ANNUAL RESEARCH REPORT
(2018-2019)
Adrien Couet, Principal Investigator
Kumar Sridharan, Principal Investigator
Kim Kriewaldt, Laboratory Manager
Hongliang Zhang, Scientific Manager, Point of Contact

Ion Beam Laboratory
Engineering Physics Department
University of Wisconsin-Madison
1500 Engineering Drive, Madison, WI 53706
1

Contents
......................................................................................................................................................... 1
ANNUAL RESEARCH REPORT ........................................................................................................... 1
The Annual Research Report .......................................................................................................... 3
About the Laboratory...................................................................................................................... 4
Research Projects ............................................................................................................................ 6
Dislocation loop density and size in proton irradiated Zirconium alloys ................................... 7
Ion irradiation effects in FCC and BCC high-entropy alloys at high temperatures ..................... 8
Proton irradiation on Zr-Nb alloys .............................................................................................. 9
Mechanical Properties and Radiation Resistance of Nanoprecipitates-Strengthened Advanced
Ferritic Alloys ............................................................................................................................ 11
Integrated Computational Study of Radiation Damage Effects in Grade 92 Steel and Alloy 709
................................................................................................................................................... 12
Study of the radiation induced segregation effects in silicon carbide ..................................... 13
Radiation Response of ODS Steel Manufactured by Cold Spray Technology under Heavy Ion
Irradiation ................................................................................................................................. 14
Enhanced irradiation tolerance of high-entropy alloys ............................................................ 16
Ion irradiation of advanced materials – nanostructured steels and high entropy alloys ........ 17
Role of Minor Alloying Elements on Long Range Ordering in Ni-Cr Alloys ............................... 18
Ion Irradiation Damage Studies of Cold Spray Cr and FeCrAl Accident Tolerant Fuel (ATF)
Cladding Coatings...................................................................................................................... 19
Heavy ion irradiation and ex situ transmission electron microscopy study of the effectiveness
of twins in alleviating radiation damage in 316 stainless steels............................................... 20
PUBLICATIONS AND PRESENTATIONS........................................................................................... 21
UPGRADES OF CHAMBERS AND BEAM LINES ............................................................................... 22

2

The ANNUAL RESEARCH REPORT
This report summarizes the principal research activities in the Ion Beam Laboratory at the
University of Wisconsin-Madison during the past two calendar years. Tens of researchers
conducted 12 projects. The programs included participation from researchers at the University,
corporate research laboratories, private companies, government laboratories, and other universities
across the United States. These projects also included 6 projects funded through the Nuclear
Science User Facility (NSUF) program. Experiments included direct ion implantation, ion beam
mixing as well as in-situ experiments. The following pages contain a synopsis of the research
conducted in the Ion Beam Laboratory at the University of Wisconsin-Madison during 2018 and
2019 calendar year.
List of the projects:
•
•
•
•
•
•
•
•
•
•
•
•

Dislocation loop density and size in proton irradiated Zirconium alloys
Ion irradiation effects in FCC and BCC high-entropy alloys at high temperatures
Proton irradiation on Zr-Nb alloys
Mechanical Properties and Radiation Resistance of Nanoprecipitates-Strengthened
Advanced Ferritic Alloys
Integrated Computational Study of Radiation Damage Effects in Grade 92 Steel and Alloy
709
Study of the radiation induced segregation effects in silicon carbide
Radiation Response of ODS Steel Manufactured by Cold Spray Technology under Heavy
Ion Irradiation
Enhanced irradiation tolerance of high-entropy alloys
Ion irradiation of advanced materials – nanostructured steels and high entropy alloys
Role of Minor Alloying Elements on Long Range Ordering in Ni-Cr Alloys
Ion Irradiation Damage Studies of Cold Spray Cr and FeCrAl Accident Tolerant Fuel (ATF)
Cladding Coatings
Heavy ion irradiation and ex situ transmission electron microscopy study of the
effectiveness of twins in alleviating radiation damage in 316 stainless steels
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ABOUT THE ION BEAM LABORATORY
The Ion Beam Laboratory (IBL) at the University of Wisconsin, Madison houses a NEC 1.7 MV
tandem accelerator. The accelerator is actively used for research aimed at advancing the science
of radiation damage of materials including alloys, ceramics, and coatings. The accelerator is
equipped with TORVIS and SNICS ion sources for enhanced capabilities and the samples
temperature is monitored by thermocouples and IR camera. The systems are equipped with three
beamlines with three chambers currently for different purpose of irradiations and in-situ
measurements. The facility’s capabilities are continually improved to meet the research needs of
the scientific community involved in research on radiation damage of materials and other
fundamental materials science research areas involving ion irradiation.
Rastered or defocused beam can be used for the irradiation.
Two ion sources can be used for different purposes and ions irradiaitons.
TORVIS
- High current hydrogen, deuterium, and helium ions, from < 1 μA to 100 μA for protons
(H+ ions).
- Emulate neutron irradiation effect with proton irradiation.
- Damage rate ~ 10-6 dpa/s
- Flat damage/depth profile
SNICS
- Wide range of heavy ions, Fe, Si, C, V, Nd, and more.
- Fast to achieve high damage, e.g., 250 dpa peak damage of stainless steels in 9 hours.
- Damage rate 10-4-10-2 dpa/s
- No radiation-induced radioactivity.
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RESEARCH PROJECTS
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Dislocation loop density and size in proton irradiated Zirconium alloys
Li He, Zefeng Yu, Adrien Couet
Engineering Physics Department, University of Wisconsin-Madison
2 Materials Science and Engineering Department, University of Wisconsin-Madison
1

