects in our structure.
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Figure 6. W parameter as a function of the S parameter for the as-received and proton-irradiated state.

It is important to note that the data’s variance for all as-received specimens is 0.35%,
and for all irradiated ones, it is 0.11%, i.e., the scattering of the measured data is very
low. This proves that the results are not very sensitive to material inhomogeneity, clusters
of carbides, disparities in specimen preparation, or inaccuracies during experimental
measurements and during proton irradiation of the specimens. Therefore, the standard
trapping model [78] can be applied for the evaluation of the PALS spectra.

The average S parameter of the as-received specimens is 0.6108 £ 0.0007, and the
average W parameter is 0.24998 =+ 0.0007. The average CDB parameters changed due to the
implantation, and they are S = 0.617 + 0.0003 and W = 0.2444 £ 0.0003. The implantation
caused the S parameter to increase about 1.01 times, which indicates an accumulation of
very small defects (mono- or di-vacancies).

4.3. PALS Measurement

All five investigated specimens were observed by the PALS technique in the as-
received state, after the implantation, and after the gradual annealing. They showed good
homogeneity in structure, and the response to the experimental loads was also similar, as
can be seen in Figure 7. Specimen no. 5 is measured only up to the annealing temperature
of 500 °C due to the specimen sustaining mechanical damage during the experiment.

PALS data were evaluated in the program LT9 by the standard trapping model [90]
and separated into two or three components including lifetimes (LT) and intensities (I).
For the first lifetime (LT;), the bulk was fixed to 100 ps (calculated values for a pure iron
range from 97 ps [95] to 110 ps [48]) for better comparison of the second components
for all measurements. The second component involves small defects and can describe
their size as proportional to a lifetime (LT,, mostly dislocations and vacancies) and their
concentration which is proportional to the intensity (Iz). The third component (LT3, I3)
was found only for implanted specimens and annealed specimens at temperatures out of
range (300-500) °C, where we expected the most visible change in structure. The LT3 was
on average 1.4 £ 0.5 nm with I3 of approx. 1% and describes annihilation in the source or
infight annihilation not fully compensated during the process of fitting.

The LT, I and positron Mean Lifetime values (MLT, describing the whole spectra
while minimizing the influence of the data treatment) are presented in Figure 7 for all
measurements. For the individual treatments of specimens, the average of LT, and I,
as well as their standard deviations were calculated considering the uniformity of the
specimens and their good structural homogeneity. These average values are described
below in more detail.
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Figure 7. PALS data for as-received, implanted, and annealed specimens: Lifetime 2 proportional to
the size of the defects; Intensity 2 proportional to defect concentration; and Mean lifetime describing
the defect presence in the specimens.

In the as-received state, the average LT, = 158 ps & 3 ps probably represents dislo-
cations together with the smaller presence of mono-vacancies. The average intensity of
as-received specimens was 59.7% = 2.5%. The Mean Lifetime for the as-received specimens
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was between 134 and 137 ps, and the average value was 135 ps £ 2 ps. It is the lowest
value for all our measurements, which indicates the lowest total defect volume (Figure 8),
as was expected.
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Figure 8. Average values of defect concentration and defect volume for the as-received, implanted,
and annealed specimens at 200, 300, 400, 450, 475, 500, 525, and 550 °C.

After the implantation, LT, increased, with the average value of 188 £ 3 ps represent-
ing a mixture of mono-vacancies and di-vacancies with intensity (I,) 42.8 & 1.6%. The third
lifetime appeared with average values of 1 544 + 820 ps and intensity of 0.4 + 0.1%. The
MLT of the implanted specimen was between 142 and 146 ps, and the average value was
143 + 2 ps. This is a much higher MLT value than for the as-received specimens. The MLT
change was 8 =+ 4 ps, which proves there was defect accumulation due to H" implanta-
tion in the specimen. The mono-vacancies partially changed into di-vacancies during the
process of irradiation. Although previously found dislocations did not disappear from
the structure, only the positrons were more attracted and trapped in the larger defects,
di-vacancies, which could be near the dislocations [45].

The second components of PALS spectra and MLT were progressively changed after
the gradual experimental annealing at 200, 300, 400, 450, 475, 500, 525, and 550 °C, as is
seen in Figure 7. The annealing temperature of 200 °C did not show significant change
from the perspective of MLT, 142 & 1 ps, but there were found mostly mono-vacancies,
probably together with dislocations again. The average value of the second component for
the specimens annealed at 200 °C is LT, = 165 £ 3 ps and I = 59.1 & 1.5%. The existence
of the third component affected the MLT value, and thus its change could probably not
be so evident. The average values for third component are LT3 = 992 + 190 ps and
I3 = 0.4 £ 0.09%.

The specimens annealed at temperatures from 300 to 500 °C showed a small decrease
in defect presence compared to the implanted data as well as the specimens annealed at
200 °C. The average MLT values for all annealed specimens are similar, being 140 4= 2 ps
(Figure 7). Only the specimens annealed at temperatures between 475 and 500 °C had MLT
values of 139 £ 1 ps, which is a practically negligible difference. However, the temperature
of 475 °C is commercially used for the recovery of reactor steels in older VVER reactors.
Our radiation-induced changes had much lower levels and were only present in the thin
layer of the specimens, and thus the change here is not so significant.

The second components for specimens annealed at temperatures between 300 and
500 °C are almost the same and showed the presence of mostly mono-vacancies together
with dislocations: LT, = 169 + 2 ps and I, = 57.3 £ 0.9% (at 300 °C), LT, = 169 + 2 ps and
I, =56.8 £ 1.4% (at 400 °C), LT, = 168 & 2 and I = 57.6 £ 1.3% (at 450 °C), LT, = 167 = 2 ps
and I, = 57.1 + 1.8% (at 475 °C), LT, = 166 + 2 ps and I, = 56.68 == 0.9% (at 500 °C).
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The MLT for specimens annealed at higher temperatures than 500 °C indicates an
increase in the defect presence at a more significant rate than during the implantation. The
second component for specimens annealed at 525 °C has average values LT, = 176 & 3 ps
(mono-vacancies) and I = 57.3 £ 0.9%. The second component for specimens annealed at
550 °Cis LT, = 177 £ 2 ps (mono-vacancies) and I = 56.3 £ 0.6%. These specimens have
also third components with average values: LT3 = 1 228 +150 ps and I3 = 1.19 £ 0.2 (at
525°C), LT3 =1 865 4 180 ps and I3 = 1.3 £ 0.2 (at 550 °C).

From the positron data, the defect concentrations and defect volume were calculated
according to equations published in [101-103] and presented in Figure 8. The average
values of defect concentration and defect volume for the individual treatments are seen
in Figure 8. The calculation was applied only for the material visible by positrons up to a
depth of approximately 150 um, which is a volume of around 0.012 cm® with ~ 10?! atoms.

The average defect concentration (Cp) decreased about ACp = — (2.85 £ 0.89) ppm
after the implantation due to the formation of larger defects (from dislocation with mono-
vacancy to mostly di-vacancy). However, the average defect volume (Vp) observed by
positrons increased by AVp = + (2.88 + 1.05) x 10~8 cm® due to the implantation.

After annealing at 200 °C, the size of defects decreased, and the defect concentration
increased back by ACp = + (3.84 & 0.83) ppm compared to the implanted specimens and by
ACp =+ (0.99 £ 0.73) ppm for to the as-received specimens. This indicates the presence of
more defects than in the two previous stages of the specimens. The average defect volume
decreased by AVp = — (2.00 £ 0.97) x 108 cm® compared to the implanted specimens
due to partial recombination of di-vacancies and a shift of the average defect size from
di-vacancy to a vacancy. The change of the defect volume compared to the as-received
specimens is AVp = + (0.88 £ 0.72) x 108 ecm?, and thus the annealing did not recover
the material.

The decline of defect volume due to annealing was the biggest at 200 °C, although
the defect volume still gradually decreases up to 500 °C, almost only within the error
bars. However, the absolute lowest values for defect concentration and defect volume
within the annealed specimens seem to occur at temperatures 450 and 475 °C. The values
ACp = — 3.19 ppm and AVp ~ — 2.57 x 10~ cm® showed the biggest decrease compared
to the implanted specimens for both temperatures (the same values). The changes in the
values for 450 and 475 °C compared to the as-received specimens are ACp ~ + 0.34 ppm
and AVp = + 0.30 x 1078 cm3, which shows that no full recovery of the structure occurred
due to the annealing.

At the higher temperatures of 500, 525, and 550 °C, the defect concentration and the
defect volume visibly increased more than ACp = 0.85 ppm and AVp = 0.75 x 1078 cm3
compared to the as-received specimens, but the defect volume is still lower than for the
implanted specimens due to smaller defects. This could be due to thermal strain and
the formation of new vacancies due to structural changes (precipitates, defect mobility,
thermo-vacancies).

5. Discussion

Degradation of design materials of nuclear installations via aging or neutron em-
brittlement is a permanent and long-term studied nuclear-relevant problem. In addition
to conventional methods (destructive tests), several non-destructive techniques includ-
ing positron annihilation were involved in these studies. The reproducibility of PAS
results after more than 30 years of application of these techniques worldwide (with the
sometimes-disputable origin of specimens or only having a few specimens or based on
laboratory-prepared binary alloys) was discussed and analyzed in this paper.

Due to difficulties related to the traditional neutron irradiation experiments (expense,
time consumption, special equipment requirements, and radioactivity), the first research
aimed to study proton irradiation of 15Kh2MFAA steel as a potential surrogate of neutron
irradiation in experiments related to LTO. Proton irradiation provides a faster, cheaper, less
dangerous, and repeatable way to investigate basic radiation damage processes taking place
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in RPVs. 15Kh2MFAA is the reactor pressure vessel steel that was used as the structural
material for the Russian VVER-440/213 reactors. Specimens of 15Kh2MFAA steel obtained
from the surveillance program of the Mochovce 34 NPP were irradiated by light ions
(500 keV protons) to emulate radiation damage from neutrons. After irradiation, specimens
were annealed at various temperatures to determine the level of lattice recovery at each tem-
perature. Three different non-destructive positron annihilation-based techniques (positron
annihilation lifetime spectroscopy—PALS, coincidence Doppler broadening spectroscopy —
CDBS, and pulsed low-energy positron system—PLEPS) were used to investigate and char-
acterize the microstructural properties of the 15Kh2MFAA steel. The characterization was
based on the determination and comparison of the size and concentration of vacancy-type
defects in the material.

In this study, 500 keV proton implantation delivered only slight lattice damage to
the structure, and therefore the annealing experiment did not provide satisfactory results.
However, we were able to detect slight differences in positron data for the as-received state,
irradiated state, and annealed state at all investigated temperatures.

PLEPS and CDB results provided evidence for changes in microstructure due to the
implantation. The PALS data indicate that the implantation process can be also observed by
conventional methods, although the data changes are often very indistinct and should be
confirmed or completed by another technique, such as PLEPS and CDB in this study. The
increase of MLT due to the implantation was &8 ps, which represents a small difference,
but enough for an indication of a change in structure and defect presence.

The annealing experiment observed by the PALS technique found smaller changes,
but they progressed with the increase of the annealing temperature. While the temperature
of 200 °C showed the biggest decrease in the defect volume after the implantation, the
absolute lowest values of defect volume and concentration were found at the temperatures
of 450 and 475 °C. In terms of the Mean Lifetime, annealing between 475 and 500 °C seems
to be the best for structural recovery.

It is known from accumulated research that carbon atoms within the matrix play a key
role in terms of vacancy cluster formation in Fe-C alloys and steels. Carbon and vacancies
strongly interact and form stable carbon-vacancy (CV) complexes such as CV, CoV, C4V3,
and bigger ones. These CV complexes act as traps for radiation-induced vacancies, leading
to the enhanced formation of vacancy clusters [104-107]. Therefore, the small recovery ob-
served in the temperature interval of 200-300 °C could be explained by the decomposition
of the small carbon-vacancy pairs or complexes. These findings correspond well with the
available literature, where various authors note that the dissolution of vacancy complexes
occurs at this temperature range in steels and Fe-C alloys [108-111]. However, this phe-
nomenon of annealing CV complexes probably does not play a key role in terms of lattice
recovery of VVER RPVs after irradiation because of the normal operating temperature
(270-300 °C), and therefore it is expected that those types of defects will recombine shortly
after their origin.

Furthermore, the PALS data for the annealing at 500, 525, and 550 °C proved that
higher temperatures affect the structure via thermal structural changes. The increase in
positron lifetime above 475 °C corresponds to the nucleation and growth of metal car-
bide/nitride precipitates, with a majority of the precipitates being MC, M7C3, and M»3C¢
carbides [96,112-114]. The carbide precipitation begins at 450 °C with vanadium-rich car-
bides (MC). Simultaneously, or at somewhat higher temperatures iron-chromium carbides
(M3C) precipitate. These are replaced by M;Cs carbides at higher temperatures [113]. With
the increase in the number density and the size of precipitates, the associated precipitate—
matrix interface area increases, and hence, the interfacial open volume defects increase. The
increase in the lifetime could be also due to vacancy defects inside the precipitates [112].
The PALS results for higher temperatures confirmed that the ideal annealing temperature
for 15Kh2MFAA is up to 475 °C. Similar behavior of positron lifetime in this region for RPV
or model steels has been reported by various authors [112,115-117].

87



Materials 2022, 15, 7091

We assume that open volume defects as vacancies and interstitial points are mobile
and recombine together at the normal operating temperatures of most RPVs. However, it
is also expected that they can interact with solute atoms. The key interstitial impurity in
Russian RPV steel is carbon [118,119]. The partial or complete trapping of self-interstitial
points by C solutes will cause heterogeneous cluster nucleation and fine cluster distribution.
Furthermore, in steels containing residual levels of elements such as copper, which are in
super-saturated solution, radiation-enhanced diffusion will occur at these temperatures,
which leads to the formation of small clusters, which can again harden the matrix. Generally,
thermal treatment together with neutron irradiation led to a microstructure consisting
of small clusters (<5 nm in diameter) which create obstacles to the free movement of
dislocations, thereby producing an increase in the yield stress, hardness, and ductile-brittle
transition temperature of the material.

It was shown that PLEPS can see the formation of solute clusters during irradiation
of RPV steels, resulting in the depletion of Cu and P in the matrix in the first period
of irradiation [86,95,118]. Some alloying elements (for example, Ni) can slightly retard
this depletion. After this first period, both techniques registered no significant changes
connected to increased neutron treatment. On the contrary, the positron lifetimes decreased,
probably due to long-term thermal treatment at the level of 280 °C. Using PALS, the most
effective region (450475 °C) of thermal treatment was clearly shown.

