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I’m a nuclear materials scientists by training, not a fusion physicist, 
but making fusion energy real takes all kinds. 
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• CFS was founded in 2018, 
spun out of MIT 

• Raised more than $2 billion 
from a diverse group of 
investors

• Built a high caliber, diverse 
team 

• Now >500 employees

CFS on a path to deliver commercial fusion energy
Jack is a 
Materials Test 
Engineer!
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• Largest problem and 
opportunity facing 
humanity

• Largest industrial 
transformation in history

• Innovation at the 
generation source is 
highest leverage 

The world needs a new clean energy technology

The challenge
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CFS proprietary magnets unlock new fusion path
• CFS invented world’s strongest High Temperature 

Superconductor (HTS) magnet
• Designed and built it in 3 years, demonstrated 20 Tesla
• Power plants can be >40x smaller, faster, and much lower cost

toroidal field model coil (TFMC) test in partnership with MIT
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• Validated approach             
peer reviewed publications

• Demonstrated technology 
world’s strongest HTS 
magnets 

• Accelerated construction    
we are building it now

SPARC will be the first commercially relevant 
fusion machine

Creely et al. J. Plasma Phys. 85 (2020)



6/13/23 7©   Commonwealth Fusion Systems

Construction of SPARC and magnet factory in Devens, MA
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Risk retirement in concrete steps

COMPLETED:
Alcator C-Mod
Record-setting 
tokamak

COMPLETED:
Demonstrate groundbreaking 
HTS magnets  

CONSTRUCTION UNDERWAY 
for 2025 LAUNCH:
SPARC Q>1
Achieve net fusion energy

EARLY 2030s:
ARC deployed
~400 MWe

Commercially-relevant net fusion 
energy for the first time

Carbon-free commercial 
power on the grid
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The materials team at CFS

MATERIALS ENGINEERING
• Support for design engineers in selecting 

materials for their systems
• Identification of relevant specification and 

testing standards, confirmation with vendors 
that products meet specification

• Support testing to confirm performance in 
relevant conditions

• Iterative failure analyses during development

MATERIALS RESEARCH
• How do materials perform and evolve in the 

operational conditions of a fusion power 
plant?

• Radiation effects, plasma sputtering and 
erosion, transmutation and activation, etc.

• We design programs, often with large national 
and international partners, to answer some of 
these questions as ARC is being designed

MATERIALS DEVELOPMENT
• For SPARC and ARC, how do we optimize 

material selections once we understand 
evolution/performance behaviors?

• Once selections are made, solutions need 
to be scaled up in manufacturing and 
production to meet current and future 
needs 

All this is done by actual humans!
Lauren, Emily, Cody, Trevor, Deepthi, Dina, 
Drew, Jack, Taylor, and Polina
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• SPARC’s mission is to achieve net energy (Q>1) by 2025 and will produce over 
100 MWth of heat, but this heat will not be captured and used

• In order to build the smallest, fastest, and least expensive machine to do this, 
SPARC does not have all the features of a full power plant

SPARC validates key aspects of design for a commercially-
relevant fusion power plant
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• 13 of the 17 major sub-systems in 
ARC are de-risked by successful 
SPARC operation

• Core tokamak is roughly 2x larger 
in ARC from SPARC

• Major technical gaps NOT closed 
by SPARC include:

• Blanket systems with molten salt working 
fluid

• High, steady-state operation of 
materials under plasma and radiation 
exposure

• Balance of plant

SPARC has been designed to de-risk ARC for the 
majority of subsystems

2 m

SPARC

ARC
central solenoid 
magnets (CS)

toroidal field 
magnets (TF)

poloidal field 
magnets (PF)

poloidal field 
magnets (PF)
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A key technological difference between SPARC and ARC tokamaks 
is the blanket system to convert fusion power to heat

high temperature molten salt 
(FLiBe) liquid immersion blanket 
to capture heat and breed tritium  

Other key features:
• Replaceable core internal 

components do not define plant 
lifetime

• Gaseous tritium reprocessing
• ~200-450 MWe design point      

(500-1000 MWth)
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contamination by eroded materials, (3) tritium management, 
including co-deposition of T and D in eroded/redeposited mate-
rial, and, perhaps more importantly, (4) the fusion performance 
of the core plasma. Likewise, the performance of bulk structural 
and breeding blanket materials in a challenging degradation 
environment with large time-varying stresses, corrosive chemi-
cal environments, and large fl uxes of 14-MeV peaked fusion 
neutrons affects the thermal and power management of the 
fusion reactor and the overall tritium balance and controls the 
operating/replacement lifetime of the vacuum vessel. 