Project objectives: The objective of this research project is to determine <a> dislocation loop density and
size on proton irradiated zirconium alloys as function of irradiation dose and temperature. Zirconium alloys
are used as fuel cladding and fuel assembly materials in Light Water Reactors. Although zirconium has a
low neutron interaction cross-section, they accumulate around 20 dpa in the years they remain in the reactor.
Understanding materials property degradation as function of irradiation fluence is critical for the safety of
nuclear plants. Proton irradiation is tested here as a surrogate to neutron irradiation as it is less expensive,
time consuming and has been shown to mimic neutron irradiated microstructure and microchemistry under
specific, well controlled, irradiation conditions. The IBL possesses a liquid metal indium cooled sample
stage and in-situ IR temperature control to properly control and monitor the temperature under relatively
high proton flux (~10µA/cm2) and thus is suitable for the needs of this project.
Main project outcomes – After proton irradiation, a cube (30 μm × 30 μm × 10 μm) was first lift out using
focused ion beam (FIB) from the irradiated sample. Then a membrane was lift out from the cube, parallel
to the irradiated surface with a depth of 10 μm and was thinned down to electron transparency using FEI
Quanta FIB equipped with cryo sample stage to prevent hydriding. Characterization was performed using
an aberration-corrected FEI Titan S-Twin scanning transmission electron microscope (STEM) with an
EDAX x-ray energy dispersive spectroscopy (EDS) at 200 kV. Dislocation loops were imaged near <101 ̅0>
or <112 0̅ > zone with strongly reflected <011 ̅1> and <011 ̅0> beams, as shown in Figure below. Because
dislocation loops may reside in (101̅0), (011̅0), or (11̅00) planes, imaging along one <101̅0> axis generated
projected images of the loops on other two planes, of which the size along directions other than [0001] is
shorter than the real length. Consequently, in this work the long-axis length of dislocation loops was
measured as the size. Sample thickness was measured with electron energy loss spectroscopy (EELS).
Thickness was calculated using ELLS. Number density of dislocation loops is calculated as the loop number
divided by the volume (image area × thickness). A total of 510 dislocation loops in 7 images of
magnification 320 kX were measured manually.

(a)

(b)

(c)

Annular bright field image of 1 dpa 340 °C proton-irradiated zircaloy-4. (a) FIB milled sample overview. Arrow indicates a
grain boundary. (b) The lower grain on <101̅0> or <112̅0> zone. White arrow shows [0001]. Red arrow indicates
precipitates. (c) Image of <a>-type dislocation loops where <011̅1> (indicted by black circle in inset) and <011̅0> beams
(red circles in inset) were strongly reflected
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Ion irradiation effects in FCC and BCC high-entropy alloys at high
temperatures
Calvin Parkin, Michael Moorehead, Mohamed Elbakhshwan, Kumar Sridharan, Adrien Couet
cparkin@wisc.edu, moorehead2@wisc.edu, elbakhshwan@wisc.edu, kumar.sridharan@wisc.edu, couet@wisc.edu
University of Wisconsin- Madison, 1500 Engineering Drive, Madison, WI 53706
Lingfeng He, Mukesh Bachhav
lingfeng.he@inl.gov, mukesh.bachhav@inl.gov
Idaho National Laboratory, 1955 Fremont Avenue, Idaho Falls, ID 83415
Project objectives
Ion Beam Lab irradiation facilities were used to accelerate examination of the radiation resistance of novel highentropy alloys (HEA) in a nuclear reactor environment by using heavy self-ion as a surrogate for neutrons. Structural
materials in sodium fast reactors (SFR) are prone to void swelling and other degradation phenomena at extremely high
levels of dpa, so new design parameters such as compositional complexity are being investigated in the form of singlephase HEA. The complex energy landscape and fluctuations in atomic sizes, masses, and force constants may benefit
radiation resistance by reducing damage accumulation and showing the formation of vacancy super-saturations, which
lead to void swelling. HEA samples as well as less compositionally complex reference materials were irradiated at the
University of Wisconsin-Madison Ion Beam Laboratory (UW-IBL) using a defocused beam of 3.7 MeV self-ions
(Ni2+ ions for Cr18.1Fe27.3Mn27.3Ni27.3, Cr15Fe35Mn15Ni35, and model alloy 709; V2+ ions for NbTaTiV and NbV) up to
50 dpa in the midrange of the plateau region of the damage profile.
Main project outcomes
Irradiated samples were examined using various equipment across collaborating institutions including TEM, STEM
with EDS and APT. TEM lamella and APT needles were created using focused-ion beam (FIB). APT showed no
chemical segregation or precipitation of new phases, in fact no significant chemical rearrangement has taken place.
All irradiated samples exhibited a population of network dislocations as well as ideal loops. Voids also formed in
Cr15Fe35Mn15Ni35 slightly beyond the damage peak predicted by SRIM but were not seen in any other material. Defect
densities were quantified using hand counting and ImageJ software. Thickness were determined by electron energy
loss spectroscopy. (EELS) Further post-irradiation examination is planned using nano-indentation.
This research is being performed using funding received from the DOE Office of Nuclear Energy's Nuclear Energy
University Program project #17-12463. This material is based upon work supported under an Integrated University
Program Graduate Fellowship.
The authors gratefully acknowledge use of facilities and instrumentation at the UW-Madison Wisconsin Centers for
Nanoscale Technology (wcnt.wisc.edu) partially supported by the NSF through the University of Wisconsin
Materials Research Science and Engineering Center (DMR-1720415).
The irradiation experiments were carried out as a rapid turnaround experiment, (proposal ID #18-1394) using
funding provided by the Nuclear Science User Facilities.