Positron annihilation techniques can be applied for the development of new types of
steel for advanced nuclear facilities such as fusion reactors or spallation neutron sources [120].
They are particularly useful for the evaluation of the effectiveness of post-irradiation thermal
treatments [78]. The future is open to new investigative methods, and an application of a
scanning positron microscope for testing RPV steel would surely be a good method [121].

6. Conclusions

The present paper reports a multi-specimen positron annihilation study of reactor
pressure vessel steel 15Kh2MFAA in the as-received state, after proton implantation, as
well as after isochronal annealing at temperatures (200-550) °C. Based on the results, the
overall reproducibility of the obtained data was determined to be better than 2 ps in terms
of the positron Mean Lifetime. The proton implantation, performed as an experimental
simulation of neutron exposure, led to apparent differences in positron lifetime and Doppler
broadening (of the annihilation gamma line) spectra. The presence of radiation-induced
defects was observed via techniques utilizing slow positron beams as well as via techniques
based on radioisotope positron sources.

According to our experimental results, it is possible to conclude that all used positron
annihilation techniques registered the accumulation of small open-volume defects (mostly
mono- and di-vacancies) due to the simulated irradiation (proton implantation), with the
increase of the defect volume being AVp = 2.88 x 1078 cm 3.

The annealing experiments were performed on radiation-loaded specimens in the
temperature range from 200 to 550 °C and analyzed. The best defect recovery was found at
temperatures between 450 and 475 °C, but the defect concentration was still higher there,
about ACp = 0.34 ppm higher than in the as-received specimens.
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Abstract: Silicon carbide (SiC) is an important material used in semiconductor industries and nuclear
power plants. SiC wafer implanted with H ions can be cleaved inside the damaged layer after
annealing, in order to facilitate the transfer of a thin SiC slice to a handling wafer. This process is
known as “ion-cut” or “Smart-Cut”. It is worth investigating the exfoliation efficiency and residual
lattice defects in H-implanted SiC before and after annealing. In the present paper, lattice damage in
the 6H-SiC implanted by Hy* to a fluence of 5 x 10'® Hy*/cm? at 450 and 900 °C was investigated
by a combination of Raman spectroscopy and transmission electron microscopy. Different levels
of damage caused by dynamic annealing were observed by Raman spectroscopy and transmission
electron microscopy in the as-implanted sample. Atomic force microscopy and scanning white-light
interferometry were used to observe the sample surface morphology. Surface blisters and exfoliations
were observed in the sample implanted at 450 °C and then annealed at 1100 °C for 15 min, whereas
surface blisters and exfoliation occurred in the sample implanted at 900 °C without further thermal
treatment. This finding can be attributed to the increase in the internal pressure of platelets during
high temperature implantation. The exfoliation efficiency, location, and roughness after exfoliation
were investigated and possible reasons were discussed. This work provides a basis for further
understanding and improving the high-efficiency “ion-cut” technology.

Keywords: 6H-SiC; H," implantation; exfoliation; microstructure

1. Introduction

Silicon carbide (SiC) is regarded as one of the most important wide-band gap semiconductors due
to its excellent physical, electronic, and optical performances, i.e., a high melting temperature, a high
strength, a high thermal conductivity, a large breakdown voltage, and a high electron mobility [1,2].
Much effort has been made to develop the potential applications of SiC devices, such as Schottky barrier
diodes in next-generation, large-scale integrated circuits. Although SiC has more than 200 polytypes,
the hexagonal 4H- and 6H-SiC are particularly promising due to their advanced physical properties.

To reduce the high cost of SiC wafers and improve SiC-devices, SiC-on-insulator (SiCOI)
structures have been proposed because of their excellent performance, such as the low-power
dissipation to save energy and the high radiation resistance to use in space [3]. Similar to many other
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semiconductors, SiCOI structures can be fabricated by “smart-cut” technology, which was first reported
by Bruel [4] in 1995, to achieve silicon layer transfer for the fabrication of silicon-on-insulator (SOI)
materials. The “Smart-Cut” technology contains three main processes, initially hydrogen or helium ion
implantation with a fluence of the order of 10!® to 1017 cm~2 at room temperature, then wafer bonding
to another rigid substrate (handling wafer) before thermal annealing, and finally fracture to achieve
thin layer transfer at elevated temperatures [5-7]. The initiation and propagation of micro-cracks in
H-implanted SiC play a critical role in exfoliation of the wafer surface. The formation of micro-cracks
depends on the growth of platelets. These platelets are composed of vacancy-hydrogen compounds.
The formation of vacancy-hydrogen compounds is due to the interaction between implantation-induced
vacancies and implanted hydrogen. Therefore, it is critical to investigate the formation and growth of
platelets in SiC implanted with H ions under different experimental conditions, such as the implantation
fluence, temperature, and annealing treatment. It is well known that the growth of micro-cracks
inside the SiC wafer can induce surface blisters when the SiC wafer is not bonded to a substrate,
and the same activation energy between blister formation and layer splitting is argued by Tong et al. [8];
therefore, it is a convenient way to evaluate the smart-cut threshold condition via observation of
surface blisters and exfoliation. Our recent study involved 6H-SiC implanted by 134 keV H,* at
room temperature [9]. The maximum exfoliation efficiency was achieved for the sample implanted
with a fluence of 1.5 x 10'¢ H,*/cm? followed by 1100 °C annealing for 15 min. A further increase
in implantation fluence was found to retard the exfoliation efficiency due to the negative effects of
implantation-induced lattice damage on the growth of vacancy-hydrogen clusters, consistent with the
report of Gregory et al. [10] that the threshold fluence for exfoliation in H-implanted 4H-SiC decreases
with increasing implantation temperature (room temperature to 600 °C). Up to now, most of the
published reports aimed at H-implanted SiC were concerned with implantation at a low temperature
and then annealing at a high temperature [11-17]. The exfoliation effect in H-implanted SiC without
the annealing treatment was, to our knowledge, not investigated. Many open questions are concerned
with the nature of the H implantation-induced defects and their influence on micro-crack growth.
In this paper, we studied the exfoliation efficiency of 6H-SiC implanted at 450 °C and subsequently
annealed at 1100 °C for 15 min, compared with 6H-SiC implanted at 900 °C without annealing.

2. Experimental Process

For the experiments to study the exfoliation efficiency of SiC as a function of implantation
temperature, bulk SiC samples, 6H polytype <0001>g; orientation, purchased as research grade
material from HF-Kejing Company, Heifei, China, were implanted with 194 keV Hy" to a fluence
of 5 x 10'® Hy*/cm? at 450 and 900 °C. Hydrogen implantation experiments were performed on a
320 kV high-voltage platform equipped with ECR (Electron Cyclotron Resonance) ion sources in the
Institute of Modern Physics, Chinese Academy of Sciences (CAS). The beam was rastered using an
electrostatic scanner with fixed frequencies of 993 and 990 Hz in horizontal and vertical directions,
respectively, to provide uniform ion fluence across the sample. The ion fluence was in-situ measured
using a Faraday cup assembly in front of the sample. The beam flux was kept at 2.3 x 10" ions/cm? s.
The implantation temperature was measured by a thermocouple, and the deviation of the implantation
temperature was less than 1 °C. The wafers were tilted 7-8° from the direction of normal incidence
during the implantation. According to the Stopping and Range of Ions in Matter (SRIM-2013) [18],
the expected H peak concentration was approximately 11 at.% at 576 nm below the sample surface,
as shown in Figure 1. To observe exfoliation on the surface of H-implanted 6H-SiC at 450 °C, thermal
annealing at 1100 °C for 15 min in air atmosphere was performed.
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Figure 1. Depth distributions of the displacements per atom (dpa) and the projected range of 194 keV
H,*-implanted 6H-SiC to a fluence of 5 x 106 Hy*/cm? simulated using the SRIM-2013 code (density
of 3.21 g/cm?® and displacement energies of C = 20 eV and Si = 35 eV).

Lattice damage before and after annealing was investigated by Raman spectroscopy and
transmission electron microscopy (TEM) using a Tecnai G20 operated at 200 kV. Confocal Raman spectra
were recorded at room temperature in a z(xx)z backscattering geometry using an HR-800 spectrometer
from France. The 532 nm line of an argon ion laser was focused on a 1 X 1 pum? spot and collected
through a 50x objective lens. A 100 um confocal pinhole diameter was used, and 600 lines/mm grating
were performed. The acquisition time for each spectrum was 30 s for one accumulation. The spectra
were measured ranging from 150 to 1800 cm~!. A double tilt goniometer stage was used, in order to tilt
the TEM sample to satisfy different diffraction vectors. The lattice defects were detected by weak-beam
dark-field (WBDF) with (g, 3g), g = 0002 and g = 2110 near z = 0110, where g is the diffraction vector
and z is the zone axis. To study the depth distribution of implantation-induced defects, cross-sectional
samples were prepared. The fabrication process of the cross-sectional transmission electron microscopy
(XTEM) samples was described as follows. Initially, XTEM samples were prepared by mechanical
thinning up to approximately 30 um in thickness, followed by ion milling with Ar ions in two steps.
In the first step, the ion milling energy was 5 kV with a glancing angle of +5° until optically controlled
perforation occurred in the middle of the XTEM sample. In the second step, ion milling energy
decreased to 2 kV with a glancing angle of + 3° for 1 h to minimize radiation damage induced by the
Arions [14,15]. The surface morphology was measured by scanning white-light interferometry (SWLI),
and surface roughness after exfoliation was measured by atomic force microscopy (AFM).

3. Results

Figure 2 presents the Raman spectra of the 194 keV H,*-implanted 6H-SiC to a fluence of
5 x 10 Hy/em? at 450 and 900 °C. In the as-grown 6H-SiC, some Raman scattering peaks were clearly
visible. Nakashima and Harima [19] investigated the Raman scattering of SiC crystals, and they found
that the Raman-active models of the wurtzite structure were the A7, E{, and E; modes. In addition,
the A; and E; phonon modes can be split into transverse acoustic (TA) and optical (TO), as well as
longitudinal acoustic (LA) and optical (LO) modes. The first-order Raman bands assigned to E;(TO)
at 767 and 789 cm™! and A;(LO) at 967 cm™! were observed [20]. Besides the first-order Raman
bands, second-order Raman bands attributed to E,(TA) at 146 and 150 cm™!, E»(TA) at 266 cm™?,
and A;(LA) at 504 and 513 cm™! [20]. The Raman active located in the 1500-1750 cm ™! region can be
attributed to optical branching [20]. The strong intensity of the second-order Raman bands indicates
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the good quality of the wafer. After Hy* ion implantation, the intensities of the first-order Raman
bands and the second-order Raman bands decreased. This finding can be assigned to the increase
in the optical absorption coefficient of 6H-SiC after H implantation [21,22]. It is a simple method
to evaluate the lattice disorder by means of the change in Raman scattering intensity. The Raman
scattering of A;(LO) is enlarged and shown in Figure 2b. Compared with the H,*-implanted 6H-SiC
at 900 °C, in Hy*-implanted 6H-SiC at 450 °C, the Raman scattering decreased more significantly.
Moreover, the asymmetric broadening of the A;(LO) peak can be observed. In detail, the left tail of the
A1(LO) peak lifted after Hp* ion implantation. The intensity of the asymmetry can be expressed as
At = (Left — Lright)/Iright, Where [ is the intensity of the Raman scattering baseline; At equaled 76% and
30% at the 450 °C and 900 °C implantation, respectively. The asymmetric broadening of the A1(LO)
peak can be accounted for by a “spatial correlation” model where implantation-induced defects can
induce g-vector relaxation [23,24]. The more lattice defects in the wafer, the stronger the asymmetric
broadening that can be formed [25]. Therefore, it is reasonable to assume that the number density of
lattice defects formed at 450 °C implantation is larger than that of the sample implanted at 900 °C. It is
easily explained that the dynamic annealing increases with increasing implantation temperature.

(a) (b)
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10,000 4 ——T:900C ——T:900C
3 5
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Figure 2. Raman spectra of (a) 6H-SiC implanted by H,*-ion at 450 °C and 900 °C showing first-order
(E»(TO) and A;(LO)) and second-order (Ey(TA), E1(TA), A1(LA) and optical branch) peaks, compared
with the as-grown 6H-SiC, (b) enlarged A;(LO) peak shown in figure (a), where the left tail of
the peak lifted after ion implantation. The intensity of the asymmetry decreased with increasing
implantation temperature.

Figure 3 shows the surface morphology of the 194 keV Hy*-implanted SiC by means of the
scanning white-light interferometry method. In the 6H-SiC implanted with H,* ions at 450 °C after
1100 °C annealing for 15 min, surface exfoliation was clearly observed in Figure 3a,d. Surface blisters
were observed in the two-dimensional profile shown in Figure 3b,f. Exfoliation depth and size were
analyzed by a contour curve, as shown in Figure 3¢,g. It can be seen that most of the exfoliation depth
is near 1.0 um for the Hy*-implanted 6H-SiC at 450 °C followed by 1100 °C annealing, while it is near
0.8 um for the Hy*-implanted 6H-SiC at 900 °C It should be noted that the exfoliation depth observed
by scanning white light interferometry is not exact due to lattice swelling induced by surface blisters.
Moreover, the size of the exfoliation zone is in the range of 10 to 40 pm for the H, *-implanted 6H-SiC at
450 °C followed by 1100 °C annealing, while it is in the range of 20 to 100 pm for the 6H-SiC implanted
with Hy* ions at 900 °C. This result demonstrates that the exfoliation efficiency of the 6H-SiC implanted
with H,* ions at 900 °C is higher than that of the 6H-SiC implanted with H, " ions at 450 °C followed
by 1100 °C annealing.
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Figure 3. (a,d) show surface morphology observed in the three-dimensional profile, (b,d) show the
height distribution in a two-dimensional profile, and (c¢,f) show the contour curve obtained from
figures (b,d), respectively. (a—c) are the 194 keV H, " -implanted 6H-SiC at 450 °C followed by 1100 °C
annealing for 15 min. (d—f) are the 194 keV H, " -implanted 6H-SiC at 900 °C.

To carefully investigate the surface morphology after H,*-implantation into 6H-SiC, an AFM test
was performed, and results are presented in Figure 4. It can be seen that the shape of the exfoliation
zone is not regular, near an oval shape, as shown in Figure 4a, c. The formation of the exfoliation
zone is due to the breakage of a surface blister when its inner stress exceeds the material fracture
toughness [26-28]. The exfoliation zone is presented by a three-dimensional image, and the surface
is not even, consisting of many hillocks. The values of the root-mean-square (RMS) roughness are
12.9 nm and 10.1 nm for the H,*-implanted 6H-SiC at 450 °C followed by 1100 °C annealing for
15 min and the H,*-implanted 6H-SiC at 900 °C, respectively. The decrease in RMS for the 6H-SiC
implanted with Hy* ions at 900 °C is due to the fast growth of hydrogen-vacancy clusters, resulting
in the increase in exfoliation efficiency, as observed by using the scanning white-light interferometry
method (see Figure 3).