 Gaining understanding and predictive capabilities in this 
critical area will require addressing, simultaneously, complex 
and diverse physics occurring over a wide range of lengths 
(angstroms to meters) and times (femtoseconds to days), as 
illustrated schematically in   Figures 1   and   2  .  Figure 1  demon-
strates a range of known phenomena that govern the response 
of the materials surface to plasma interaction. While vastly 
different physical scales exist for the surface (on the scale of 
nanometers) and plasma processes (on the scale of millime-
ters), the plasma and material surface are strongly coupled to 
each other, mediated by an electrostatic and magnetic sheath. 
As but one example, the high probability (>90%) of prompt 
local ionization and re-deposition of sputtered material atoms 
means that the surface material in contact with the plasma 
is itself a plasma-deposited surface, not the original ordered 
surface. Likewise, the recycling of hydrogenic plasma fuel is 
self-regulated through processes involving the near-surface fuel 
transport in the material and the ionization of neutral species 
that enter the plasma. Also the intense radiation environment 
of ions, neutrons, and photons ensures that the material struc-
ture and properties are modifi ed and dynamically coupled to 
the PMI processes at extreme thermal fl uxes that may exceed 

  
 Figure 1.      Schematic illustration of the complex, synergistic, and inherently multiscale surface interactions occurring at the material surface 
in a realistic magnetic fusion plasma environment. H, hydrogen; D, deuterium; T, tritium; PFC, plasma facing component;  γ , gamma ray.    

20 MW/m 2 , and thereby induce signifi cant temperature gradients 
in the near-surface region.         

 Within the structures, the exposure to high-energy radiation 
severely damages the microstructure of materials by violently 
displacing atoms from their lattice sites many times and creating 
damaging concentrations of helium and hydrogen, in addition 
to other transmuted elements. The resulting microstructural 
evolutions cause profound macroscopic property changes that 
severely degrade the performance and lifetime limits of fi rst 
wall components.  5   –   10   As reviewed by Zinkle,  9   the observed 
property changes of irradiated materials depend on the irradia-
tion temperature and other environmental variables and have 
been called the “fi ve scourges of irradiation.” These degradation 
phenomena include irradiation hardening and embrittlement, 
phase and dimensional instability, and He embrittlement. 

 The effect of irradiation on materials microstructure and 
properties is a classic example of an inherently multiscale phe-
nomenon. Pertinent processes range from the atomic nucleus 
to structural component length scales, spanning in excess of 
10 orders of magnitude, while time scales bridge more than 22 
orders of magnitude.  11   Further, a wide range of variables con-
trols the mix of nano/microstructural features formed and the 
corresponding degradation of physical and mechanical proper-
ties. The most important variables include the initial material 
microstructure, the thermal-mechanical loads, and irradiation 
history. Yet, radiation damage and helium effects are believed to 
be the overarching concerns for fi rst wall and breeding blanket 
structures.  5   –   10   While many of the controlling radiation damage 
processes and kinetics are known, quantitative details regarding 
the interactions among evolving species and, indeed, even the 
transport, trapping/de-trapping, and annihilation mechanisms 
of small defect-impurity clusters, as well as the defect cluster 

The fusion environment combines extreme factors, placing 
stringent demands on materials selection

Wirth et al. MRS Bull. 36 (2011)

• Materials inside a fusion power plant will have to withstand 
combined extremes not realized in other applications:

• High baseline operating temperatures
• Neutron radiation damage
• Neutron activation
• Plasma exposure
• Neutron transmutation + gas generation
• High transient heat fluxes
• Corrosion from liquid molten salts
• High magnetic fields
• Cryogenic operation (magnet structures)

• Traditional engineering 
materials most often fail under 
these combined extremes 
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Reference radial materials build for a DEMO-like fusion 
power plant 

UKAEA Fusion Materials Roadmap (2021)

UK Fusion Roadmap 2021-2040 United Kingdom Atomic Energy Authority 20
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Neutron fluxArmourDivertor

Challenge

Divertor strike 
plate (detached 
divertors)

Armour surface Armour 
substrate

Blanket breeder, 
multiplier and 
casing

Blanket cooling 
pipes

Vacuum vessel Magnets

Neutron radiation HIGH VERY HIGH HIGH MEDIUM MEDIUM LOW LOW

Temperature VERY HIGH YES YES MEDIUM MEDIUM NO NO

Heat flux HIGH YES YES NO NO NO NO

Magnetic stresses 
from coils SOME YES YES YES YES YES YES

Corrosion (IF ACTIVE COOLING) NO YES YES YES (IF ACTIVE COOLING) NO

Mechanical load SOME YES YES YES YES YES YES

Helium generation HIGH HIGH HIGH MEDIUM MEDIUM LOW NO

Cooling fluid 
pressure NO NO YES NO YES NO NO

Plasma erosion MEDIUM YES NO NO NO NO NO

Tritium absorption YES YES LOW YES YES LOW NO
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Conceptual ARC outboard radial materials build

plasma
plasma facing 

material

vacuum 
vessel

FLiBe 
coolant

neutron 
multiplier?

vacuum 
vessel

corrosion 
coating?