Voids 21±7.8 nm in size found in Cr15Fe35Mn15Ni35 after irradiation. Depth of 1.5 μm corresponds to approximately
100 dpa on the backside of the SRIM damage peak.
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Proton irradiation on Zr-Nb alloys
1.

Zefeng Yu, Adrien Couet
Department of and Engineering Physics, University of Wisconsin-Madison

The research objective is to investigate irradiation induced redistribution of Nb atoms in
the Zr-Nb alloys, in an effort to understand the in-reactor corrosion kinetics. In our study, 2 MeV
proton irradiation was performed on Zr-xNb (x = 0.2, 0.4, 0.5, 1.0) alloys up to 1 dpa at 350 ˚C.
The experimental setup is shown in Figure 1 A). After irradiation, the samples were characterized
using atom probe tomography (APT) and (scanning) transmission electron microscopy ((S)TEM)
to i) find irradiation induced nanoclusters/platelets and quantify Nb concentration in them, and ii)
quantify the Nb concentration in solid solution as a function of irradiation dose.
Besides native precipitates (originally contain > 80 at.% Nb, pointed by blue arrow) were
found in the Zr matrix, irradiation induced platelets (about 100 nm long and 20 nm wide, pointed
by yellow arrow) were also found by (S)TEM/EDS, shown in Figure 1 B). EDS results indicate
that there is about 40-60 at.% Nb in the native precipitates after irradiation, and about 40 at.% Nb
in the irradiation induced platelets. Therefore, the native precipitates have lost Nb content upon
proton irradiation, while Nb-rich platelets were nucleated and grow in the solid solution.
Besides the irradiation induced platelets detected by (S)TEM, we have found even smaller
Nb-rich nanoclusters by APT. Figure 1 C) shows one APT tip of unirradiated Zr-1.0Nb alloys, and
another tip at 1 dpa. Clearly, the APT tip of unirradiated sample does not contains any nanoclusters,
and thus alloying elements are homogeneously distributed in the solid solution. On the other hand,
the APT tip of 1 dpa sample contains Nb-rich nanoclusters, about 10 nm in diameters. Those Nbrich nanoclusters also contains about 40 at.% Nb. Because we did not observe the nanoclusters in
the unirradiated sample by APT, we believe that they are induced by irradiation. Since those
nanoclusters are much smaller in size compared to irradiation induced platelets but similar in
composition, we also believe that the Nb-rich nanocluster service as the nucleation stage for the
irradiation induced platelets.
Due to the detection limit of EDS, quantification of alloying element below 1 at.% can only
be accurately measured by using techniques like APT. The Nb concentration in the solid solution
in both unirradiated and irradiated Zr-1.0Nb alloys were measured. To quantify the Nb
concentration for irradiated Zr-1.0Nb alloys, there is an extra step to identify can remove
nanoclusters in the tip in order to only taking account of the alloying elements in the solid solution.
As the results, as irradiation dose increases, the Nb concentration decreases in the solid solution.
This result also help explain the question where does the Nb comes from to nucleate and grow the
nanocluster/platelets. Clearly, for Zr-1.0Nb alloys upon irradiation, native precipitates start to
loose Nb atoms into the matrix, and Nb atoms in the solid solution start to agglomerate and nucleate
nanoclusters, which eventually grow into irradiation induced platelets.
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Figure 1. A) Experimental setup of proton irradiation; B) (S)TEM/EDS of 1 dpa Zr-1.0Nb alloys;
C) APT analysis of unirradiated and irradiated Zr-1.0Nb alloys.
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Mechanical Properties and Radiation Resistance of NanoprecipitatesStrengthened Advanced Ferritic Alloys
Lizhen Tan1, Ying Yang1, Tianyi Chen1, Li He2 and Kumar Sridharan2
1. Materials Science and Technology Division, Oak Ridge National Laboratory
2. Department of Engineering Physics, University of Wisconsin-Madison
Advanced nuclear reactors require structural materials that can sustain high neutron irradiation dose.
Developing alloys with nanoscale precipitate phases has been demonstrated to be a viable approach to both
strengthen alloys and to also enhance radiation damage resistance. Five ferritic alloys and a ferriticmartensitic steel, designed by computational thermodynamics which have reduced Zr-bearing Laves phase
and complemented with B2-NiAl phase, were assessed in this work.
Irradiations of 4 MeV Fe2+ ions up to 220 dpa at 475 °C were performed on the nanoprecipitates
strengthened alloys. Transmission electron microscopy in conjunction with x-ray energy dispersive
spectroscopy examinations showed that the B2 phase was stable after irradiation up to 220 dpa at 475°C,
whereas the Laves phase underwent amorphization and disintegration. Radiation-induced hardening took
place in all the examined alloys.
This work was published:
1. L. He, L. Tan, Y. Yang, K. Sridharan, “Evolution of B2 and Laves phases in a Ferritic Steel under
Fe2+ Ion Irradiation at 475 °C”, Journal of Nuclear Materials 525 102-110 (2019)
2. L. He, L. Tan, Y. Yang, K. Sridharan, “Study of B2 and Laves Phase Evolution in a Novel Ferritic
Steel under Ion Irradiation”, MiNES Meeting, Baltimore, MD, Oct. 6-10, 2019.
This work was supported by U.S. Department of Energy, Office of Nuclear Energy, NEET Contract No.
DE-AC05-00OR22725.