To explain the higher exfoliation efficiency in the sample implanted at 900 °C compared to the
sample implanted at 450 °C and consequently annealed at 1100 °C, microstructures of lattice defects
and microcracks were investigated by XTEM. Figure 5 presents the general view of the lattice defects
formed in the 194 keV H, " -implanted 6H-SiC at 450 °C. It can be seen in Figure 5a that the damage
band exhibiting a black contrast is located at a depth ranging from approximately 540 to 650 nm beneath
the surface. According to SRIM-2013 simulation, the projected range of 194 keV H,* implantation
is 553 nm with a straggling range of 52 nm. This implies that the measured damage band is deeper
than the simulated projected range. This result can be accounted for by lattice swelling due to dense
interstitial-type defects produced by H,* implantation. It is reasonable to expect the lattice swelling to
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be approximately 5%. To investigate lattice defects in the damage band, bright-field (BF) and WBDF
observations with two different diffraction vectors were performed, as shown in Figure 5b—e. Due to
the nano-scaled lattice defects, these lattice defects are easily distinguished under the WBDF condition.
It can be seen that many bright spots were observed, and some bright spots have larger sizes at the
bottom of the damage band compared with the front of the damage band. The width of the observed
damage band is approximately 120 nm. In the front of the damage band, many point defect clusters
were observed under g = 0002, but not at g = 2110. This result indicated that these point defect clusters
are Frank loops with a Burgers vector of 1/2<0001>. At the bottom of the damage band, some large
defect clusters were observed under g = 0002 and g = 2110 simultaneously. It is indicated that these
defect clusters have a Burgers vector of 1/6<2203>. The distribution of the lattice atoms was measured
by high-resolution TEM (HRTEM), and the observed lattice defects exhibited a black contrast due to
Bragg diffraction, as shown in Figure 5f. It can be seen in Figure 5f,g that lattice fringes are seriously
disturbed by H,* implantation. Because the C and Si vacancies cannot migrate at 450 °C, most of
the observed lattice defects are composed of interstitial atoms, such as C interstitials, which induce a
significant lattice swelling at 450 °C implantation [29,30].

547.3 nm
105.4 nm

549.3 nm

50 um I

2550 7.5 10.012.515.017.5 um
1.5 3.0 45 6.0 RMS=10.1 nm
RMS=12.9 nm

Figure 4. AFM images showing over-viewed surface morphology with a scanning zone of 50 X 50 tm?
of the 194 keV Hj*-implanted 6H-SiC at 450 °C followed by 1100 °C annealing for 15 min (a),
the 194 keV H,*-implanted 6H-SiC at 900 °C (c); (b,d) show the surface morphology of the exfoliation
zone for the Hy*-implanted 6H-SiC at 450 °C followed by 1100 °C annealing for 15 min and
H,*-implanted 6H-SiC at 900 °C, respectively.
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Figure 5. Bright-field XTEM image showing the over-viewed damage distribution in the 194 keV
Hy*-implanted 6H-SiC at 450 °C. The enlarged selected zone shown in (a) is presented in (b) to
(e), where (b) BF and (c) WBDF images were observed under g = 0002 and (d,e) were observed
under g = 2110. (f) The high-resolution transmission electron microscope image shows lattice defects

exhibiting a dark contrast, as indicated by white arrows and (g) inverse Fourier-filtered image of (f) in
order to improve the visibility of lattice defects. (c—e) have the same scale as (b).

Figure 6 presents the damage distribution in the 194 keV H,*-implanted 6H-SiC at 450 °C after
1100 °C annealing for 15 min. Compared with the microstructure observed in the as-implanted
sample, after 1100 °C annealing, three evident changes can be observed. The first change is the depth
distribution of the damage band. Figure 6a shows the over-viewed damage distribution where the
damage band located at a depth ranging from 510 to 590 nm beneath the sample surface can be
clearly distinguished. The observed damage band is shallower than that of the H,*-implanted 6H-SiC
at 450 °C. This is attributed to defect recovery after 1100 °C annealing—Frank loops in particular.
The observed damage band is well consistent with the simulated profiles. The second change is
that a long microcrack parallel to the sample surface is observed in the front of the damage band.
The formation of microcracks is due to the combined effects of Si vacancy migration at 1100 °C and
the chemical interaction of H atoms and dangling bonds in the platelets [31,32]. The third change is
that the width of the damage band observed under g = 0002 is the same as the case under g = 2110.
The width of the damage band observed under g = 2110 increases after annealing. This is a reverse
annealing phenomenon that is attributed to the growth of the microcrack accompanied by emitting
interstitial atoms. A similar phenomenon was observed in He-implanted SiC [33,34]. The HRTEM
image shown in Figure 6f confirms an amorphous structure inside the microcrack. Interstitial-type
dislocation loops formed in the periphery of the microcrack are shown in Figure 6g. The microcrack
is not straight, which induces the roughness of the exfoliation surface. The exfoliation surface was
measured by AFM, and the result is shown in Figure 4.

Figure 7 presents the damage distribution in the 194 keV H,*-implanted 6H-SiC at 900 °C. It can
be seen in Figure 7a that a damage band is located at a depth ranging from 400 to 620 nm beneath the
surface. Inside the damage band, a microcrack exhibiting bright contrast is located at 558 nm beneath
the surface. Around the microcrack, dense Frank loops were observed, as shown in Figure 7d-g.
The HRTEM image shows an amorphous structure inside the microcrack. Compared with the case of
H,*-implanted 6H-SiC at 450 °C followed by 1100 °C annealing for 15 min, there are two significant
differences in the 6H-SiC implanted with H,™ ions at 900 °C. The first difference is the location of the
microcrack. The microcrack is in the front of the damage band of the 6H-SiC implanted with H,* ions
at 450 °C followed by 1100 °C annealing, whereas the microcrack is located at a depth between the
damage peak and maximum hydrogen deposition simulated by SRIM-2013 for the 6H-S5iC implanted
with Hy* ions at 900 °C. The second difference is the width of the damage band. The width of the
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damage band increases significantly during implantation at 900 °C. Two reasons can account for this.
One is the increasing vacancy-hydrogen interaction at 900 °C, but not at 450 °C [31]. The growth of
vacancy-hydrogen clusters can emit interstitials and then these interstitials migrate and accumulate
into Frank loops. The fast growth of the vacancy-hydrogen clusters leads to the occurrence of the
microcrack, as observed in Figure 7a. The other is the influence of the sample surface, which acts
as a defect sink. As shown in Figure 7a, some lattice defects were observed at a depth near 400 nm.
It is indicated that some interstitials produced by H,* collision migrate towards the sample surface
during implantation at 900 °C. This is consistent with the defect distribution in the He-implanted SiC
at elevated temperatures [35].

Figure 6. (a) Bright-field XTEM image showing the over-viewed damage distribution in the 194 keV
Hj,*-implanted 6H-SiC at 450 °C followed by 1100 °C annealing for 15 min. The enlarged selected
zone shown in (a) is presented in (b—e), where (b) BF and (c) WBDF images were observed under
g = 0002, and (d,e) images were observed under g = 2110. (f) The high-resolution transmission electron
microscope image shows the lattice fringe along the micro-crack, and (g) the inverse Fourier-filtered
image of (f) shows interstitial-type dislocation loops on the (0001) plane. The scale in (b) is the same as
that in (c—e).

Figure 7. (a) Bright-field XTEM image showing the over-viewed damage distribution in the
194 keV H, " -implanted 6H-SiC at 900 °C. (c) BF image and (d) WBDF image under g = 0002 show the
microstructure in the periphery of the microcrack. The magnified images taken from (a) show the
lattice defects indicated by arrows above the microcrack presented in (e,f) and below the microcrack
presented in (g,h). (b) HRTEM image shows the lattice fringe along the microcrack.
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4. Discussion

Surface blisters and exfoliation of hydrogen implantation into 6H-SiC are attributed to the growth
of microcracks inside the sample. When the amount of hydrogen is sufficient, this leads to internal
pressure that is high enough to overcome the surface energy y, and then to open up the crack. Matani
and Gosele [36] have argued the critical radius for the on-set of blistering.

16y \M* "
Topic = § ———————
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where Ap is the difference between the inside platelets and the outside atmosphere, f is the microcrack
depth, E is the material’s Young’s modulus, v is Poisson’s ratio, « is a numerical factor in the order of
~1, and y is the specific interface energy which would be changed by the implantation-induced defects.
Freund [37] developed a model to explain wafer splitting via crack growth triggered by gas pressure p.
The necessary condition for crack growth can be expressed as:

oy 1/2
P:H(l_v@) @

where p is the shear modulus, and a is the crack size. Based on Equation (2), the critical pressure
required in the crack cavity decreases with the increase in the crack size.

The microstructure shows the size of the observed microcrack is larger in the 6H-SiC implanted
with Hy* ions at 900 °C than that in the H, "-implanted 6H-SiC at 450 °C followed by 1100 °C annealing.
This result indicates the fast growth of microcracks when the sample was implanted at a higher
temperature, compared with the lower temperature implantation followed by a higher temperature
annealing. According to Equation (2), the critical value of the inner pressure was easily achieved when
the sample was implanted at 900 °C; therefore, the critical radius for the on-set of blistering increased
when the sample was implanted at 900 °C based on Equation (1). Because the size of an exfoliation
zone is smaller than its corresponding blister, the observed exfoliation size was far larger when the
sample was implanted at 900 °C, as compared to the sample implanted at 450 °C and then annealed at
1100 °C.

Unlike C and Si interstitials, C and Si vacancies cannot migrate at 450 °C [31]. Dynamic annealing
is, therefore, not significant and many survival defects are formed inside the sample. These defects
lead to the evident lattice swelling. After annealing at 1100 °C for 15 min, an obvious microcrack was
observed in the front of the damage band, where the lattice damage was smaller than the damage
peak. It can be speculated that the specific interface energy y increases with the increase in lattice
defects [38]; therefore, the increase in y needs more gas pressure of the crack in order to sustain crack
growth. As a result, the crack growth is retarded in the peak damage region. When the sample
was implanted at 900 °C, interstitials and vacancies can migrate simultaneously. The compound of
hydrogen and vacancies can rapidly form and then coalesce into platelets. The growth of platelets is
followed by pushing away of the matrix atoms. Named after the trap-mutation process [39,40], this
can be expressed as:

HnVm—HnVm4 +1 3)

Due to the rapid growth of platelets, dense self-interstitials were pushed away to form dislocation
loops, which were observed by XTEM, as shown in Figure 7. This implies that the damage band is
wider and the concentration of the observed lattice defects is higher in the sample implanted at 900 °C
compared to the sample implanted at 450 °C. It should be noted that lattice swelling was significant
when the sample was implanted at 450 °C, but not 900 °C. This is attributed to the limited resolution
of conventional TEM (near 1 nm in WBDF), and hence there are many formed interstitials due to
slow growth at 450 °C, which are too small to be observed by XTEM. After 1100 °C annealing, some
interstitials migrated and recombined with vacancies to recover the lattice damage. Other interstitials
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migrated and coalesced into dislocation loops, which were observed under WBDF with g = 5110,
as shown in Figure 6e. It should be discussed why the microcrack is located at a depth between the
damage peak and the maximum hydrogen deposition for the sample implanted at 900 °C. Because
of the rapid growth of vacancy-hydrogen clusters at 900 °C, available vacancies and hydrogen were
higher in the middle of the two peaks than in other zones, and thus a microcrack easily grew in this
zone, which was observed by XTEM (see Figure 7a).

The scanning white-light interferometry method showed that the exfoliation depth in the different
exfoliation sites was almost the same. The formation of hillocks after exfoliation was due to the crack
growth via the coalescence of platelets in the different depths; therefore, a zigzagged microcrack was
observed by HRTEM, as shown in Figures 6f and 7h. In the microcrack zone, an amorphous structure
demonstrated the strong interaction between hydrogen and carbon/silicon dangling bonds on the
inner surface of the microcrack. This is consistent with the report of Hojou et al. [41] that H,, C-H,
and Si-H compounds were formed in the bubbles produced by H," + He* simultaneously-implanted
polycrystalline 6H-SiC. Therefore, it can be argued that hydrogen is effective in enhancing amorphization
due to the chemical interaction. The surface morphology showed the exfoliation efficiency was higher
for the sample implanted at 900 °C than that of the sample implanted 450 °C and subsequently annealed
at 1100 °C. However, the formed damage band in the sample implanted at 900 °C was almost twice as
high as that in the sample implanted at 450 °C and subsequently annealed at 1100 °C. The formed
dislocation loops are stable and not easily annealed after thermal treatment [42—44]. To fabricate the
SiCOI structure for the final electronic and optoelectronic device applications, these lattice damage
zones after wafer transfer must be removed by the chemical mechanical polishing (CMP) process.
To enable reuse of the wafer, the survival damage band should as narrow as possible. Therefore,
low-temperature implantation, followed by high-temperature annealing is a better choice for the
fabrication of the SiCOI structure compared with conventional implantation at a high temperature.

It should be noted that in nuclear fusion applications, dense energetic hydrogen can be produced
in SiC by nuclear transmutations [45]. This hydrogen can interact with SiC forming displacement
damage cascades and subsequently deposits in the near-surface layer. Because the first wall of the
fusion reactor is expected to face a very high temperature, a comprehensive understanding of the
surface exfoliation of SiC will require further study involving irradiation experiments at different
temperatures and utilizing ion fluxes.

5. Conclusions

The exfoliation efficiency of H,™ implantation at 450 °C and 900 °C to a fluence of 5 x 106 H,/cm?
in 6H-SiC was investigated. A lattice swelling of 5% was observed in the H,*-implanted 6H-SiC at
450 °C. Reverse dynamic annealing was observed in the H,*-implanted 6H-SiC at 900 °C. This is related
to the rapid growth of hydrogen and vacancy clusters (H, V), following by emitting interstitials
around H, V. A microcrack was observed in the front of the damage band in the sample implanted
with Hy* ions at 450 °C and subsequently annealed at 1100 °C for 15 min. In the sample implanted
with Hp* ions at 900 °C, a microcrack occurred between the displacement damage peak and the
maximum hydrogen deposition. The change in specific interface energy y can explain the location of the
microcrack. Despite a high efficiency of exfoliation in the sample implanted at 900 °C, this procedure
is not considered optimal for the fabrication of the SiCOI structure due to a wide damage band formed
during H,* implantation. Instead, we propose hydrogen implantation at a temperature lower than the
critical temperature for vacancy migration as a more suitable method for this purpose.
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Abstract: Proton irradiation experiments have been used as a surrogate for studying radiation effects
in numerous materials for decades. The abundance and accessibility of proton accelerators make
this approach convenient for conducting accelerated radiation ageing studies. However, developing
new materials with improved radiation stability requires numerous model materials, test samples,
and very effective utilization of the accelerator beam time. Therefore, the question of optimal beam
current, or particle flux, is critical and needs to be adequately understood. In this work, we used
5 MeV protons to introduce displacement damage in gallium arsenide samples using a wide range
of flux values. Positron annihilation lifetime spectroscopy was used to quantitatively assess the
concentration of radiation-induced survived vacancies. The results show that proton fluxes in range
between 10M and 10" cm 25! lead to a similar concentration of monovacancies generated in
the GaAs semiconductor material, while a further increase in the flux leads to a sharp drop in
this concentration.