FLiBe 
coolant

corrosion 
coating?

blanket 
tank

neutron 
shield

to 
magnets

• Core internal components subject to harshest conditions 
designed to be replaceable and non-life-limiting

• From the fusion plasma outwards, the structural and 
functional material build is shown below

• Vacuum vessel must be conformal to the plasma and 
thermally and neutronically thin 

B.N. Sorbom et al. / Fusion Engineering and Design 100 (2015) 378–405 381

Fig. 3. The upper half of ARC’s superconducting coils can be removed, allowing the
vacuum vessel to be removed from the blanket tank as a single piece.

this alloy much more prone to nuclear activation, it was  chosen as
a “first-round” material due to its ability to maintain high strength
and corrosion resistance at elevated temperatures. Ideally, further
materials research will identify a more suitable material for future
iterations of the vacuum vessel design. The vessel is approximately
shaped like an elliptical torus. It is double-walled and contains a
channel through which FLiBe flows for cooling and tritium breed-
ing. The vacuum vessel is attached to the blanket tank from above
by 18 support columns, which are evenly spaced between the 18
TF coils. All connections needed for in-vessel components (such as
waveguides, vacuum ports, etc.) run though these columns, which
are also curved to reduce the flux of neutrons streaming through.
Thus, the vessel is isolated from the permanent tokamak com-
ponents, so it can be designed to fail without damaging lifetime
reactor components in the worst case of a full, unmitigated plasma
disruption.

Making the TF coils demountable has a direct impact on the
design of the breeding blanket. In order to permit modular main-
tenance, the blanket is composed entirely of liquid FLiBe that acts
as a neutron moderator, shield, and breeder. The FLiBe is contained
in a large low-pressure tank, referred to as the blanket tank, and
flows slowly past the vacuum vessel. The blanket tank is a robust
lifetime component and serves as the primary nuclear containment
boundary, as opposed to the vacuum vessel. Neutrons created by
the deuterium-tritium fusion reaction are captured in the FLiBe,
transferring their energy and breeding tritium to fuel the reactor.
Tritium can then be extracted from the liquid FLiBe after it flows
out of the blanket tank.

A neutron shield made of titanium dihydride (TiH2) surrounds
the blanket tank. This is to protect the inboard leg of the super-
conducting TF coil, which is particularly space constrained and
susceptible to neutron radiation damage. Effective neutron shiel-
ding and survivable TF superconducting material is crucial to enable

small reactor designs. A detailed MCNP neutronics analysis of the
reactor (see Section 5.2) shows that the blanket/neutron shield
combination reduces the neutron flux to the TF coil by a factor of
9 × 10−5. This ensures at least 9 full-power years (FPY) of operation
based on the TF fluence limits currently available.

We estimated the thermal conversion efficiency of the fusion
power core (FPC) with a simple, non-ideal Brayton cycle and used
this to approximate Qe. It should be noted that the Qe of the entire
power plant will be lower than this estimate, but requires a full
site design, which is beyond the scope of this paper. The analysis
assumed component efficiencies for the compressor and turbine of
95% (the expected state of the art of next-generation large-scale
power turbomachinery components [20]) to obtain the cycle ther-
mal  efficiencies. Three cases were considered: an FNSF phase, a
conservative Pilot phase, and an “aggressive” Pilot phase. In the
FNSF phase, the blanket outlet temperature is set at 900 K, based
on a maximum FLiBe flow rate of 0.2 m/s  (see Section 5.4). This
temperature is considered conservative with respect to material
limits, but reduces the Brayton cycle efficiency to ∼40%, resulting in
Pnet = 190 MW and Qe = 3. The next two phases are more speculative,
and would require an evolution to higher temperature materials
informed by the FNSF stage. The purpose of these phases is to illus-
trate that first wall/vacuum vessel research during the FNSF stage is
crucial to allow a higher blanket temperature, which would greatly
increase the total plant efficiency. In the conservative Pilot phase,
the blanket outlet temperature is set at 1100 K, for a Brayton cycle
efficiency of ∼46%, resulting in Pnet = 233 MW and Qe = 3.5. Finally,
in the aggressive Pilot phase, the blanket outlet temperature is
set at 1200 K, for a Brayton cycle efficiency of ∼50%, resulting in
Pnet = 261 MW and Qe = 3.8. It is noted that decreasing the FLiBe flow
rate allows access to higher exit temperatures and may  reduce cor-
rosion. Recent molten salt fission studies [21] indicate that many
material candidates in molten salts up to temperatures of ∼1120 K
are possible but require further testing in reactor environments,
particularly at higher temperatures. Because the FNSF phase of ARC
is the obvious first iteration of the design, all further material anal-
ysis in this paper (see Section 5) is done assuming a blanket outlet
temperature of 900 K.