(Left) STEM-HAADF image of B2-NiAl precipitate remaining crystalline after Fe2+ irradiation at 170
dpa, 475 °C. (Right) STEM-BF image showing disintegrated Fe2Nb particles after Fe2+ irradiation > 70
dpa.
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Integrated Computational Study of Radiation Damage Effects in Grade 92
Steel and Alloy 709
Haixuan Xu1, Lizhen Tan2, Li He3 and Kumar Sridharan3
1. Department of Materials Science and Engineering, The University of Tennessee Knoxville
2. Materials Science and Technology Division, Oak Ridge National Laboratory
3. Department of Engineering Physics, University of Wisconsin-Madison

Austenitic alloy 709 and ferritic-martensitic steel grade 92 are being considered as candidate advanced
structural materials for fast reactors and other Gen IV reactor concepts. Radiation resistance of alloy 709
(named as A709) and Grade 92 (G92) were investigated in this project using 316H and Grade 91 (G91) as
references, respectively. In the meantime, a model 709 (M709) alloy (Fe-20Cr-24Ni) was prepared to study
the matrix response to irradiation.
Primarily Fe2+ ion irradiation was conducted at 350, 600 and 670 °C for up to 75 displacements per atom
(dpa), together with a few proton irradiation experiments at 380–670 °C for up to 1.5 dpa. The samples
were examined by transmission electron microscopy (TEM), scanning electron microscopy (SEM) and
energy dispersive x-ray spectroscopy (EDS) for microstructures and nanoindentation for radiationhardening. TEM study showed that the main defect type is Frank dislocation loops in alloy 709 under Fe2+
irradiation at 100 dpa, 360 °C. Fewer dislocation loops were observed in alloy 709 than in 316H as a
consequence of Fe2+ irradiation. Fe2+ irradiation also induced nickel segregation and chromium depletion
at high-angle grain boundaries in 709. Cracks were observed in 1.5 dpa 670 °C proton-irradiated 709 along
surface grain boundaries. A new TEM method has been developed to measure the swelling of materials,
using energy loss of high energy electrons in interaction with valence electrons.
This work was published:
3.
4.
5.
6.
7.

L. He, R. Mo, B. Tyburska-Pueschel, K. Sridharan, H. Xu, T. Chen, L. Tan, “Ion Irradiation Defects
in Austenitic Alloy 709 and Ferritic-Martensitic Steel Grade 92 for Nuclear Applications”, Spring
MRS Meeting, Phoenix, AZ, 2017
L. He, H. Xu, L. Tan, P. Voyles, K. Sridharan, “Nanometer-Scale Swelling Depth Profile in IonIrradiated Stainless Steels”, Microscopy & Microanalysis Meeting, St. Louis, MO, 2017
T. Chen, L. He, J. Burns, Y. Wu, C. Knight, K. Sridharan, H. Xu, L. Tan, “Microstructure and
mechanical properties of ATR-irradiated alloys D9 and NF709”, NuMat2018: The Nuclear Materials
Conference, Seattle, WA, USA, Oct. 14–18, 2018.
T. Chen, L. Tan, L. He, B. Tyburska-Püschel, K. Sridharan, “Microstructural evolution in Fe-20Cr25Ni austenitic alloys under proton irradiation at 670°C”, ANS Transactions (2017).
T. Chen, L. Tan, K. Sridharan, H. Xu, “Effect of proton irradiation on deformation mechanisms in
model alloy Fe–20Cr–25Ni”, TMS 2017 146th Annual Meeting & Exhibition, San Diego, CA, USA,
Feb. 26 – Mar. 2, 2017.