Keywords: semiconductors; WBG; proton irradiation; ageing; gallium arsenide; positron annihilation
spectroscopy

1. Introduction

In the last several decades, dominated by silicon (Si) and gallium arsenide (GaAs),
semiconductors have shaped the new technological era with diodes, transistors, and
integrated circuits [1]. Gradually, semiconductor technology has entered all industry areas,
including nuclear power production. While the previous generation of nuclear power
plants restricted the use of electronic devices to an inevitable minimum, recent nuclear
plants rely on the electronics used not just in the digital computers and process control
systems in a mild environment, but also in harsh radiation conditions, whereas the use of
different electronic systems is not limited to detector technology only.

The application of semiconductors in harsh radiation environments is significantly
increasing, not just by nuclear power plants, but also in medical diagnostics, nuclear
science, technology, research, and space applications. In all of these fields, high-energy
charged particles interact with essential safety and other components, modifying their
microstructure and affecting their lifetime. Therefore, the need for safe long-term operation
of the semiconductors is crucial for the reliability of electronic instruments, and any failure
in critical components leads to substantial economic and human safety hazards in all of
these applications.

Despite their susceptibility to permanent degradation and catastrophic failure due
to heavy-ion exposure [2], numerous research publications have already pointed out that
future semiconductor technologies, including those for space, detectors, medicine, and
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nuclear applications, consider the application of wide band gap (WBG) semiconductors
such as GaN and SiC. In these crystals, the gap between the valence and conduction bands
is an essential parameter that defines not only the electrical properties, but also the suscepti-
bility to radiation [3]. The advantage of WBG compared with classical semiconductors such
as silicon and gallium arsenide is in the improved electrical properties, such as a higher
efficiency, switching frequency, operating temperature, and higher operating voltage [4,5].
This leads to faster, dimension-wise, smaller, more powerful, and more efficient compo-
nents. These capabilities will be reflected in smaller sizes and weights and will have less
power demand due to limited power losses [3,6].

While natural radiation environments, such as the ionosphere, trapped radiation belts,
solar particle events, and galactic cosmic rays dominate in outer space, on the ground,
various man-made applications lead to the exposure of semiconductor materials to ionizing
radiation. Although the understanding of their radiation tolerance is far from complete,
silicon carbide (SiC) and gallium nitride (GaN) semiconductors are expected to have
superior electrical properties, and their susceptibility to harsh radiation environments
compared with the more conventional semiconductors needs to be understood in more
detail. It could be expected that because of the improved electrical and radiation properties,
GaN has excellent potential to improve a safe long-term operation, decreasing the life-cycle
cost and lowering the occurrence of failure, which could lead to personal safety risks. [7,8].

Radiation effects in semiconductor-based electronics due to harsh radiation environ-
ments can be divided into two categories, namely the short-term temporary effects and the
long-term permanent degradation. The short-term temporary effect comes mainly from
the effects of ionising energy loss in the semiconductor by the energetic particle, causing
single event effects (SEEs) such as single event upset (SEU), single event transient (SET),
single event latch-up (SEL), single event gate rupture (SEGR), or single event burnout
(SEB). On the other hand, the long-term effects are dominantly created by the non-ionising
energy losses in the material by the displacement damage, where elastic collisions with the
material can eject atoms from their standard position in the lattice or when primary recoil
atoms collide with other atoms in the lattice [9,10].

While “realistic” low-dose long-term irradiation experiments provide reliable data
for assessing the electronic components and circuits resistant to damage or malfunction
caused by high levels of ionizing radiation, their potential is significantly decreased for fast
technological development due to the time-consuming nature of the approach, which also
represents a significant cost in the radiation experiment. To guarantee reliable long-term
operation in harsh radiation environments for a reasonable duration of the experiment,
semiconductors must undergo suitable accelerated ageing tests. A proper accelerating
radiation ageing mechanism is necessary among other ageing mechanisms such as thermal
and mechanical vibration, contributing to the successful assessment of the lifetime of
electronic devices. However, there has not been an engineering consensus yet on how the
results of accelerated ageing experiments can be extrapolated to the engineering and design
of technologies for long-term applications. A deep understanding of the evolution of the
microstructure exposed to accelerated radiation tests inevitably requires employing both
theoretical modelling and suitable experimental characterisation methods sensitive to the
atomic-scale lattice defects. This is a very complicated and challenging task due to the
limited size sensitivity of the experimental techniques on the one hand, and the limited
size of the theoretical calculation models on the other.

For the characterisation of the material damage, a positron annihilation spectroscopy
using a 2’Na positron source was used. Positron annihilation spectroscopy (PAS) has
been used as a microstructural characterisation tool that is sensitive to vacancy-type de-
fects. This technique has been widely used in characterising various types of defects
in semiconductors since the 1970s. Positron annihilation experiments were successfully
used in the characterisation of radiation effects in (not only) semiconductors modified in
numerous types of radiation experiments [11,12], including gamma radiation [13], elec-
tron irradiation, and neutron irradiation [14], as well as proton irradiation [15]. In this
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paper, we used this technique to obtain a quantitative characterisation of the radiation-
induced vacancy-type defects, which were investigated as a function of the proton flux
(displacement damage rate).

This work aims to explore the feasibility of using proton implantation as a mechanism
for the radiation ageing of semiconductors and to improve the understanding of the process
of creating displacement damage in bulk GaAs semiconductor material. The particular goal
of the study is to describe the role of the “flux effect” on the evolution of the microstructure.
In other words, the work was aimed at achieving a better understanding of how to optimise
accelerated-ageing irradiation experiments in order to make them a physically meaningful
representation of the long-term permanent degradation of the material exposed in the
radiation field, so as to establish a comparison between the produced defects and surviving
defects in the irradiated materials. The “flux effect” on the WBG semiconductors will be
investigated in our forthcoming study, and will be compared with present work.

2. Experimental
2.1. Material and Sample Preparation

The GaAs samples investigated in this study were cut into dimensions of ~10 x 10 mm,
from a monocrystalline wafer obtained from a local manufacturer—The Gallium Arsenide
Company Slovakia, CMK Ltd. (Zarnovica, Slovakia). Detailed information on the material,
provided by the manufacturer, is shown in Table 1.

For the irradiation experiment and subsequent PAS characterisation, in a total, six pairs
of samples were required, while one sample pair served as a reference. Two samples were
destroyed during the cutting of the sample (Figure 1), and some samples were damaged
and thus could not be used for the study evaluated during the proton irradiation.

Figure 1. As-prepared test samples of the GaAs as per Table 1 for the irradiation experiment.
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Table 1. Specification of the studied GaAs samples.

Parameter Properties
Product No. 82045
Method GaAs LEC
Description Monocrystalline wafers
Type Semi-insulating, undoped
Dopant N/A
Resistivity 4.38 x 108 Ohm cm
Hall Mobility 5398 Cm? V~1s
Orientation (100) £ 0.5°
Off Orientation Off 2° towards (110)°
Diameter 50.8 £ 0.1 mm
Thickness 500 + 25 pm
Surface SSP
Front side Polished
Back side Lapped/etched

2.2. Proton Irradiation Experiment

The proton irradiation experiment was performed using the 6 MV Tandetron tandem
accelerator at the STU University Science Park CAMBO located in Trnava (Figure 2). The ac-
celerator is used for a wide range of ion irradiation studies including H, He, and heavy ion
irradiation. The maximum achievable energy for proton irradiation is 12 MeV and the max-
imum flux, depending on beam scanning area, which can reach up to 10 cm 2.5~ [16].

6 MV Tandetron

TORVIS injector hig|

358
Sputtering Duoplasmatron

lon Source lon Source -
ToF ERDA
I:I XY steeror /sweeper || Na/Rb CEC @ BPM ? w SIS cnnl;l:i?::'ion

m pre-acceleration tube I XIY slit I? FC B clectrostatic lens

Figure 2. The 6 MV Tandetron ion accelerator at the Advanced Technologies Research Institute,
Slovak University of Technology [17].

The actual irradiation times and corresponding proton fluxes shown in Table 2 were
proposed according to the availability of the accelerator, in order to obtain a wide range
of proton fluxes that will be increasing logarithmically. While different target fluences
were initially considered for this experiment, finally a fluence of 10'® cm~2 was selected
to be achieved by using five different fluxes (ranging from 10! to 113 em2.s7!). The
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displacement damage (dpa)

energy of the protons in Figure 3 is discussed later in this chapter. The reasoning behind the
selection of the fluence is based on the sensitivity of the PALS technique and it is illustrated
in Figure 4.

Table 2. As-prepared test samples for the irradiation experiment.

Sample Set No. Irradiation Time [min]/[h] Flux [cm~2.571]
Set 0 (reference) 0/0 0
Set 1 16/0.27 1.04 x 1013
Set 2 36/0.59 4.63 x 1012
Set 3 222/3.70 7.51 x 1011
Set 4 505/8.42 3.30 x 10!
Set5 1599/26.65 1.04 x 101

Note, that in two cases (sets 2 and 4), the samples measured using the PAS technique were not identical in
terms of the proton fluence received. The proton flux for these samples was calculated as the mean of the two
nearest values.

13 ~ = dpa 1 =
Pos!tron stopp!ng (GEANT4) [ =
] - - - - Positron stopping (exp.approx.) L [ §
i -~ 0 dpa corrected to positron profile] | >
¥ =
1 r =
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Figure 3. SRIM-based calculation for the dpa with 5 MeV protons.
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Figure 4. Fluence vs. irradiation times for different proton fluxes (beam currents) used in the experiment.

The irradiation temperature was kept near room temperature using a water-cooled
sample stage. Figure 3 shows the simulated implantation profile and the values of displace-
ment per atom (dpa) calculated according to the Norgett—Robinson—Torrens (NRT) [18]
model using the “The Stopping and Range of Ions in Matter” (SRIM) data obtained accord-
ing to the suggestion by Stoller [19] for the fluence of 10'® cm~2 used in the present study.

The fundamental approach in this study assumed that the concentration of the
radiation-induced point defects would be constant at a certain range of proton flux, but
there is a sharp threshold at a certain level of proton flux above which the production of
these defects will be diminished in the thermal effects produced by the dislocation cascades.

The SRIM code was used to compute the reference value of the produced concentration
of radiation-induced vacancies. However, it is a common understanding that this tool
does not consider the mobility of the displaced atoms and the results are obtained for 0 K
temperature. Practically, there is always a temperature effect that reduces the number
of actual concentrations of vacancies that survived the displacement cascades. Positron
annihilation spectroscopy can effectively study this realistic assessment of the concentration
of radiation-induced vacancies.

The energy of the charged particles plays a leading role in the type of defects, such as
Frenkel pairs, as well as cascade and sub-cascaded collisions. In the presented experiments,
energy of 5 MeV was used for the proton irradiation and the resulting sample modification.
The corresponding SRIM profile is shown in Figure 3, together with the positron stopping
profile obtained from the GEANT4 (GEometry ANd Tracking) simulation package [20].
The figure illustrates the sensitivity of this technique to the given (uneven) defect depth
profile by providing the actual/corrected dpa profile, “visible” to >Na positrons. Energy
of 5 MeV was chosen so as to minimise the interaction of positrons with the displacement
damage peak and the hydrogen peak produced at the end of the track region by protons
capturing electrons.

As mentioned above, the reasoning for selecting the 106 cm 2 fluence is derived from
Figure 4. This fluence can be obtained using realistic flux values and accelerator beam
time availability.
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2.3. Positron Annihilation Spectroscopy Characterisation

Among the numerous analytical techniques used in material irradiation studies,
positron annihilation spectroscopy (PAS) is well known for its spectacular sensitivity
to atomic-scale vacancy-type defects. Although the technique is sensitive to other types of
defects (dislocations, grain boundaries and precipitates of certain elements), vacancy-type
defects are typically the most attractive potential well in irradiated single crystals. The
sensitivity of various PAS techniques to neutral vacancies ranges from ~5 x 10'> cm—3
(detection limit) to ~10" cm ™3 (positron trapping gets saturated). This sensitivity range
was also considered in the selection of the target fluence in the present experiment.

The experimental characterisation of the irradiated samples was performed at the
Slovak University of Technology in Bratislava at the Faculty of Electrical Engineering and
Information Technology at the Institute of Nuclear and Physical Engineering. This institute
has a dedicated PAS laboratory for positron annihilation spectroscopy equipped with one
standalone positron lifetime spectrometer and one setup combining positron lifetime and
coincidence Doppler broadening spectrometer. Both lifetime spectrometers are digital,
based on three B, F; scintillator detectors and DRS4 waveform digitising boards.

As mentioned above, the experiment was designed for optimal utilisation of a con-
ventional 2?Na positron source with a continuous energy spectrum of positrons ranging
from 0 to 540 keV. The actual positron stopping profile, as well as the displacement damage
profile adjusted to the spectrum of positron probes, is shown in Figure 3.

For the present research, we used positron annihilation lifetime spectroscopy (PALS),
which enables qualitative and quantitative characterisation of vacancy-type defects in
crystalline materials. The physical principle of the PALS technique is based on positron
trapping by defects and the fact that the positron lifetime depends on the nature and size
of this defect. PALS is a widely used microstructural characterisation technique based on
the measurement of changes in the time of positrons trapped by lattice defects. Both the
size and concentration of defects can be obtained from the positron lifetime spectrumby
evaluating the lifetime values and intensities of individual components. The values of
the positron lifetimes are well-known for most semiconductors, and the evaluation of the
results can be supported by a broad range of published data that are both theoretically and
experimentally obtained.