3. Core plasma physics

3.1. 0-D point design optimization

In order to determine a starting point for the ARC parameters,
a 0-D design exercise was  performed. After the initial parameters
in this section were determined, the design was iterated several
times using codes such as ACCOME, MCNP, and COMSOL. Note that
in many cases the final design parameters (e.g. in Table 1 and in
the sections following this one) differ from the initial parameters
calculated in this section. A fundamental equation for any magnetic
fusion reactor design is the scaling [22]

Pf

VP
∝ 8〈p〉2 ∝ ˇ2

T B4
0, (1)

for volumetric fusion power density Pf/VP, where 〈p〉 is the volume-
averaged plasma pressure in MPa. This equation provides two
strategies to achieve the high fusion power density desirable for
an FNSF and required for economical fusion power: high ˇT ≡
(2!0〈p〉)/B2

0 or large B0. However these two strategies are dra-
matically different. Increasing ˇT up to or past its intrinsic limit
comes at the risk of exciting MHD  modes [12] and increasing the
frequency of disruptions in devices that have almost no tolerance
to disruption damage (see Section 5.5). Instead, the ARC reactor
exploits the quartic dependence on the magnetic field in Eq. (1)
through the use of REBCO superconducting tapes, which provide

Sorbom et al. Fus. Eng. Des. 100 (2015)

replaceable 
core internal 
components
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ARC materials challenges

High particle and 
heat flux divertor 
heat exhaust

High temperature 
structural materials 
with high dose 
radiation effects

Monolithic joining of 
refractory plasma 
facing materials to 
structural materials

Corrosion mitigation 
and control from 
molten salt coolant

Remote joining 
of advanced 
structural 
materials

Also:
• No prototypic testing 

environments exist
• Structural loads from 

standard and disruptive 
E&M forces

• Integrated molten salt 
coolant channels near 
primary vacuum boundary

• Large-scale complex 
geometric topology
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How do you select a material anyway?
Property What it tells you

Modulus Resistance to reversible deformation 
(elastic)

Strength Resistance to irreversible deformation 
(plastic)

Fracture 
toughness

Resistance to crack propagation and 
“breaking”

Ductility How much a material can deform

Thermal 
conductivity How well heat is transported

Thermal 
expansion

How much expansion and contraction 
with temp.

Chemistry Controls other properties as well as 
neutron interactions and activation

Manufacturability Ok, can I get the material I think I need in 
the form I need it?

A version of the classic “materials science tetrahedron”

grain boundary

matrix precipitatessome crystal structures of steels
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Materials in fusion systems are continually dynamic

FUSION MATERIALS MODELING: CHALLENGES AND OPPORTUNITIES

217MRS BULLETIN • VOLUME 36 • MARCH 2011 • www.mrs.org/bulletin

contamination by eroded materials, (3) tritium management, 
including co-deposition of T and D in eroded/redeposited mate-
rial, and, perhaps more importantly, (4) the fusion performance 
of the core plasma. Likewise, the performance of bulk structural 
and breeding blanket materials in a challenging degradation 
environment with large time-varying stresses, corrosive chemi-
cal environments, and large fl uxes of 14-MeV peaked fusion 
neutrons affects the thermal and power management of the 
fusion reactor and the overall tritium balance and controls the 
operating/replacement lifetime of the vacuum vessel. 

 Gaining understanding and predictive capabilities in this 
critical area will require addressing, simultaneously, complex 
and diverse physics occurring over a wide range of lengths 
(angstroms to meters) and times (femtoseconds to days), as 
illustrated schematically in   Figures 1   and   2  .  Figure 1  demon-
strates a range of known phenomena that govern the response 
of the materials surface to plasma interaction. While vastly 
different physical scales exist for the surface (on the scale of 
nanometers) and plasma processes (on the scale of millime-
ters), the plasma and material surface are strongly coupled to 
each other, mediated by an electrostatic and magnetic sheath. 
As but one example, the high probability (>90%) of prompt 
local ionization and re-deposition of sputtered material atoms 
means that the surface material in contact with the plasma 
is itself a plasma-deposited surface, not the original ordered 
surface. Likewise, the recycling of hydrogenic plasma fuel is 
self-regulated through processes involving the near-surface fuel 
transport in the material and the ionization of neutral species 
that enter the plasma. Also the intense radiation environment 
of ions, neutrons, and photons ensures that the material struc-
ture and properties are modifi ed and dynamically coupled to 
the PMI processes at extreme thermal fl uxes that may exceed 

  
 Figure 1.      Schematic illustration of the complex, synergistic, and inherently multiscale surface interactions occurring at the material surface 
in a realistic magnetic fusion plasma environment. H, hydrogen; D, deuterium; T, tritium; PFC, plasma facing component;  γ , gamma ray.    

20 MW/m 2 , and thereby induce signifi cant temperature gradients 
in the near-surface region.         

 Within the structures, the exposure to high-energy radiation 
severely damages the microstructure of materials by violently 
displacing atoms from their lattice sites many times and creating 
damaging concentrations of helium and hydrogen, in addition 
to other transmuted elements. The resulting microstructural 
evolutions cause profound macroscopic property changes that 
severely degrade the performance and lifetime limits of fi rst 
wall components.  5   –   10   As reviewed by Zinkle,  9   the observed 
property changes of irradiated materials depend on the irradia-
tion temperature and other environmental variables and have 
been called the “fi ve scourges of irradiation.” These degradation 
phenomena include irradiation hardening and embrittlement, 
phase and dimensional instability, and He embrittlement. 