This work was supported by US Department of Energy Nuclear Engineering University Program (NEUP)
under project Number 14-6346.
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Study of the radiation induced segregation effects in silicon carbide

3.

Hongliang Zhang1, Xing Wang2, and Izabela Szlufarska1
2.
Department of Material Science, University of Wisconsin-Madison
Center for Nanophase Materials Sciences, Oak Ridge National Laboratory

The goal of this study is to examine the radiation effects on the grain boundary of silicon carbide.
Radiation-induced segregation (RIS) is one of the most dramatic changes that can take place in the
materials under irradiation. The bombardment of high energy particles can generate a large number
of point defects, which tend to migrate to defect sinks like grain boundary (GB). In multicomponent alloy, the preferential diffusion of defects via certain elements can lead to the build-up
or depletion of certain elements in the vicinity of defect sinks. RIS can cause substantial changes
in structure and chemical of GBs, and significantly degrade the materials’ properties. Systematic
studies have been focused on investigating RIS in metallic systems. However, the RIS in ceramics,
including SiC, is less understood.
To examine the radiation effects, CVD-SiC samples were irradiated at four different temperatures
with 3.15 MeV C-ion at the Ion Beam Laboratory, UW-Madison. Electron energy loss
spectroscopy (EELS) spectrum image were collected near GBs and C concentration profiles were
obtained. The spectrum was collected using 60 keV Nion UltraSTEM 100 located at the Oak Ridge
National Laboratory. The interesting discovery thus far is that the segregation of carbon to the GBs
follows a non-monotonic trend with irradiation temperature. This non-monotonic trend of RIS is
not observed in metallic alloys. It suggests the RIS theory in metals may not be applicable to
covalent systems like SiC, which has more complicated defect kinetics and energy landscape. The
further study is in progress with SiC-bicrystal, which resolves some of the experimental difficulties
associated with the CVD-SiC samples.
This

work was supported by the U.S. Department of Energy UT-Battelle, LLC under Contract
No. DE-AC05-00OR22725 with the U.S. Department of Energy.

a. carbon concentration profile measured near GB in non-irradiated SiC samples and samples
irradiated at 300 °C and 600 °C.

13

Radiation Response of ODS Steel Manufactured by Cold Spray Technology
under Heavy Ion Irradiation
Hwasung Yeom1, Mia Lenling2, Xiang Liu3, Mukesh Bachhav3, and Kumar Sridharan1,2*
1
Department of Nuclear Engineering & Engineering Physics, University of Wisconsin, Madison
2
Department of Material Science and Engineering, University of Wisconsin, Madison
3
Materials and Fuels Complex, Idaho National Laboratory
The goal of this heavy ion irradiation experiment and post-characterization was to perform a
comparative study of irradiation behavior of oxide-dispersion strengthened (ODS) steels produced
by two distinct manufacturing routes: (i) cold spray process and (ii) conventional mechanical
alloying involving powder consolidation and extrusion steps. This experiment and associated
microstructural characterization is accelerating the development of cold spray process as a costeffective manufacturing route to manufacture ODS steel claddings. This research supports the
current DOE-NE mission to develop advanced manufacturing approaches for the manufacture of
next-generation advanced reactor claddings and other components. Full quantification of
microstructural characteristics of ion-irradiated ODS steel cladding tubes manufactured by two
different methods has been performed with respect to grain size, dislocation structure,
composition, and size and the number density of dispersed oxide nanoparticles in the matrix.
The ODS steel samples with three conditions (as-fabricated cold spray ODS steel, heat treated cold
spray ODS steel, and conventional ODS steel) were irradiated at the University of Wisconsin Ion
Beam Laboratory (IBL) using a 3.7 MeV rastered heavy ion beam (Fe+2 ion) to induce a damage
level up to 110 dpa in the flat region. The flux and dpa rate during irradiation were 4.2 × 1012
ion/cm2s and 4.7 × 10-3 dpa/s. The irradiation damage in terms of dpa was calculated based on the
simulation using SRIM “Quick” Kinchin-Pease mode. The dpa peak is located about 1 µm below
the irradiation surface. The sample temperature was closely monitored at 500 °C using
thermocouples welded on sample stage. Detailed TEM lamella lift-outs and STEM