3. Results and Discussion

The positron annihilation lifetime spectra were evaluated using the LT10 program
developed by Giebel and Kansy [21]. The spectra were decomposed into two components.
The first component characterises the material bulk lifetime t; (reduced by trapping at
defects) and the second component corresponds to lattice defects tp, here considered
as monovacancies. The lifetime of the second component was fixed at a value of 295
ps, reported for a mono-vacancies in undoped GaAs [22], while the lifetime of the first
component, together with both intensities (I, I,), was left as a free parameter. The average
positron lifetime (tayg), as the statistically most reliable parameter independent of the
fitting model, was calculated for all of the lifetime data. The concentration of vacancies was
calculated according to the procedure described in detail, for instance, in [23]. The obtained
results are shown in Table 3. The concentration of vacancies Ny was directly calculated
from the positron trapping rate ky via a constant of proportionality, the so-called trapping
coefficient of 1 x 101° s~1 [22].

The results plotted in Figure 5 show that the proton flux ranges between 10'! and
102 cm~2.57! lead to about the same concentration of monovacancies in 5 + 1 x 10'® cm~3.
This value is fairly reasonable compared with the SRIM simulation, which estimates the
vacancy concentration for the given fluence on the level 2.56 x 107 cm~3. The discrepancy
is given by the fact that SRIM does not account for the thermal recombination of vacancies,
so SRIM always overestimates the actual damage to the lattice. Considering the aim of this
paper, it is interesting to compare the observed vacancy production with other types of
irradiation experiments involving PALS analysis. The paper by Sagatova et al. [24] on 8
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MeV electron irradiated GaAs reported vacancy concentrations of 1.6 and 2.8 x 10'¢ cm—3

for samples exposed to 1000 and 1500 kGy radiation. As the latter dose was obtained
by 8.37 x 101 cm~2 electron fluence, i.e., close to the proton fluence 1 x 1016 cm—2
reported in this paper, one can compare the impact of two different types of radiation.
Such a comparison suggests that these two types of radiation introduce a similar resulting
displacement damage, with only a slightly higher (~factor of 2) concentration of vacancies
produced by protons. It is important to note that the analysis was aimed at the ion track
region and not the damage peak in both cases.

Table 3. Experimental results of the PAS.

GaAs . 2 o o tavg —1 -3
Samples P Fluxlem™2l tilpsl  Til%]  tolpsl  Ll%]l o0 FV  kylsl  Nylem]
Set 1 1.04 x 1013 223 98.98% 295 1.02% 223.7 0.97 9.27 x 10° 464 x 1014
Set 2 4.63 x 1012 221 85.00% 295 15.00% 231.8 0.93 1.58 x 108 7.92 x 101
Set3 7.51 x 1011 215 50.00% 295 50.00% 254.0 1.05 8.97 x 108 449 x 106
Set 4 3.30 x 10! 210 50.00% 295 50.00% 251.5 0.99 8.97 x 108 4.49 % 106
Set 5 1.04 x 101 203 46.00% 295 54.00% 251.6 1.07 1.05 x 10° 5.27 x 1016
<‘:'>_' T o e e e e e e e e e o — — -
£ 1 2.56 x 10" cm™
a 1E17 5
=z 1
11599 min.  505min. 222 min. 5+1 x 10" cm™
1E16 5
1 —6— Nd [em¥]
1E15 - — — - SRIM prediction
1E14

1(;11 ‘ ' ' S :](1)12 . l ' S ;(;13
Proton flux [cm™? s']

Figure 5. The concentration of radiation-induced vacancies in the studied GaAs samples as obtained
from the PALS experiments. The concentration predicted by SRIM for 0 K is also indicated.

As can be further seen from Figure 5, at a certain level of proton flux (> 1012 s~ cm~3)
the concentration of radiation-induced vacancies dropped sharply, suggesting that the new
displacement damage cascades were initiated while the previous cascades were still active.
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On the other hand, it is reasonable to assume that proton fluxes lower than ~10" s~ m—3
would lead to a defect concentration near the saturation range indicated in the figure. From
this, we can conclude that proton flux below ~10'2 s~ cm~3 provides a meaningful radiation
condition for the accelerated ageing studies in semiconductors planned for application in
harsh radiation environments.

This is an important observation for numerous future experiments as it suggests
that long exposure to a mild radiation environment can be, to some extent, simulated
experimentally by short-term exposure to much more severe radiation conditions. Such a
significant shortening of the irradiation experiment can significantly save costs related to
beamtime at irradiation facilities.

It is important to note that the observed flux effect could be very different from the
flux effect reported for neutron irradiation experiments on reactor pressure vessel (RPV)
steels and other types of complex materials, where a higher flux leads to a more significant
vacancy-type defect production [25]. Unlike the present experiment, the microstructure
of irradiated RPV steels suffers from additional segregation and precipitation of certain
elements (such as Cu or P), which the radiation-induced vacancies may be associated with.
While the microstructural evolution of semiconductors is relatively simple compared with
the nuclear structural materials, the number of published reports on the flux effect in these
materials is significantly smaller.

In this study, the electrical properties of the semiconductors were not investigated, but
it is reasonable to assume that the concentration of the free charge carriers would result in
similar conclusions. However, this will be investigated in more detail in our forthcoming
study, additionally including wide-bandgap semiconductors.

4. Conclusions

The present study reports an experimental quantitative characterisation of radiation-
induced vacancies in GaAs obtained in proton irradiation experiments using a wide range
of proton fluxes. The experimental data were obtained by positron annihilation lifetime
spectroscopy, considering the actual stopping profiles of both projectile (proton) and probe
(positron) particles. The present research can be summarised as follows:

e  Positron annihilation spectroscopy can be effectively used as a tool for the quantitative
characterisation of vacancy-type defects in semiconductors exposed to harsh radiation
environments. While the present experiments led to a vacancy concentration near the
saturation limit of PAS, the optimal proton fluence for future irradiation experiments
can be selected from the range of 10'°~10'® cm =2,

e  The results indicate that mild radiation environments involving high-energy protons
can be effectively simulated and accelerated by employing relatively high proton fluxes.
Moreover, the proton irradiation seems to induce a concentration of vacancy-type
defects (mono-vacancies) that is reasonably similar to high-energy electron irradiation
experiments with a similar fluence.

e While SRIM code simulations provide data about the production rates of radiation-
induced defects, the presented PAS characterisation enables reliable quantification of
the survival rate of the defects. Similar to numerous studies in the past and referenced
in this work, the presented experiment can be expanded to include the study of the
recovery of the microstructure after thermal annealing of the samples.

e  Thereis a threshold flux above which the proton irradiation experiment becomes unrea-
sonable and inefficient. This threshold is relatively high and lies above 10'2 s~ cm~2.
At a higher proton flux, the new displacement damage cascades are initiated while
the previous cascades are still occurring. This results in a sharp reduction in the
concertation of the surviving vacancies.

In the next experiment, these conclusions will be used for proposing irradiation
studies on other types of semiconductors, including wide bandgap semiconductors. A
planned combination of PAS experiments and measurements of the electrical properties
of the irradiated materials, such as resistivity and free charge carriers’ concentration, will
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potentially increase the knowledge about the radiation tolerance of WBG materials, which
are inevitable in numerous applications, including space exploration and safety for nuclear
power installations.
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Abstract: The scission rates of polystyrene and fluorinated polystyrene irradiated in an irradiation
facility with Co-60 y-rays were determined using molecular dynamics simulation and gel permeation
chromatography (GPC) molecular weight distributions. The prediction was based on the assumption
that y-ray energy is transferred to the initial velocity of the primary knock-on atom. We employed
a molecular dynamics simulation procedure to compute the changes in bond length between the
connections for selected values of the absorbed dose and compared the calculated values with
measurements made on the irradiated samples. The samples were exposed to four different absorbed
doses of 25, 50, 75, and 100 kGy. The scission process and scission ratio were simulated with
LAMMPS with ReaxFF potential for each bond, and we compared the simulation results with the
experimental data especially measuring average molecular weight to evaluate the effect of fluorination
on radiation enhancement.

Keywords: gel permeation chromatography; scission; polystyrene; fluorinated polystyrene; molecular
dynamics simulation; radiation resistance

1. Introduction

Polystyrene is a standard plastic used in a radiative environment for applications in the
nuclear industry and nuclear reactors and outer space localization. Irradiation experiments
have been used to confirm whether these plastics can be used as phantom materials to
measure absorbed doses. These materials have been increasingly used in various radiation
dosimetry protocols. Solid plastics, such as polystyrene, were used for low-energy radiation
dosimetry by the IAEA (2000) International Code of Practice TRS-398 [1]. The mechanical
properties of these materials were measured by increasing the radiation dose to evaluate
these materials. Crosslinking polymers, sterilizing, and preserving medical equipment
or food are the application of radiation modification as the result of this method. These
polymers have been modified to improve their radiation enhancement properties through
experimental trial and error, but this method takes a long time [2,3]. Many experimental
methods have been studied to increase the radiation enhancement of polystyrene by
fluorination [4,5] They are comparing zero-strength-time and tensile-strength mechanically,
and measuring G-value, detecting free radicals by electron spin resonance chemically [6,7].

The irradiation resistance assessment of polymers has been comprehensively per-
formed mechanically, including tensile strength and elongation at break, for tensile tests.
Several studies have shown that the “equal dose-equal damage” concept is not appropriate
because of the complexity of radiation reactions in polymers [8,9]. Polymerizing, grafting,
chain scission, and crosslinking are the main reactions to irradiation. The study and simu-
lation of irradiation effects focused on crosslinking because of its importance, particularly

Materials 2022, 15, 346. https:/ /doi.org/10.3390/ma15010346 121

https:/ /www.mdpi.com/journal /materials



Materials 2022, 15, 346

the improvement of mechanical and thermal properties of the polymer [10,11]. The types
of irradiation that cause breaking chains are electrons, neutrons, «- and -particles, or y-
and X-rays. The chemical and physical aging of polystyrene due to the y-ray was studied,
especially the effect of air on the radiation-induced changes in mechanical and molecular
properties by considering scission and crosslinking yields, G(S) and G(X) [12,13]. The
crosslinking reaction in polystyrene with y-ray was studied especially deuterated styrene
was studied [14]. However, crosslinking occurs by breaking the chains to produce radicals.
These radicals are the main factors involved in the crosslinking of polymers. Therefore, we
simulated microscopic information obtained by theoretical methods and molecular dynam-
ics to predict the scission ratio of each bond in polystyrene and fluorinated polystyrene
and compared the simulation data with experimental data especially measuring average
molecular weight to evaluate the effect of fluorination on radiation enhancement.

In this study, we simulated the scission rates of polystyrene and fluorinated polystyrene
and irradiated them in an irradiation facility with Co-60 y-rays and compared the simula-
tion results and average molecular weight measurement. Molecular dynamics methods
calculated the polystyrene and fluorinated polystyrene bond lengths by increasing the
absorbed dose to predict the scission rate and provide a radiation enhancement method for
each polymer. The radiation resistance was investigated by the partial substitution of H
atoms for F atoms.

2. Materials and Methods
2.1. Materials

The styrene monomer, 2,3,4,5,6-pentafluorostyrene, tetrahydrofuran and di-tert-butyl
peroxide (DTBP) as an initiator for polymerization were purchased from Sigma-Aldrich
Korea (Seoul, Republic of Korea). 4-fluorostyrene was purchased from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). All commercially available reagents were used as
received without further purification.

2.2. Determination of Average Molecular Weight Sample Preparation and -y Radiation Experiments

Polystyrene (PS) and fluorinated styrene (1F-, 5F-PS) were synthesized as per a pro-
cedure described in the literature with slight modifications (Figure 1) [15]. The styrene
monomer (10.5 g, 0.1 mol) was suspended in 10 mL of tetrahydrofuran (THF) and 1.42 g
(0.01 mol) of di-tert-butyl peroxide (DTBP) was added. The polymerization was carried out
at 100 °C for 18 h, at which point the solution is cooled to room temperature (20 °C). The
reaction product (PS) was precipitated in a solution of methanol (200 mL), vacuum-filtered,
and dried at 60 °C for five days to evaporate the remaining solvent. To synthesize the
fluorinated styrene, the same procedure as described above was used with 12.2 g (0.1 mol)
of unit 4-fluorostyrene to the 1F-PS and 9.7 g (0.05 mol) of unit 2,3,4,5,6-pentfluorostyrene
to the 5F-PS, respectively.

Prior to gamma irradiation, the prepared samples were packed in glass vials. After
that, gamma irradiation was performed with respective irradiation doses (25, 50, 75, and
100 kGy) at a dose rate of 10 kGy/h. The Co-60 source (MDS Nordion, Ottawa, Ontario
Canada, IR 221 n wet storage type C-188) was located at the Korea Atomic Energy Research
Institute (KAERI), Jeongeup-si, Korea.

2.3. Determination of Average Molecular Weight

Changes in the molecular weights of the irradiated PS, 1F-PS, and 5F-PS were deter-
mined by gel permeation chromatography (GPC, Breeze system, Waters, Milford, USA)
with the eluent of CHCl; at a flow rate of 1.0 mL/min at 40 °C. This equipment consisted of
a Water 1515 Isocrylic HPLC pump, Water 2414 reflective index detector, Phenogel column
5 um (300 x (4.6 mm)), and calibrated with polystyrene standards (Shodex, SM-105, and
SL-105).
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Preparation of 1F-PS
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Figure 1. Preparation of Ps, 1F-PS(poly(4-fluorostyrene)) and 5F-PS(poly(2,3,4,5,6-pentafluorostyrene)).

3. Theoretical Study of Scissionning Reactions
3.1. Modeling

The structure of polystyrene and fluorinated polystyrene were drawn using Avo-
gadro and optimized using LAMMPS [16,17]. We applied the reactive hydrocarbon po-
tential AIREBO and optimized its structure at room temperature [18]. The simulation size
was 40 x 40 x 40 cubic A for one cell. The polystyrene in on cell was shown in Figure 2.

Figure 2. Polystyrene with 322 atoms.

We applied a reactive force field potential to consider the fluorine atoms [19,20]. The
fluorinated polystyrene, 1F-PS(poly(4-fluorostyrene) and 5F-PS(poly(2,3,4,5,6-pentafluoro-
styrene)), are shown in Figure 3. The length of each atom was calculated and compared
with the cut-off distance of each bond using the same method as that for polystyrene. We
performed the simulation ten times in 10 cells under the same conditions.
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(a) (b)

Figure 3. Fluorinated polystyrene: (a) 1F-PS(poly(4-fluorostyrene)) (b) 5F-PS(poly(2,3,4,5,6-
pentafluorostyrene)).

3.1.1. Polystyrene

For polystyrene simulation, 322 atoms in 1 cell (total 10 cells) were drawn using
Avogadro and are shown in Figure 2. We optimized the atoms in Avogadro, and converted
the modeling file to the LAMMPS data file.

3.1.2. Fluorinated Polystyrene

For the fluorinated polystyrene simulation, we substituted the benzene ring of polysty-
rene with fluorine to evaluate the radiation enhancement. We optimized the atoms in
Avogadro with the UFF force field and converted the modeling to the LAMMPS data file.