 The effect of irradiation on materials microstructure and 
properties is a classic example of an inherently multiscale phe-
nomenon. Pertinent processes range from the atomic nucleus 
to structural component length scales, spanning in excess of 
10 orders of magnitude, while time scales bridge more than 22 
orders of magnitude.  11   Further, a wide range of variables con-
trols the mix of nano/microstructural features formed and the 
corresponding degradation of physical and mechanical proper-
ties. The most important variables include the initial material 
microstructure, the thermal-mechanical loads, and irradiation 
history. Yet, radiation damage and helium effects are believed to 
be the overarching concerns for fi rst wall and breeding blanket 
structures.  5   –   10   While many of the controlling radiation damage 
processes and kinetics are known, quantitative details regarding 
the interactions among evolving species and, indeed, even the 
transport, trapping/de-trapping, and annihilation mechanisms 
of small defect-impurity clusters, as well as the defect cluster 

Wirth et al. MRS Bull. 36 (2011)

• The environments in fusion 
systems drive the evolution of 
properties and performance 
over time

• Microstructure will change as a 
function of

• Radiation dose and dose rate
• Radiation type
• Plasma exposure
• Temperature and temperature 

gradients
• Mechanical stresses
• Local chemistry / corrosion effects
• Nuclear transmutation

Selecting a material for your fusion system requires understanding how 
it will evolve and likely degrade over it’s intended operational lifetime 

This is extremely difficult!
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Structural damage from neutrons drives long-term 
change in properties   

• Under irradiation, atoms are knocked 
out of their equilibrium positions in the 
crystal lattice

• Most recombine immediately 
(picoseconds), but those that don’t form 
defects that agglomerate and change 
structure and properties

DPA = displacements per atom = R / N

For 1 dpa, every atom in the material has been 
displaced from its equilibrium position once

S.E. Ferry
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Challenges in nuclear structural / vacuum 
vessel materials

5 µm

Mansur J. Nucl. Mater. 216 (1994)

Dennett et al. Acta Mater. 145 (2018)
• Traditional high-temp, 

Ni-based structural 
materials struggle due to 
activation and He 
generation through 
nuclear reactions 

• Required to retain strength, ductility, and toughness under high 
temperatures while undergoing atomic displacement damage

• Possible modes of damage evolution include precipitation, 
embrittlement, ballistic precipitate dissolution, and void/bubble 
growth 

316 stainless steel
80 dpa
510˚C

thermal neutrons

pure Cu
90 dpa
400˚C
35 MeV Cu ions
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at least in the temperature range below 1000 °C, i.e., in a regime where
recovery effects are less relevant. For higher heat loads (6 MWm−2 and
above), some of the neutron-induced defects can be recovered, and the
slope of the curve decreases considerably. Since the evaporation of
carbon atoms from the heated surface increases dramatically above
2000 °C, the experiment had to be stopped at a heat load of 18MWm−2

to avoid thermal erosion of the component and undesired contami-
nation of the vacuum chamber and the diagnostic windows.

The thermal fatigue tests described in Fig. 8 have also been
performed after neutron irradiation in the HFR reactor in Petten at a
base temperature Tirr ! 700 °C and a neutron fluence of 1025n m−2,
which corresponds to damage rates of 1.0 dpa for carbon and 0.6 dpa
for tungsten. After irradiation, the actively cooled components have
been tested in JUDITH 1 under stepwise-increasing cyclic loads with
1000 fatigue cycles each. As has been pointed out above, carbon-
armored PFCs are extremely sensitive to neutron-induced damage
owing to their hexagonal lattice structure.

The CFC monoblock component could not be tested above
12MWm−2 without any degradation of themodule. This is due to the
relatively low bulk temperature of the carbon material close to the
coolant tube, which prevents recovery of irradiation-induced defects.
For the flat tile design, this limit was somewhat higher (15 MWm−2).

The tungsten monoblock module has demonstrated the best
irradiation performance; here, the neutron-exposed PFC could tol-
erate ITER-like fluences of 1025n m−2 without fatigue failure up to
heat flux densities of 18 MW m−2. These very promising results
indicate that tungsten monoblock targets might also be a good choice
for future fusion experiments with even higher neutron damage rates.