Figure. BF TEM image of (left) of as-deposited ODS steel manufactured by the cold spray
process and (right) annealed cold spray ODS steel after the ion-irradiation experiment,
showing evolution of radiation defects only in annealed cold spray ODS steel.
14

characterization were performed at the University of Wisconsin, Madison’s Nanoscale Imaging
and Analysis Center (UW-NIAC) and the Irradiated Material Characterization Laboratory (IMCL)
at the Idaho National Laboratory. The thickness of each thin TEM sample was measured using
plasmon peak in electron energy loss spectroscopy. Preliminary results indicate that coarse oxide
nanoparticles in size range of 10 nm to 80 nm were not stable at the high irradiation damage level
and this trend was observed in all three types of samples. As shown in Figure 1, the heat-treated
cold spray ODS samples showed a high density of dislocation loops and line dislocation structures
in the damaged region but these defects were not clearly identified in the as-fabricated cold spray
samples and the conventional ODS samples. High sink strength in the samples associated with fine
grain structure and pre-existing line dislocations may contribute to the radiation resistance. This
work was supported by the U.S. Department of Energy Grant No. DE-NE0008682.
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Enhanced irradiation tolerance of high-entropy alloys

1

Andrew Hoffman1, Haiming Wen1, Kumar Sridharan2
Department of Materials Science and Engineering, Missouri University of Science and
Technology
2
Department of Engineering Physics, University of Wisconsin-Madison

The goal of this study was to establish a fundamental understanding of the effects of irradiation on highentropy alloys (HEAs). HEAs are a new class of materials consisting of multiple principal elements in nearequiatomic ratios. They have been observed to possess improved mechanical properties over conventional
alloys and are theorized to possess enhanced irradiation tolerance. However, there had been very limited
study of radiation damage of HEAs and most studies involved Co-containing alloys, which are unsuitable
for nuclear applications due to long-term activation effects. This work systematically studied the irradiation
performance of Co-free HEAs and determine their applicability for structural materials or fuel cladding in
LWRs and advanced fast reactors.
To study the irradiation behavior of Co-free HEAs, 2 sets of samples with compositions Fe30Mn30Ni30Cr10
and (Fe30Mn30Ni30Cr10)94Ti2Al4 were irradiated to 120 dpa at 300 and 500°C with 3.7 MeV Fe2+ ions at the
Ion Beam Laboratory, UW-Madison. After irradiation, the samples were characterized using TEM and
STEM and nanoindentation was performed. Both alloys formed faulted dislocation loops during irradiation,
with temperature having an effect on the size of the loops. In the (Fe 30Mn30Ni30Cr10)94Ti2Al4 samples the
loops formed were significantly larger and fewer due to Ti concentration in the loops which led to a lower
stacking fault energy. The (Fe30Mn30Ni30Cr10)94Ti2Al4 samples also contained L12 γ’ precipitates which
demonstrated excellent phase stability under irradiation. Both factors contributed to the
(Fe30Mn30Ni30Cr10)94Ti2Al4 alloy exhibiting significantly less radiation-induced hardening than the
Fe30Mn30Ni30Cr10 alloy.
Hoffman, A., He, L., Luebbe, M., Pommerenke, H., Duan, J., Cao, P., Sridharan, K., Lu, Z., & Wen, H. (2020). Effects
of Al and Ti Additions on Irradiation Behavior of FeMnNiCr Multi-Principal-Element Alloy. JOM, 72(1), 150-159
This work was supported by the U.S. Department of Energy, Office of Nuclear Energy through the NSUF-RTE
Program (award number 17-865).

TEM of (Fe30Mn30Ni30Cr10)94Ti2Al4 ion irradiated to 120 dpa. a), c) bright field and b), d) rel-rod images

with SAED patterns illustrating the dislocation loops present.
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Ion irradiation of advanced materials – nanostructured steels and high
entropy alloys
Andrew Hoffman1, Maalavan Arivu2, Haiming Wen1,2, Kumar Sridharan3
1.
Department of Mining and Nuclear Engineering, Missouri S&T, Rolla
2.
Department of Materials Science and Engineering, Missouri S&T, Rolla
3.
Department of Engineering Physics, University of Wisconsin, Madison
The objectives of this research were to establish/enhance our fundamental understanding of irradiation effects in
nanostructured steels and high entropy alloys (HEAs). Nanostructured steels possess significantly enhanced
irradiation tolerance due to the presence of high volume fraction of grain boundaries that serve as sinks or
recombination centers for radiation-induced defects and the inherent disorder in HEAs (or random arrangement
of different elements) could mitigate damage by annihilating Frenkel pairs at early stages of cascade events.
Several effects of irradiation such irradiation induced segregation and precipitation, dislocation-loop formation,
etc. in these materials were studied. But specifically, the investigation on the phase stability of nanostructured
SS304 on irradiation has been presented below.
Self-ion irradiation was carried out at the Ion Beam Laboratory, UW-Madison using a raster beam of 3.7 MeV
Fe 2+ ions on coarse grained (CG, average grain diameter (avg. GD) > 1 µm), equal channel angular pressed
(ECAP, avg. GD ˜ 500 nm) and high pressure torsion manufactured (HPT, avg. GD˜100 nm) 304 up to a
maximum damage of 50 displacements per atom (dpa) at a depth of 1.0 µm. Precession electron diffraction
(PED) revealed that the phase fraction of ferrite in irradiated CG, ECAP and HPT 304 were 33%, 6.5% and 2%
respectively as can be seen below. Very few grains were covered in irradiated CG304 under TEM, and therefore
the statistics obtained from irradiated CG 304 TEM lamella using PED is over estimated. Therefore, EBSD was
performed on the irradiated CG 304 and area fraction of ferrite was found to be ˜18%.These results suggests that
nanostructured SS304 has enhanced resistance to irradiation- induced ferrite transformation.
This work was supported by nuclear science user facilities (NSUF) – rapid turnaround experiments (RTE).
(RTE no. 17-865)
a
)