3.2. Reactive Molecular Dynamics Simulation

The scission rate was calculated using molecular dynamics simulations to evaluate the
radiation resistance of polystyrene and fluorinated polystyrene. These materials were sim-
ulated using the LAMMPS code. We applied the reactive hydrocarbon potential AIREBO
developed by Brenner for polystyrene and reactive force field potential (ReaxFF) developed
by Van Duin et al. for fluorinated polystyrene [18,19].

High-energy particle irradiation has often been simulated using molecular dynamics
codes such as LAMMPS and PARCAS, for instance, in the study of Beardmore et al. [20,21].
The high-energy particle irradiation to material is simulated by applying the interaction
between the particles, the colliding electron, and the lattice atom. This method was studied
by giving initial kinetic energy, the recoil energy, to some randomly chosen atom in the
lattice [22-24].

However, this study simulated the interaction between y-rays and atoms by providing
y-ray energy in a specific area of the chain of polymers. We converted the y-ray energy
to the velocity of the primary knock-on atom (PKA) that existed in a randomly chosen
area (included recoil atom) and calculated the scission rate of each bond. This approach is
suitable for investigating the scission rate of each bond during initial energy conversion.

The energy of the y-ray was 1332 keV, and we converted it to a momentum term to
calculate the velocity of the initial primary knock-on atom. The momentum of the initial
primary knock on the atom was calculated using the following equation:

P=— )
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where ¢ denotes the velocity of light. The initial velocity was calculated by the equation:

E
P=mv, v= e 2)
where m is the mass of the initial primary knock-on atom. We assumed that all of the
y-ray energy converted to the kinetic energy of the primary knock-on atom. The calculated
velocity was 274 A /ps for the carbon atom. The direction of the momentum was the same
direction as y-ray.

The second assumption was that we selected the shape of the applied velocity area
sphere where collision cascade occurs. The radius of the area was 1.6 A, which is the C-C
bond length. This area was increased by increasing the absorbed dose. We applied this
assumption by the equation:

Nyt [® [Toar do(E, T)
D, = % — O(E, t)———>v(T)dTdEdt
==l L e En T v ©

where D, denotes the probability of displacement atoms, N denotes number density of the
material, N; denotes the number of displaced atoms per unit volume, ¢ denotes irradiation
time, @(E,t) denotes flux of incident particle, o(E,t) denotes scattering cross-section, y(T)
denotes the number of atoms displaced from origin position by PKA, E denotes the initial
energy of the incident particles, T denotes transferred energy, E; denotes the energy of the
displaced atom and Ty is maximum energy transferred to PKA. In the simulation, the
initial energy of the incident particle (E) was fixed by the value of conversion energy of
y-ray as the first assumption because the radiation intensity was set by the energy of y-ray
(1332 keV). The flux of incident particle was increased proportionally to the absorbed dose,
so we increased the PKA region (collision cascade zone) proportional to the absorbed dose.
Because increasing absorbed dose means that increasing the number of atoms displaced
from origin position (y(T)) is proportional to the flux of incident particles, including the
irradiation time. The number of atoms displaced from the original position and their
velocity by PKA are shown in Figure 4.

The absorbed dose of polystyrene and fluorinated polystyrene was 25, 50, 75, 100 kGy
in the experiment. We increased the radius of the PKA area proportional to the absorbed
dose, and they were 1.6,2.3,2.8, and 3.2 A in the simulation. We optimized the geometry of
each material, and the simulation time was one ps. We checked the distance of each atom at
10 cells after the 1 ps-the collision process and compared them with the bond break length
(1.8, 1.09, and 1.35 A for C-C, C-H, and C-F bond) to obtain the scission rate for each bond.
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Figure 4. Snapshots of the displaced atoms’ velocity vector (conversion of y-ray energy to kinetic

energy-collision in the cascade zone) at the polymers @ 1 ps with increasing the PKA radius.

4. Results

4.1. Simulation Results

The bond break lengths of each bond are 1.8, 1.09, 1.35 A, corresponding to C-C, C-H,
and C-F bonds, respectively. We obtained the distance of each bond at 1 ps after applying
the velocity, which is shown in Figure 4. The maximum number of bond dissociations

(@1 ps) for polystyrene and fluorinated polystyrene are listed in Tables 1-3.
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Table 1. Maximum dissociation number of each bond in polystyrene @ 1 ps.

Maximum Maximum

PKA Radius Absorbed No. Dissociation Dissociation Diss:l;:’ctiaaltion Dissociation
(A) Dose (kGy) of Simulations Number of Number of Numb Rate (#/kGy)
C-C Bond C-H Bond umber
1.6 25 10 7 35 42 1.68
2.3 50 10 50 71 117 3
2.8 75 10 67 78 140 0.92
32 100 10 70 87 157 0.68
Table 2. Maximum dissociation number of each bond in 1F-PS (poly(4-fluorostyrene)) @ 1 ps.
Maximum Maximum Maximum Total
PKA Radius Absorbed No. of Dissociation  Dissociation  Dissociation Diss:ciiltion Dissociation
(A) Dose (kGy) Simulations Number of Number of Number of Number Rate (#/kGy)
C-C Bond C-F Bond C-H Bond umbe
1.6 25 10 3 3 30 36 1.44
2.3 50 10 31 6 43 85 1.96
2.8 75 10 46 8 73 127 1.68
32 100 10 57 9 74 140 0.52
Table 3. Maximum dissociation number of each bond in 5F-PS (poly(2,3,4,5,6-pentafluorostyrene)) @
1ps.
Maximum Maximum Maximum Total
PKA Radius Absorbed No. of Dissociation  Dissociation  Dissociation Diss:ciaation Dissociation
(A) Dose (kGy) Simulations Number of Number of Number of Number Rate (#/kGy)
C-C Bond C-F Bond C-H Bond umbe
1.6 25 10 0 0 0 0 0
2.3 50 10 16 15 15 47 1.88
2.8 75 10 45 38 35 118 2.84
32 100 10 53 43 37 133 0.6

The dissociation rate was calculated at the maximum dissociation number. The maxi-
mum dissociation rate region was 3 (#/kGy) from 25 to 50 kGy at polystyrene, 1.96 (#/kGy)
from 25 to 50 kGy at the 1F-PS (poly(4-fluorostyrene)), and 2.84 (#/kGy) from 50 to 75 kGy
at the 5F-PS (poly(2,3,4,5,6-pentafluorostyrene)).

The average dissociation number of each bond at 1 ps in polystyrene for 10 simulations
is shown in Figure 5. The dissociation of C-C bonds is less than that of C-H bonds in
polystyrene, implying that the scission rate of the backbone in polystyrene is less than that
of other bonds.

In 1F-PS (poly(4-fluorostyrene)), the dissociation number of C-C bonds is also less than
that of C-H and C-F bonds. The dissociation of C-F bonds occurred, as shown in Figure 6.

The average dissociation number of each bond at 1 ps in 5F-PS (poly(2,3,4,5,6-pentaflu-
orostyrene)) is shown in Figure 7. Dissociation did not occur up to 25 kGy. The dissociation
number of C-C bonds was higher than that of C-F and C-H bonds.

We did not compare the dissociation number of each bond in the polymers because
the total number of C-H and C-F bonds are different for each polymer. However, the total
dissociation number was comparable for radiation resistance according to the same atom
number. The 5F-PS (poly(2,3,4,5,6-pentafluorostyrene)) had the lowest dissociation number,
as shown in Figure 8.
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Figure 5. Average dissociation number of each bond in polystyrene at 1 ps.
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Figure 6. Average dissociation number of each bond in 1F-PS (poly(4-fluorostyrene)) at 1 ps.
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Figure 8. Total dissociation number of polymers.

4.2. Comparison with Experiment Results

We applied the scission rate by considering the mass of each atom for comparison with
the gel permeation chromatography results. The results of polymers’ average molecular
weight (Mn) are shown in Figure 9, and the ratio of differential average molecular weight
(Mn) of the irradiated polymers are summarized in Table 4. The values of Mns were
different for each polymer. We applied the ratio of changes to compare the radiation
resistance of each polymer. The ratio was calculated by standardizing the initial Mns value.
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Figure 9. The polymers average molecular weight after irradiation (experiment results).

Table 4. Maximum dissociation number of each bond in polystyrene @ 1ps.

The Ratio of The Ratio of The Ratio of
]:‘;\0 bsseo(f (e;(;l,) Mn of PS Ilvl[;_‘POSf 1;/{:_11,0; Differential Differential Differential
Mn (PS) Mn (1F-PS) Mn (5F-PS)

0 25,651.0 27,468.3 56,011.0 0.00000 0.00000 0.00000

25 26,714.3 28,249.0 57,630.0 0.02887 0.02032 0.01229

50 27,917.6 29,691.5 54,441.0 0.05890 0.05505 0.01261

75 28,089.0 29,639.0 54,391.0 0.06296 0.05384 0.01303

100 28,129.0 29,540.0 54,345.5 0.06391 0.05156 0.01340

In the process of the experiment (measuring average molecular weight by gel per-
meation chromatography after irradiation), both the scission and crosslinking processes
had happened. The initial average molecular weights of polymers are 25,651.0, 27,468.3,
56,011.0 for PS, 1F-PS, and 5F-PS. The average molecular weight of PS increased to 28,129.0
at 100 kGy. In the case of polystyrene fluoride, the average molecular weight of 1F-PS
increased to 29,691.5 at 50 kGy, decreased to 29,540.0 at 100 kGy, and the average molecular
weight of 5F-PS increased to 57,630.0 at 25 kGy and decreased to 54,345.5 at 100 kGy. How-
ever, the scission process should be done before crosslinking process. So we assumed that
the change of average molecular weight was dominant by the scission process. We normal-
ized the difference of average molecular weight by matching the initial average molecular
weight to zero, and then we calculated the absolute difference between the initial average
molecular weight and after the irradiation as shown in Figure 10 [25-27]. We compared
these differential values with the simulation results of the scission rate. Equations (4) and
(5) are being applied for comparison.

. N
a (scission rate) = o 4)
. . . 1 1
d(Ratio of Dif ferential Mn) = e W ) < N (5)
0

where m denotes the mass of bonds, Mn denotes the number average molecular weight
after irradiation, My denotes the initial average molecular weight, and N is the differential
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number: the ratio between the average molecular weight of atoms (experiment results) and
atom number (simulation value) after irradiation. The scission rates of the bonds which
were simulated in the polymers are shown in Figures 11-13.
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Figure 10. The polymers normalized average molecular weight after irradiation (experiment results).
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Figure 11. Scission rate of C-C bond of polymers.
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0.05  —o—PS A
—0—1F-PS A—
[ —A—5F-PS 5
o
T 0.04 |
=
o
e}
% 003
- o
(o] L
(]
® 002 /A
= O
<
=)
& 001}
O
n
0.00 |- JAf 0 0 O
1 " 1 " 1 n 1 N 1 N 1
0 20 40 60 80 100

Absorbed dose (kGy)

Figure 13. Scission rate of C-F bond of polymers.

The scission rate of the C-C bond was the highest in the polystyrene. The value of the
scission rate was increased sharply in the region of 25 to 50 kGy for polystyrene and 1F-PS
and 50 to 75 kGy for 5F-PS. These results were similar with the maximum dissociation rate
region, which were 3 (#/kGy) from 25 to 50 kGy at the polystyrene, 1.96 (#/kGy) from 25
to 50 kGy at the 1F-PS, and 2.84 (#/kGy) from 50 to 75 kGy at the 5F-PS.

This relation was also investigated in the gel permeation chromatography results. The
difference of Mn was the highest in the region of 25 to 50 kGy for polystyrene and 1F-PS.
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However, it is different in the 5F-PS case. This means that the dominant scission happened
in the C-C bond for polystyrene and 1F-PS.

The scission rate of the C-H bond was also the highest in the polystyrene. The value
of the scission rate was increased linearly in the region of 0 to 50 kGy for polystyrene and
1F-PS and 75 to 100 kGy for 5F-PS. The increment of the scission rate was decreased after
50 kGy for polystyrene and 75 kGy for 1F-PS, 5F-PS.

The scission rate of the C-F bond in the 1F-PS was higher than 5F-PS until 75 kGy. The
scission process did not happen until 25 kGy in the 5F-PS. The number of C-F bonds in
5F-PS is 5 times larger than 1F-PS. However, the scission rate of C-F bonds in 5F-PS was
similar to 1F-PS.

The total scission rate of PS was higher than 1F-PS, 5F-PS in the simulation. The results
of the scission trend of PS, 1F-PS was similar with the measured value, particularly until
50 kGy. The measured value was decreased after 50 kGy.

In the case of 5F-PS simulation, the scission did not happen until 25 kGy in the
simulation. However, the measured value was increased until 25 kGy, and the rate of
increase was the minimum in the data. The simulation results were compared with the
experimental results and shown in Figure 14.
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Figure 14. Total Scission Rate.

5. Discussion

The radiation enhancement effect with fluorine in the polystyrene has been determined
by atomistic simulations to predict the possibility of using this method for modeling and
simulation, which is irradiation reactions that occur in these materials.

The fluorinated PS backbone is made up of carbon-carbon bonds and the pendant
groups are carbon-fluorine bonds. Both are extremely strong bonds. The basic properties of
fluoropolymers from these two very strong chemical bonds. The quantity of the fluorine
atom can be affected the crystallinity of PS and continuous covering around the carbon-
carbon bonds and protect them from chemical attack, thus imparting chemical resistance
and stability to the molecule.

In these polymers, chain scission (scission of C-C) was the primary reaction. The
number of dissociation was increased proportionally with the absorbed dose. The ratio of
increment of atoms in the simulation was the same with the measured (Mn) value.

5F-PS was found to be more resistant to radiation damage than 1F-PS and polystyrene.
The benzene ring can be considered to act as a very efficient trap for F atoms due to the
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so-called cage effect. So, the F atoms are formed in an efficient cage of benzene molecules;
the reactions (6) and (8) can predominate over reaction (9).

~ CgF5 — ~ C¢Fjo+ Fe (6)
~ Cg¢F5+ Fo — ~ C4Fge @)

Re+ ~ CgF5 — RCeFse, [Re = ~ CgFye, ~ CgFse, ~ CeF5CoFye] @)
Re + Re — RR ©)

Re + Fe — RF (10)

Fe+ Fo — F, 11)

The simulation results were reasonable especially calculating the scission ratio, and
predicting the radiation resistance of aromatic fluorocarbon. In the simulation, we assumed
that the absorbed dose of polystyrene and fluorinated polystyrene relatively increased
cascade area 1.6, 2.3, 2.8, and 3.2 A. In this assumption, we converted the whole energy of y-
ray to the kinetic energy of atoms which were participated in the cascade. We expected that
the experiment results were different from the simulation results because of the difference
between the average molecular weight of atoms (experiment results) and atom number
(simulation value). However, we coupled the simulation results with the scission rate and
differential ratio of Mn (the number of molecular weight) and figured out that the trend of
scission rate was similar in the results comparing the simulation data and experimental
data. In this study, the scission process was only considered to predict the effect of fluorine.
We will update this method with the crosslinking process to overcome the unforeseeable
circumstances—prediction of radiation enhancement before the irradiation.