VI. SUMMARY AND CONCLUSIONS

The extremely harsh environment in future fusion reactors—high
stationary and transient thermal loads, hydrogen and helium bom-
bardment, 14 MeV neutrons—puts strong demands on the selection of

PFMs and the manufacture of actively cooled components with a long
expected lifetime. Up to now, materials research in the field of ther-
monuclear fusion has been done primarily in laboratories and in test
facilities that have focused primarily on individual effects only, such as
thermal fatigue, thermal shocks during transient events, plasma ex-
posure, and neutron irradiation tests. Today, emphasis is also laid on
synergistic effects such as high thermal loads under plasma exposure or
simultaneous thermal and neutron wall loads (see Fig. 21).

Synergies between thermal loads plus plasma exposure: Here,
plasma-induced processes such as blister or bubble formation, hy-
drogen embrittlement, or the growth of He nanobubble layers or of
fuzz on the plasma-exposed surface have a negative impact on re-
sistance to intense thermal loads.

Synergies between thermal loads plus neutrons:Neutron-induced
material degradation such as reduced thermal conductivity, trans-
mutation effects, embrittlement, and increased ductile–brittle tran-
sition temperature have a strong impact on the high-heat-flux
performance of wall components, both under steady-state condi-
tions and under intense transients.

Synergies between plasma exposure plus neutrons: Research on
this third synergism, namely, the interaction of plasma exposure with
neutron-induced effects, has not been discussed here. In this area,
future research should be directed toward the trapping ofH andHe in
neutron-induced defects, the formation and influence of trans-
mutation products, etc.

The results described in this paper indicate that material deg-
radation is accelerated when synergistic effects are taken into con-
sideration. Therefore, future experiments should also focus more
strongly on these effects. New multipurpose test devices that enable
simultaneous exposure with fusion-relevant ion fluxes and in situ
thermal loading and that are well diagnosed are now available. The
integration of these high-heat-flux and plasma devices into a powerful
neutron source with a fusion-relevant energy spectrum would clearly
go beyond current technical and financial limits. Alternatively, test

FIG. 21. Synergistic loading scenarios and important parameters with a strong impact on performance and lifetime of PFCs in future fusion reactors.

Matter Radiat. Extremes 4, 056201 (2019); doi: 10.1063/1.5090100 4, 056201-16
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Challenges in plasma facing materials
• Materials serving as the first interface to fusion plasma are exposed to 

high energy neutrons, lower energy ions (D, T, He), high heat fluxes, and 
complex mechanical loading  

• Erosion and sputtering can inject impurities into the core plasma, 
degrading performance

• Traditional selections include low-Z materials (C, Be) or high-Z refractory 
materials (W, Mo)

Linke et al. Matt. Rad. 
Extremes 4 (2019)

Th. Loewenhoff et al. / Fusion Engineering and Design 87 (2012) 1201– 1205 1203

Fig. 5. Surface LM image and laser profilometry line scan of the tungsten sample
loaded with 103 pulses of 0.55 GW/m2 at Tsurf ≈ 200 ◦C. The circle roughly indicates
the  loaded area. The line corresponds to the profilometry scan at the bottom. A crack
is  visible, but the sample is mainly roughened.

Fig. 6. Sample loaded with 103 pulses of 0.55 GW/m2 at Tsurf ≈ 700 ◦C showing small
disconnected cracks.

Fig. 7. Sample loaded with 104 pulses of 0.55 GW/m2 at Tsurf ≈ 700 ◦C showing a
crack  network.

Fig. 8. Sample loaded with 105 pulses of 0.55 GW/m2 at Tsurf ≈ 700 ◦C showing
cracks, strong deformation and melt droplets.

When the material is heated by the transient load, the loaded
area is subjected to thermal expansion. However, the surround-
ing area is colder and expands less, appearing rigid compared to
the loaded area. The induced compressive stresses can lead to
plastic deformation, depending on stress amplitude and temper-
ature (as the yield strength decreases with increasing temperature
[11,12,14]). Once deformed, the material does not return to the
original state in the following cool down phase. The time avail-
able for plastic deformation is shorter the weaker the pulses
are and the lower the base temperature is, because a certain
temperature-stress situation has to be exceeded in order to start
plastic deformation (e.g. in case of pulses at Tsurf ≈ 200 ◦C with
0.27 GW/m2 the damage evolution is comparatively slow). The
pulses cause thermal fatigue and accumulate dislocations. A highly
stressed and deformed surface is created due to this mechanism
and finally cracks start to form at locations of highest stress and
lowest strength, e.g. grain boundaries. This means, roughening is a
precursor for cracking.

The observed localized roughened spots on some samples
(Fig. 5) were analyzed by Electron Backscatter Diffraction (EBSD).
They coincided with grains whose [0 0 1] direction was parallel to
the surface. These grain orientations have lower yield stress in sur-
face plane direction [14] and, therefore, start to deform first. They
are also more prone to material removal due to polishing before
the tests, which explains why they lay deeper (texture in Fig. 5,
also visible on unloaded surfaces before experiments).