b
)

c)

400 µm

500 µm

500 µm

400 µm

500 µm

500 µm

PED misorientation maps (top) and phase maps (bottom) showing γ-austenite (red) and α-ferrite (green) for a)
HPT, b) ECAP, and c) CG 304L ion irradiated at 500 °C.
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Role of Minor Alloying Elements on Long Range Ordering in Ni-Cr Alloys
Julie D. Tucker1, Fei Teng1,2 and George A. Young Jr.1
1
Oregon State University
2
Idaho National Laboratory
High Cr, Ni-based alloys are an important class of structural materials due to their strength, toughness, and
excellent corrosion resistance. Alloy 690 (~Ni-30wt.%Cr-10wt.%Fe) is used extensively in LWRs for
steam generator tubing and as a replacement material for reactor control rod drive mechanism assemblies
in the reactor pressure vessel head. The Ni-Cr binary system exhibits an ordered phase at temperatures
below 590°C at the stoichiometry Ni2Cr. Alloy 690 has a similar Ni to Cr ratio as the ordered Ni2Cr binary
and there is concern that an embrittling phase transformation may occur after many years in service. The
focus of this work is to understand the role of different minor alloy elements in the formation of order
phases. Additionally, the range of stability of the ordered phase is investigated by changing the Ni-Cr
stoichiometry. This work proposes Ni ion and proton irradiation of commercial alloy 690 and model NiCr-Fe alloys with and without P impurities to understand the role of minor elements and stoichiometry in
the ordering phase transformation kinetics.
Ni ion irradiations were performed at 400°C and a dose rate of 10-3 dpa/s up to a dose of 1.5 dpa on binary
Ni-Cr alloys using the UW-ion beam laboratory. Previous irradiations at the UM-ion beam laboratory were
performed at 300°C and dose rates of 10-3 dpa/s and 10-4 dpa/s did not result in did not result in a detectable
amount of ordered Ni2Cr phase by superlattice reflection. These irradiations were performed at increased
temperature to determine if increased atomic mobility could overcome the ballistic mixing caused by the
ion bombardment. Detectable ordering was still not present under these test conditions indicating heavy
ions are not the best tool for enhancing this phase transformation. Follow on studies using protons have
been performed and samples are awaiting characterization. Synchrotron x-ray diffraction experiments are
planned to characterize the proton irradiated samples once beam time is available.
This work has not yet been published.
This work was supported by U.S. DOE NEUP-NSUF, 16-10480 “Role of Minor Alloying Elements on
Long Range Ordering in Ni-Cr Alloys”, 2016-2019.

Figure 1. Ni-Cr-Fe ternary phase diagram indicating alloys involved in this study.
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Ion Irradiation Damage Studies of Cold Spray Cr and FeCrAl Accident
Tolerant Fuel (ATF) Cladding Coatings
Benjamin Maier, Hwasung Yeom, Tyler Dabney, Nicholas Pocquette, Kumar Sridharan
Department of Materials Science and Engineering, University of Wisconsin-Madison
Ion beam irradiation studies of FeCrAl and Cr cold spray coatings were performed to simulate the
effects in a typical 300 °C neutron irradiation environment in light water reactors (LWR). FeCrAl
and Cr coatings on zirconium-alloy fuel cladding are currently under development under the
Accident Tolerant Fuel (ATF) program for use in LWR as oxidation-resistant barriers during loss
of coolant accidents. Components of the nuclear fuel assembly are exposed to neutron irradiation
which leads to radiation-induced defects such as dislocation loops and voids, and associated
swelling and embrittlement. Thus in addition to the primary requirement of oxidation resistance
under high temperature oxidative environments, the coatings must also be resistant to radiation
damage.
Four types of both FeCrAl and Cr coatings deposited by the cold spray process were ion irradiated
to damage levels of up to 100 dpa, at the University of Wisconsin Ion Beam Laboratory facilities
using 3 MeV Fe+2 ions and a rastered beam. TEM examination of the ion irradiated region in the
as-deposited and annealed coatings revealed that the implantation depth matched well with the
predicted depth of penetration from the SRIM-2013 ASTM simulated damage depth profile
(Figure 1). At these high dpa levels, the defect structures in the cold spray coatings and their
annealed counterparts were similar. The study formed the basis for further work at the IVEM
(Intermediate Voltage Electron Microscopy) facility at Argonne National Laboratory where in
situ observation of evolution of radiation-induced defects clearly showed that at lower dpa levels
the kinetics of defect evolution were significantly lower for the cold spray coatings compared to
their annealed counterparts due to the fine grains and high dislocation structure in the cold spray
coatings.
This work was supported by the US Department of Energy, Office of Nuclear Energy, under
grant number DE-NE000822.