6. Conclusions

Generally, the high energy of the gamma-rays and the formation of radicals led to the
chain scissioning, resulting in a decrease in molecular weight of the polymer. The produced
alkyl free radicals react with oxygen to form peroxyl free radicals through the abstraction
of hydrogen led to the cleavage of the C-H, C-C, and C-F chains.

When aromatic fluorinated polymers are irradiated, the observed yield of breaks
obtained by splitting C-F and C-C bonds is often lower than those from the C-H and C-C
bonds in aliphatic hydrocarbon polymers. Namely, the fluorine atoms are not readily
abstracted from fluorinated polymer by general molecules and radicals such as H, CH3,
CF3, and CyFs. This is because of radiation resistance due to the combination of C-F binding
force and aromatic resonance structure. Actually, the aromatic hydrocarbon biphenyl and
terphenyl are reported to be sufficiently resistant to radiation, the fluorine atoms of aromatic
fluorocarbon (i.e., 1F-PS and 5F-PS) are also expected to be resistant to radiation. The more
fluorine content in the benzene, the highly ordered m-stacking of fluorinated benzene
increases charge carrier mobilities, suggesting stabilization against bond rupture by the
radiation. So, it seems reasonable to conclude that the fluorine will be hardly abstracted
from 5-F rather than 1-F based on simulation and measurement results [28].
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Abstract: In this study, biodegradable poly(L-lactide-co-e-caprolactone) (PLCL) and poly(L-co-
D,L lactide) (PLDLA) were evaluated using Geant4 (G4EmStandardPhysics_option4) for damage
simulation, in order to predict the safety of these biodegradable polymers against gamma ray
sterilization. In the PLCL damage model, both chain scission and crosslinking reactions appear
to occur at a radiation dose in the range 0-200 kGy, but the chain cleavage reaction is expected to
be relatively dominant at high irradiation doses above 500 kGy. On the other hand, the PLDLA
damage model predicted that the chain cleavage reaction would prevail at the total irradiation
dose (25-500 kGy). To verify the simulation results, the physicochemical changes in the irradiated
PLCL and PLDLA films were characterized by GPC (gel permeation chromatography), ATR-FTIR
(attenuated total reflection Fourier transform infrared), and DSC (difference scanning calorimetry)
analyses. The Geant4 simulation curve for the radiation-induced damage to the molecular weight was
consistent with the experimentally obtained results. These results imply that the pre-simulation study
can be useful for predicting the optimal irradiation dose and ensuring material safety, particularly
for implanted biodegradable materials in radiation processing.

Keywords: PLCL; PLDLA; chain scission; degradation; gamma-ray; Geant4; simulation; radiation
damage model

1. Introduction

Nowdays, biodegradable polymers are widely used as materials for medical de-
vices [1]. Biodegradable polymers, used for decades, include polyesters and their copoly-
mers, such as poly(L-lactic acid) (PLA), poly(e-caprolactone) (PCL), poly(L-lactide-co-¢-
caprolactone) (PLCL), and poly(L-co-D,L lactide) (PLDLA). Among the various materials,
PLCL and PLDLA are very valuable materials used in medical applications as implantable
devices because of their excellent flexibility and biodegradability [2-4]. Sterilization is
essential for implantable devices [5], and some established sterilization methods include
dry heat, ethylene oxide, steam, and radiation methods [6]. In particular, the gamma or
electron beam sterilization process is performed at room temperature and has the advan-
tage of a short sterilization time and low risk of toxic residues [7]. In addition, it has a high
sterilization effect for substances that struggle to penetrate into other sterilizing agents [8].
Packaging is used to protect the bioimplantable device from moisture and ions inside the
human body [9], the material is sterilized in the entire volume of the product together with
the packaging. Because of these advantages, gamma irradiation is the most commonly
used method for the sterilization of materials with a high transmittance [10].

However, free radicals generated by radiation energy can propagate within the poly-
mer chain structure and cause a chain reaction, leading to crosslinking [11-13]. Therefore,
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aliphatic polyesters are decomposed in the radiation sterilization process, and the de-
composition temperature may change depending on the polymer composition [7,14,15].
In general, the effect of radiation on polymers can cause changes in various properties,
such as chemical composition, crystallinity, molecular weight and density, depending on
the radiation dose, dose rate, and temperature [6]. In particular, because biodegradable,
polymer-based, implantable devices are very important for the performance and service
life of materials [16,17], it is necessary to analyze the changes in the properties of polymer
materials according to irradiation dose, in preparation for the possibility of material de-
composition during the radiation sterilization process. In addition, radiation sterilization
is the most suitable and useful material for human insertion among the currently available
sterilization methods. Therefore, it is necessary to secure the optimal sterilization dose for
each polymer material according to its intended use.

In contrast, irradiation is well known as a very convenient tool for sterilizing biodegrad-
able polymers and transforming polymer materials through crosslinking, grafting, and
decomposition [18]. Because crosslinking using radiation may generate radicals within
the polymer chain, the functionalization process may be omitted, and the crosslinking
reaction may be performed at a low temperature due to its excellent penetrating power.
In particular, irradiation with a high-energy radiation such as gamma rays and electron
beams was used for the processing and crosslinking of polymers [19,20].

However, radiation accompanies the chain scission reaction and crosslinking simulta-
neously and may affect basic properties such as reducing the glass transition, crystallization
and melting temperature of the polymer. Other physical properties, such as gas permeabil-
ity, may differ from those of conventional polymers. In particular, because crosslinking
generally reduces the degradability of polymers, it can negatively affect the properties of
materials designed for degradable devices after the insertion into the human body [16].
Radiation treatment can control the biodegradation time [21]. A compromise must be
found between the mechanical properties and the biodegradation time. Therefore, it is
expected that the time and cost of material development can be dramatically shortened if
the optimal radiation irradiation conditions that are suitable for the required properties
can be selected through a pre-simulation study.

In addition, to analyze the damage to polymers caused by radiation, it is necessary
to understand radiation physics, dosimetry, chemical analysis, and instrumental analysis
applied to the modeling and simulation of the radiation environment [22]. Therefore, it
is necessary to investigate the interaction of the polymer of interest with gamma rays.
However, because it is difficult to rely solely on repeated testing and dose selection for
an accurate analysis [23], some researchers conducted simulation-based correlation stud-
ies [24-26]. Ghosal et al. performed theoretical simulations to determine the correlation
between the morphological changes due to gamma irradiation and other properties such
as molecular weight distribution, intrinsic viscosity, and ionic conductivity [24]. Saha et al.
conducted a computer simulation study to examine the effects of gamma irradiation on
properties such as molecular weight distribution and viscosity [25]. In particular, the num-
ber average molecular weight can be an indicator of the critical dose that causes changes
in the physical properties of polymers due to radiation [27]. In addition, the quantitative
analysis and interpretation of the number average molecular weight is important for un-
derstanding the decomposition behavior of polymer materials according to the radiation
dose within the simulation.

In this study, the average molecular weight of the polymer was selected as a parameter
to conduct a basic simulation of radiation damage analysis for biodegradable polymers
(PLCL and PLDLA). Figure 1 shows the chemical structures of PLCL and PLDLA. In
preparation for the possibility of material decomposition during radiation (gamma-ray)
sterilization, changes in the characteristics of PLCL and PLDLA according to irradiation
dose were observed. In addition, a Geant4 simulation was performed to predict the
structural damage dose range in the gamma ray sterilization and processing by selecting
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this as a damage model, and a comparative verification study was conducted to verify the
change in the average molecular weight according to the irradiation dose.

(a) (b)
Figure 1. Chemical structure of polymer (a) PLCL and (b) PLDLA.

2. Materials and Methods
2.1. Modeling and Simulation
2.1.1. Geant4 Simulation for Gamma Ray Fluence Calculation

To calculate the radiation dose of polymer films, Geant4 (version 10.6p02, CERN, Con-
seil Européenne pour la Recherche Nucléaire, Meyrin, Switzerland) was used to perform
the simulation. First, the radiation dose of the high-level gamma radiation device was sim-
ulated. Using the “GeneralParticleSource (GPS)” and “G4RadioactiveDecayPhysics” mod-
ules in Geant4, the ®*Co decay scheme was modeled. The energy absorbed by an alanine
dosimeter (cylindrical type with a radius of 0.24 cm and height of 0.3 cm), placed 15.8 cm
from the ®°Co source, was calculated. The “G4EmStandardPhysics_optiond” physics model
was used to calculate the absorbed dose of the alanine (material: C3H7NO,, density:
1.42 g/cm®) dosimeter when exposed to 1173 keV and 1332 keV gamma rays simultane-
ously released from the ®°Co source. The dose amount necessary to calculate the same
radiation dose as experimental conditions at the target position was converted to fluence.

2.1.2. Geant4 Simulation for Absorbed Dose Calculation

Simulations were performed to calculate the absorbed dose per unit mass (D, eV/g)
after irradiating the PLCL and PLDLA films with the previously calculated gamma ray flu-
ence. The polymer film was the same size as the actual film, measuring 2 x 2 x 0.1 cm®. The
PLCL film was made of HO[C3H4O0;]n[CsH19O2]mCHs, (n:m = 70:30), and had a density of
1.2 g/mL. The PLDLA film was made of HO[C3H4O;]1[C3H4O07]mCH3, (nim = 70:30), and
had a density of 1.2 g/mL. The PLCL and PLDLA films were placed 15.8 cm away from the
60Co source, and the absorbed dose per unit mass was calculated as summarized in Table 1.

Table 1. Absorbed dose per unit mass of PLCL and PLDLA models according to gamma
radiation dose.

PLCL PLDLA
Dose (kGy) .

Absorbed Dose per Unit Mass (eV/g)
25 1.47 x 102 2.73 x 1020
50 2.95 x 102! 5.47 x 1020
100 5.90 x 102! 1.09 x 102!
200 1.18 x 1022 2.19 x 102
500 2.95 x 1022 5.47 x 102!

2.1.3. Prediction of Damage to Polymer Materials Using a Radiation Damage Model

The relationship between the radiation dose and number average molecular weight
can be derived as follows: The number average molecular weight (M, o, g/mole) for the
polymer sample is as follows [28]:

M (g/mole) =wNa /Ny (1)
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where w denotes the weight (g) of the polymer sample, N is Avogadro’s number, and Ny is
the total number of molecules (initial molecules) in w before irradiation. From Equation (1),
Ny can be rearranged as follows:

No =wNa/Mn @

If the dose is expressed as D (eV/g), we can calculate Dw, that is, the total absorbed
dose by the sample. Therefore, the number of newly formed molecules (N*) inside the
polymer due to irradiation is obtained as follows:

N* = KDw 3

where K denotes the polymer structure constant that represents the resistance to radiation.
It can be replaced by G, which is defined as the number of molecules or atoms produced
per 100 eV of energy.

The G-value is generally expressed as Gs for the number of scissions due to exposure,
or Gy for the number of crosslinking reactions. The production of new molecules in relation
to the number of scissions (Ns*) and crosslinking (N*) can be described as follows:

Ng* = (Gs/100) Dw )

Ny* = (Gy/100) Dw )

From the perspective of the number of molecules in the polymer sample, chain
scissions increase the number of molecules, whereas crosslinking decreases the number of
molecules. Therefore, the number average molecular weight (My*) of the polymer when
the scissions and crosslinking reactions occur competitively with the absorbed dose D is
obtained as follows:

Mn* =wNa/(No + aNs* — BN¥) ©)

where the total mass of the polymer is assumed to be constant during exposure, « and
denote constants used to consider the change in the initial number of molecules (Ny) when
chain scission and crosslinking events occur; 0.5 and 2 are applied, respectively.

Based on Equations (4)—(6), the polymer damage model that considers radiation-
induced chain scission and crosslinking is as follows:

1/Mp*=1/Mnp + [(@Gs — BGx)/100NA] D )

where M, g and G-value (Gs and Gx) were obtained from the experimental results. The ra-
diation damage model of Equation (7) was used to simulate a biodegradable polymer film.

2.2. Film Preparation and Radiation Measurement for Simulation Verification
2.2.1. Materials

Poly(L-lactide-co-e-caprolactone) (PLCL, 70/30) and poly(L-lactide-co-D,L-Lactide)
(PLDLA 70/30) were commercially purchased from RESOMER® (Evonik Health Care
Evonik Industries AG, Essen, Germany). Chloroform (CHCIl;3) was selected as a solvent
and was supplied by Showa, Tokyo, Japan. All other reagents and solvents were of
analytical grade and were used without further purification.

2.2.2. Sample Irradiation

PLCL and PLDLA films were prepared by a solution casting method using CHCl3
as a solvent. The PLCL and PLDLA powders were dissolved in CHCl; to obtain 10 wt%
and 4 wt% polymer solutions, respectively. The PLCL and PLDLA films were fabricated
by pouring a polymer solution into a well-cleaned glass plate and evaporating the solvent
in air at room temperature. Dried films were peeled off manually from the glass plate
and dried in vacuum oven for 24 h at room temperature. Prior to gamma irradiation,
the prepared films were packed with nitrogen gas in glass vials. Gamma irradiation was
thereafter performed using a gamma ®°Co source on the samples with different radiation
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doses (25, 50, 100, 200, and 500 kGy) at a dose rate of 10 kGy/h. The 00Co source (MDS
Nordion, Ottawa, Canada, IR 221 n wet storage type C-188) was located at the Korea
Atomic Energy Research Institute (KAERI), Jeongeup, Republic of Korea.

2.2.3. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR spectra of gamma-ray-irradiated biodegradable polymer films were obtained
using an ATR-FTIR spectrophotometer (Bruker TENSOR 37, Bruker Corporation, Billerica,
MA, USA). The spectra were measured in the wavenumber range from 500 to 4000 cm !
in ATR mode. Spectra were recorded using Bruker OPUS software (version 8.5, Bruker
Corporation, Billerica, MA, USA) at a resolution of 4 cm~ L

2.2.4. Thermal Analysis

The thermal properties of the polymer films were tested by difference scanning
calorimetry (DSC, Q100, TA Instruments, New Castle, DE, USA). The DSC thermograms of
the polymer films were measured from —50 to 250 °C under a nitrogen atmosphere at a
heating rate of 5 °C/min, and then were cooled at room temperature. A second heating
cycle was then observed by heating the samples from —50 to 250 °C.