3.1.2. Cracking
In case of Tsurf ≈ 200 ◦C cracks typically appeared more sudden

than at elevated temperatures, because the material appears to
be still fully or partially in a brittle state. Hence a “small cracks”
phase may  exist but was  not observed. Earlier experiments with
the same material [16] showed that 150–200 ◦C is a critical temper-
ature, above which the material behaved more ductile. Brittleness
also explained the evolution of crack depth (Fig. 9): It did not
increase from 104 to 105 pulses at Tsurf ≈ 200 ◦C, but did so for the
exact same loading conditions (0.41 GW/m2 and 0.55 GW/m2) at
Tsurf ≈ 700 ◦C. Additionally the crack depth at Tsurf ≈ 700 ◦C was sig-
nificantly lower at 104 pulses. This suggests a slow development as
it was  expected for fatigue cracks in a more ductile regime.

This development ended when the crack depth provided the
amount of necessary stress relief. Therefore, pulses of higher
intensity created higher average crack depths. The pulse intensity

1204 Th. Loewenhoff et al. / Fusion Engineering and Design 87 (2012) 1201– 1205

Fig. 9. Average crack depths for different loading conditions. Typically 3–9 cracks
were visible in a cross section.

determined (together with material properties) the stress ampli-
tude and the penetration depth of the transient load.

The average crack depth of the sample loaded with 106 pulses of
0.27 GW/m2 remained as low as 88 ± 40 !m,  while samples loaded
with 105 pulses of 0.41 GW/m2 and 0.55 GW/m2 achieved aver-
age crack depths of ≈150 !m and ≈200 !m,  respectively. The only
exception (105 pulses at 0.41 GW/m2 and 400 ◦C base temperature)
can be explained by an extremely deep crack (≈300 !m)  found in
the sample center. This crack released a major fraction of the occur-
ring stresses and thus prevented other cracks from growing. The
growth of this crack was most probably facilitated by two defects
in the material (cavities) it was found to cross.

In general, cracks occur at lower pulse numbers in case of
higher base temperatures (103 pulses with 0.41 GW/m2: roughen-
ing at Tsurf ≈ 200 ◦C, cracking at Tsurf ≈ 700 ◦C). An exception was
the test with 104 pulses at 0.41 GW/m2, which showed crack-
ing at Tsurf ≈ 200 ◦C and Tsurf ≈ 700 ◦C but only roughening at
Tsurf ≈ 400 ◦C. This is explained by the ductility of the material
which was high enough at 400 ◦C to prevent cracking up to this
pulse number. At 200 ◦C the brittleness led to earlier cracking, while
at 700 ◦C the low yield stress caused a stronger deformation, hence
higher fatigue damage and an early appearance of fatigue cracks.

Continued cycling after crack formation resulted in erosion of
crack edges (due to continued thermo-mechanical expansion and
contraction, causing friction and tribological effects at crack clo-
sure) [13].

3.1.3. Recrystallization and polygonization
Recrystallization and polygonization was found in surface near

regions (20–300 !m)  and around cracks (indicated by “R” in
Figs. 2–4). One sample even showed traces of recrystallization close
to the surface (depth ≈20 !m)  and near to a crack at Tsurf ≈ 200 ◦C.
Maximum temperatures reached during experiments (≈1400 ◦C
for Tsurf ≈ 700 ◦C) are barely high enough to explain this behavior,
especially considering the short time of !t  ≈ 1 ms  during which
these temperatures prevail. The surface recrystallization can occur
due to locally diminished effective heat conductivity (leading to
hot spots) because of the formed cracks that act as thermal bar-
riers. Most probably the necessary temperature is only exceeded
for a short time after a transient pulse, meaning the observed
phenomena were accumulating during the pulses. Furthermore
the induced plastic deformation lowered the recrystallization
temperature.

The observed polygonization could not be assigned to the
influence of the heat load with certainty, because it was also
found in the material (although scarce) before the experiment (the

Fig. 10. Cross section LM picture of the sample loaded with 105 pulses of
0.41 GW/m2 at Tsurf ≈ 700 ◦C. Recrystallization and polygonization is visible at the
top  and around the crack. The original grain structure was preserved at higher
depths.

Fig. 11. Surface image of the CFC sample loaded with 105 pulses of 0.68 GW/m2 at
Tsurf ≈ 450 ◦C. The circle roughly indicates the loaded area.

material was forged and subsequently stress relieved in the produc-
tion process). However, the recrystallization and polygonization
around cracks fit well to the extremely deformed zone in front of
the crack tip and around the crack that is typical for fatigue cracks
(Fig. 10).

The recrystallized grains had different sizes, some appeared to
be remainders of the original grain structure, others were in the
process of falling apart into smaller ones and still others were
completely new grains, already subjected to grain growth. The
overall picture suggested a highly dynamic process where the local
stress-temperature situation determined the amount of recov-
ery, polygonization, recrystallization and even grain growth and
melting.