Figure 1. STEM-BF imaging of the irradiated region near the surface of (a) the annealed
coating (simulating bulk Cr) showing that the affected region at low magnification matches well
with the simulated damage depth profile and (b) small black spot defects in the irradiated region.
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Heavy ion irradiation and ex situ transmission electron microscopy study of
the effectiveness of twins in alleviating radiation damage in 316 stainless steels
G. Meric de Bellefon1, I. M. Robertson2, T. R. Allen1, J-C. van Duysen3, K. Sridharan1,2
4.
Department of and Engineering Physics, University of Wisconsin-Madison
5.
Department of Materials Science & Engineering, Oak Ridge National Laboratory
6.
Electricite de France, R&D, Les Renardieres, France
The project objective was to provide compelling observations of the effectiveness of twin boundaries,
especially deformation twin boundaries, as effective point defect sinks in 316 stainless steels. Existing
results in pure metals and preliminary observations on these steels seemed to support this hypothesis. No
study focused on deformation twin boundaries in stainless steels or on irradiation of bulk materials.
Stainless steel specimens containing deformation twins were irradiated at the University of Wisconsin Madison Ion Beam Lab with 3.5-MeV Fe2+ ions at 500 °C to a fluence of about 5 × 1016 ions·cm−2 (about
50 dpa at peak damage depth of 1 μm), using as non-rastered beam. It was shown that regions containing a
high density of closely-spaced deformation twins exhibit a higher resistance to void swelling than regions
with no twins. The swelling resistance is likely limited by an apparent radiation-induced de- twinning that
leads the density of twin boundaries to decrease in some regions. In regions where de-twinning seems to
have occurred, swelling is still reduced by a factor of three on average as compared to swelling in regions
with no twin prior to irradiation.
Publications from this experiment:
• Meric de Bellefon G, Robertson IM, Allen TR, van Duysen J-CC, Sridharan K. 2019. Radiationresistant nanotwinned austenitic stainless steel. Scr Mater. 159:123–127
• Meric de Bellefon G, Robertson IM, Allen TR, van Duysen J-CC, Sridharan K. 2020. Radiationinduced detwinning in austenitic stainless steel. Accepted with Revisions in Journal of Nuclear
Materials.
The authors acknowledge support from U.S. Department of Energy through an Integrated University
Program Graduate Fellowship, the National Science Foundation through the University of
Wisconsin Materials Research Science and Engineering Center (DMR- 1720415), for the Ion Beam
Laboratory at the University of Wisconsin, Madison, and the U.S. Department of Energy, Office of Nuclear
Energy under DOE Idaho Operations Office Contract DE- AC07- 051D14517 through a Nuclear Science
User Facilities experimental project.

Figure 2: Radiation-induced void suppression by deformation twin bundles.
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UPGRADES OF THE CHAMBERS
During the last year, the following upgrades have been performed:
1. Irradiation damage beamline:
The left chamber was upgraded for further in-situ electronic measurements of electronic sensors
for in-reactor applications. In addition, a new Faraday cup was added between the sample stage
and the apertures to have a better precision on current reading before the beam hits the sample
stage. Finally, a brand new indium cooled samples stage has been designed to perform proton
irradiation under well controlled temperature conditions.
2. High-throughut irradiation beamline:
The middle beam line has been successfully upgraded with a much larger sample holder and
chamber. The new setup is equipped with an automated and precise X/Y control to perform
multiple irradiations without breaking the vacuum. Some features of the new built middle
chamber including:
Remote controlled four jaw titanium slits for in-situ control of irradiation area
Sample load-lock (pre-chamber)
Liquid nitrogen cooling
Tantalum wire heating elements on boron nitride mandrel, heating to 900ºC (flash heating) and
800ºC (radiative heating)
High current measurements (>3μA) – isolated (floating) stage
Openings for two low energy (<30 keV) ion guns
Add the new Faraday cup
Add the new automated stage features.
3. Surface analysis beamline:
New PIXE detector was installed to the chamber as well as a new software to analyze the data
The facility is continually improved and upgraded to meet the research needs of the scientific
community involved in research on radiation damage of materials and other fundamental materials
science research areas involving ion irradiation. These upgrades make the UW-IBL able to handle
more irradiation experiments tailored to the needs of the community and be at the forefront of the
research on irradiation damage and surface analysis.
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