2.2.5. Average Molecular Weight

Changes in the molecular weights of the irradiated film were determined by gel perme-
ation chromatography (GPC, PL-GPC 110, Polymer Laboratories, Church Stretton, UK) with
the eluent of CHCl; at a flow rate of 1.0 mL/min at 40 °C. The GPC system was equipped
with columns of PLgel Guard column 5 um, PLgel 10 pm Mixed B and PLgel 5 um 10,000 A
(Polymer Laboratories, Church Stretton, UK) calibrated with polystyrene standards.

The changes in molecular weight are related to the radiation chemical yields of
crosslinking (Gx) and chain scission (Gs), which determines the extent of chain scission
or crosslinking during gamma-ray irradiation, and can be calculated from the following
equations [27]:

1/My = 1/Myg + (Gs/2 — 2Gx)D x 1.038 x 107° ()]

1/Mn =1/Mpp + (Gs — Gx)D x 1.038 x 107° )

where My, o and M, o are the weight and number average molecular weight of unirradiated
films. My, and M, are the corresponding values following exposure to irradiation dose, D.
A ratio of G5/ Gy greater than 4 would indicate that chain scission is more prominent for
nitrogen atmospheres [29].

3. Results and Discussion
3.1. Modeling and Simulation

Figure 2 shows the number average molecular weight change according to the gamma
irradiation dose of the radiation damage model PLCL and PLDLA films through Geant4
simulation. The blue triangle represents the simulation result considering both chain scis-
sion and crosslinking in the radiation damage model, whereas the red square represents the
simulation result considering only the chain scission in the radiation damage model. The
M0 and G-values (Gs and G) of PLCL and PLDLA obtained from the experimental results
were used in Equation (7) for the radiation damage model of the polymer considering the
radiation cleavage and crosslinking derived in this study, respectively.
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Figure 2. Number average molecular weight of (a) PLCL and (b) PLDLA radiation damage models
depending on the gamma-ray irradiation in simulation (blue triangles: simulation of chain scission
and crosslinking; red squares: simulation of chain scission).

In the simulation results, the average molecular weight of the radiation damage model
PLCL decreased with the increasing irradiation dose (Figure 2a). In the two damage
models, the difference in the number average molecular weight in the range 25-200 kGy
of the irradiation dose appeared to gradually widen, but the gap seemed to narrow at
the irradiation dose of 500 kGy; it appeared that both the chain cleavage and crosslinking
reactions occurred up to the range before the irradiation dose of 200 kGy, but the chain
cleavage reaction was expected to be relatively dominant at a high irradiation dose of
500 kGy or more.

Figure 2b shows the number average molecular weight changes, according to the
gamma radiation dose of the radiation damage model PLDLA film, through the Geant4
simulation. In the simulation results, the number average molecular weight of the radiation
damage model PLDLA decreased with the radiation dose. Interestingly, when only chain
cleavage was considered in the radiation damage model, there was no significant difference
from when both chain cleavage and crosslinking were considered, that is, in the PLDLA
damage model, it can be inferred that the chain cleavage reaction prevails over crosslinking.

3.2. Radiation Assessment for Simulation Verification
3.2.1. ATR-FTIR Spectroscopy

Figure 3 shows the ATR-FTIR spectra of PLCL and PLDLA before and after gamma-
ray irradiation. The ATR-FTIR spectrum of the PLCL film was observed from 1300 to
1000 cm ™!, which is related to the stretching of C—O bonds in the ester, found in the long
alkyl chain of the polymer structure [30,31]. The C—O and C—O—C groups exhibited
stretching peaks at 1188, 1037, and 1079 cm™! for the PLCL film both before and after
exposure. The stretching of —C=0 (carbonyl) appeared as an intense peak at 1750 cm .
In addition, the asymmetric stretching vibration of the —CHj; and —CH, groups were
observed at 2992 and 2943 cm~! for the PLCL film before and after exposure [29,31,32].
Another bond related to the symmetric vibration of —CH; was observed at 2872 cem 1 [29].
Bonds associated with the asymmetrical and symmetrical stretching of the —CHj3 group
exhibited peaks at 1450 and 1361 cm L, respectively [33]. Small peaks were also observed
for the C—H bending vibrations at 757 and 864 em ! [34].
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Figure 3. ATR-FTIR spectra before and after gamma-ray irradiation: (a) PLCL and (b) PLDLA
polymer films.

Figure 3b shows the ATR-FTIR spectra of PLDLA before and after gamma-ray irradi-
ation. The C—O and C—O—C groups exhibited stretching peaks at 1182 and 1081 cm~!
for the PLDLA film both before and after exposure. The stretching of —C=0 (carbonyl)
appeared as an intense peak at 1746 cm~'. In addition, the asymmetric stretching of
—CH was observed at 2994 and 2945 cm ™! for the PLDLA film before and after exposure.
Another bond related to the bending vibration of —CHj was observed at 1452 cm 1 [33].
Small peaks were also observed for the C—H bending vibrations at 759 and 872 cm~1 [34].

The PLCL and PLDLA films did not display significant differences before and after
exposure due to minor radiation-induced chemical changes occurring in the polymer
chain [35,36]. This implies that there was no change in the functional group inside the
polymer after irradiation, and this result indicated that the possibility of the creation of a
new bond, which was one of the parts to be considered in the decomposition mechanism
of the polymer, could be excluded.

3.2.2. Thermal Analysis

Figure 4 shows the DSC curves of PLCL and PLDLA before and after gamma-ray
irradiation. The DSC curve of the PLCL film before exposure had a melting point (Tr,) of
159.78 °C. No significant differences were observed up to a dose of 100 kGy. However,
T'm decreased rapidly when the dose was increased to 200 and 500 kGy, indicating that
gamma-ray irradiation resulted in the degradation and scissioning of the main chain [20,37].
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Figure 4. DSC thermograms of the before and after gamma-ray irradiation (a) PLCL and (b) PLDLA
polymer films.

In the DSC curve of the PLDLA film before irradiation, a glass transition (Tg) was
observed at 41.75 °C. After gamma irradiation, there was no significant change at 100 kGy
or less, and a decrease in Ty was observed at 200 kGy. The Ty of a polymer was related
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to its molecular weight, and Ty decreases as the average molecular weight decreases [38].
Consequently, it was confirmed that the temperature at which thermal transition occurs
changed when the dose was greater than 100 kGy.

3.2.3. Average Molecular Weight

The changes in the average molecular weights (M, and M) of the PLCL and PLDLA
films before and after gamma-ray irradiation are shown in Figure 5. The oxidation of
polymers during exposure reduces crosslinking, increases degradation, or causes chain
scissions [24]. Thus, the formation of radicals after exposure results in chain scissions,
which in turn lowers the molecular weight. Chain scissions usually occur when polymers
are in the amorphous phase [25].
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Figure 5. Average molecular weight (black squares: My, white circles: My) of (a) PLCL and
(b) PLDLA depending on the gamma-ray irradiation.

At higher doses of at least 200 kGy, chain scission occurs because of the alkyl free
radicals that react with oxygen to form peroxyl free radicals through hydrogen abstrac-
tion [26,27]. This type of chain scission has no significant effect on the decrease in the
average molecular weight, given the relatively higher increase in chain scission, compared
to crosslinking events under higher doses [39]. The number of alkyl free radicals was
greater than that of peroxyl free radicals under higher radiation doses because oxygen was
not present under our experimental conditions. Alkyl free radicals had less influence on
chain scissions than peroxyl free radicals, and were more likely to undergo rebonding or
crosslinking in crystalline and amorphous segments [40].

Hydrogen abstraction due to chain-breaking radicals in the weakest C-H bonds
contributes to an increase in alkyl radicals or -C(CHj3)- radicals. The average molecular
weight decreased with the degradation of the polymer during exposure [41]. From Table 2,
the high G-value (Gs/Gx = 8.7) exhibits a degree of chain scission in the irradiated PLCL
film after exposure. The decrease in molecular weight at low radiation doses was due to
chain scission by alkyl free radicals [26]. High-energy irradiation forms radicals played a
role in the degradation of polymers [41]. In other words, the chain appears to be affected
at a dose of 30 kGy or higher, but exhibits a more distinct difference in molecular weight
at higher doses of at least 200 kGy. Even in the absence of oxygen in the air, radicals that
cause chain cleavage may be formed by radiation energy, which may affect the average
molecular weight of the polymer.

Table 2. Chain scission (Gs) and crosslinking (Gx) radiation yields of PLCL and PLDLA irradiated.

Polymer (dose) Gg Gy Gs/Gyx
PLCL (200) 0.158 0.018 8.7
PLDLA (100) 1.394 0.026 52.7
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Polymers with oxygen atoms are known to exhibit a very high sensitivity to radia-
tion [2], and similar studies were conducted on structures containing oxygen in the polymer
backbone [29]. Methine groups in the polymer backbone appear to be important in the
radiolysis of biodegradable polymers containing oxygen atoms. Previously, Nugroho et al.
reported a study on the gamma-ray degradation of PLA [42]. This polymer contains an
ester linkage and a cleavage site in the methine group. The cleavage of the ester bond at
this cleavage site causes crosslinking with a relatively low yield, whereas cleavage at the
methine group causes the chain scission of the polymer [17,42].

In general, the radicals generated at the ends of polymer chains generate new radicals,
move to adjacent polymer chains, or cause hydrogen abstraction [42]. In addition, double
bonds are formed at the chain ends after hydrogen abstraction. In PLDLA, a copolymer
comprising of isomers of PLA, and both crosslinking reactions, can cause decomposition
reactions due to cleavage of ester bonds in the polymer and hydrogen abstraction of the
methine groups [20]. In this study, when interpreted only as a result of the decrease in
the average molecular weight of PLDLA according to gamma radiation dose, the radicals
generated inside the polymer react well with each other and the decomposition reaction is
relatively dominant; therefore, it is believed that primarily chain cleavage occurs. Conse-
quently, it is observed that the polymer chain is affected by radiation even at a low gamma
irradiation of 25 kGy or higher, but it can be confirmed that a distinct change is exhibited

with a molecular weight at 50 kGy or higher.

3.2.4. Modeling and Simulation Verification

Figure 6 shows the results of the simulation of the radiation damage model and the
change in the number average molecular weight of the PLCL and PLDLA films according
to the gamma radiation dose. The blue triangle represents the simulation result consider-
ing both chain scission and crosslinking in the radiation damage model, the red square
represents the simulation result considering only the chain scission in the radiation damage
model, and the white circle represents the experimental result obtained from the radiation
measurement evaluation.
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Figure 6. Comparison of number average molecular weight of (a) PLCL and (b) PLDLA in simulation
and measurement evaluation (blue triangles: simulation of chain scission and crosslinking, red
squares: simulation of chain scission, white circles: experimental value).

The simulation results predicted that, in the radiation damage model, both chain
cleavage and crosslinking reactions occurred at low doses before 200 kGy, but chain
cleavage reactions were relatively dominant at high doses of 500 kGy or higher (Figure 6a).
The number average molecular weight of the PLCL film decreased according to the gamma
radiation dose in the radiation measurement results, which exhibited a similar trend to
the Geant4 simulation results. The actual evaluation results were similar to those of the
radiation damage model when both chain scission and crosslinking were considered at a
radiation dose in the range 0-200 kGy. Meanwhile, the actual evaluation results at a dose of
500 kGy were similar to the simulation results of the radiation damage model considering
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only chain scission. Consequently, it can be determined that PLCL has a more dominant
chain cleavage reaction than crosslinking at a high radiation dose of at least 500 kGy, and
the simulation of the radiation damage model can be verified through a comparison with
the experimental results.

The simulation results of PLDLA exhibited no significant difference when only chain
cleavage was considered in the radiation damage model, compared to when both chain
cleavage and crosslinking were considered (Figure 6b). Therefore, the PLDLA damage
model predicted that the chain cleavage reaction would prevail at the total irradiation dose
(25-500 kGy). The results of the radiation measurement demonstrated that the polymer
chain was affected by radiation even at a low irradiation dose of 25 kGy or higher, and
that the chain cleavage reaction was dominant, with a distinct molecular weight change at
50 kGy or higher. Consequently, unlike PLCL in which cleavage was predominant at high
doses, in the case of PLDLA, it could be determined that the chain cleavage reaction was
dominant at the total irradiation dose (25-500 kGy), and the simulation could be verified
through a comparison with experimental results.

In addition, in Equation (7) derived from this study, the slopes a and p are correlated
with the G value, and thus the radiation damage model is an important factor in simulating
the actual evaluation experiment. To reflect the change in the initial number of molecules
(Np) due to molecular formation through chain cleavage and crosslinking, 0.5 and 2 were
applied to the slopes a and f3, respectively. The average molecular weight change curve
was also determined.

Regarding the degradation of biodegradable polymers, as well as the results of our
study, the results of modeling and simulation studies by other researchers were also
reported [43-45]. This work focused on the average molecular weight required to conduct
a basic simulation of radiation damage analysis for biodegradable polymers. However,
the analysis reported in this paper corresponds to a simplified model of the interaction of
ionizing radiation through only single ionization. It was not fully considered that, as a result
of radiolysis, apart from molecular hydrogen, molecular oxygen was also released [46].
Thus, it is necessary to carry out additional research considering post-radiation, oxidative
degradation processes.

4. Conclusions

In this study, PLCL and PLDLA, which are representative, implantable polymer
materials, were selected as target material models to conduct a predictive simulation study
on the radiation damage and prediction of biodegradable polymer materials.

A decomposition evaluation using gamma rays was performed through the character-
ization (ATR-FTIR, GPC, and DSC thermal analysis) of PLCL and PLDLA films according
to the irradiation dose. No clear structural decomposition was observed in the ATR-FTIR
results, but changes in the melting point (Tr,) and average molecular weight (M, and M)
of the PLCL film decreased as the irradiation dose increased, as shown by the DSC and
GPC analysis results. Similarly, in the PLDLA film, no clear structural decomposition was
observed in the ATR-FTIR results. Yet, in the GPC analysis results, a decrease in the average
molecular weight (M, and M,,) of the PLDLA film was observed as the irradiation dose
increased. In contrast, a change in the glass transition temperature (T;;) was observed at
irradiation doses greater than 100 kGy, and it seemed that the optimal sterilization dose to
maintain thermal stability could be derived.

In addition, PLCL and PLDLA films were selected as damage analysis and prediction
models and were manufactured in the form of films; a Geant4 simulation was performed
using gamma rays. Consequently, a number average molecular weight (M) change curve
similar to the actual measurement result was confirmed. This study is a preliminary study
for the analysis and prediction of radiation damage of biodegradable polymer materials
using gamma rays, which could be possible.
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