Loewenhoff et al. Fus. Eng. Des. 87 (2012)

melted, cracked, and recrystallized 
W under high heat fluxes at 700˚C 
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Joining structural and plasma facing materials
• For ARC, refractory plasma facing materials and structural vacuum vessel 

materials must be monolithically joined
• Dissimilar thermal expansion between refractories and most structural materials 

pose challenges for high-temp operation
• Mechanical integrity in coupled extreme environment must be maintained
• Community has explored functional grading, interlayers, and other concepts

mechanisms were presented. In order to best cope with these
challenges, several joining concepts have been developed.
They all have to fulfil general boundary conditions, sum-
marized in figure 5 and explained in the following.

With regard to nuclear constraints, particularly important
if interlayers are used to join tungsten and steel, only those
elements should be used, whose dose rate decreases below the
shielded hands-on level of 2 mSv h−1 within 100 years after
irradiation and reactor shut-down (exemplary reactor sce-
nario: 1.6 GW thermal power, neutron flux density
5.04×1014 cm−2 s−1, 2 years reactor operation [19]). This is
important for possible remote-handled recycling of the used

materials in a new generation of reactors by the time. More-
over, no transmutation of elements to helium or long-living
radionuclides during application in DEMO is allowed. A
large tritium breeding ratio asks for low neutron capture in the
FW, which has to be considered both in terms of material
selection and geometric constraints. Besides that, a general
trade-off between plasma erosion of the tungsten armour
limiting the FW lifetime, neutron transmittance, thermal
capabilities and mechanical integrity of the FW has to be
found. In the long-term, neutron and possibly hydrogen
induced embrittlement of used materials is to be considered.

As for mechanical properties of the FW, all materials
used require high yield strengths at room temperature and at
elevated temperatures. If joining is carried out at temperatures
above the α–γ transition temperature of Eurofer (∼800 °C), a
PBHT is required to re-establish the martensitic steel struc-
ture. The thermo-mechanical FE analysis presented in
section 2 shows that high σyy normal stresses impose on the
joint after cooling from joining temperature. The adhesion
strength of the FW joint has to be high enough to cope with
these stresses. Apart from that, FE analyses showed that the
joint experiences cyclic thermo-mechanical loading. Hence,
the joint has to be protected against ratcheting, which might
cause fatigue failure eventually [9]. While the von Mises
stresses during heat pulses are lower than at room temper-
ature, they are still critical, especially since materials usually
soften at elevated temperatures. The aspect demands for
acceptable creep strength of the materials used in the joint.
Additionally, in case of overloading, failure must not occur
spontaneously. Given this prerequisite, toughness of the joint
and used materials at elevated temperatures has to be ensured.

With respect to thermo-physical considerations, one main
task of the FW is to remove heat. Hence, materials and
interfaces have to provide a high thermal conductivity.
Related to the aspect of stress distribution, potentially used
interlayers should exhibit a coefficient of thermal expansion
in the range of tungsten and Eurofer (4.4×10−6 and
12.0×10−6 �K 1 at room temperature), if they are thicker
than few micrometres, which is likely needed.

In order to fulfil its duties durably, a thermodynamically
stable materials combination has to be chosen for the FW.
The localized precipitation of hard particles, particularly at
dissimilar materials interfaces, after long-term exposure to
elevated temperatures might cause stress intensities and pro-
vide low-energy crack paths. Apart from that, for Eurofer,
diffusion of carbon towards the joint, accompanied by ferri-
tization of the microstructure and loss of strength, and the
α–γ transition temperature, mentioned above, need to be
considered for joining.

Some general boundary conditions for the FW arise by
the selection of the breeding blanket concept. The size of a
continuous tungsten-steel joint, which depends on the outer
geometry of the blanket and on potential castellation of the
FW, will influence the stress profile as much as the selection
of cooling medium (temperature and pressure) and breeding
concept (also temperature and pressure) will.

Eventually, given the proposed FW area of 1200 m2 in
the EU DEMO 2015 baseline design [2], a high throughput in

Figure 4. Contour plots of von Mises stresses, σyy stresses, and
accumulated plastic strain in the top right corner of the modelled
component after cooling to room temperature (100 s). The arrows
indicate positions of maxima.

Figure 5. General aspects, required for consideration of FW joints.
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joints were investigated using a scanning electron micro-
scope (SEM; Magellan400, FEI, USA) and a transmission
electron microscope (TEM; JEM-2100F, JEOL, Japan)
equipped with energy dispersive X-ray spectroscopy. For
the preparation of specimens for TEM observations, a
focused ion-beam (FIB; Quanta 3D FEG, FEI, USA) sam-
pling method was utilized. The joining strength of the
W/FMS interface was evaluated by a shear test at a
cross-head speed of 0.5 mm/min.

III. RESULTS AND DISCUSSION

Figure 2a shows the microstructure of the conjoined
interface of W/FMS with a Zr interlayer. The thickness of
the Zr interlayer is 25 μm, and is exists in between W and

FMS. No significant defects are observed along the joint
interface. Elemental profiles across the joined interface
(Fig. 2b) also indicate the discrete materials’ boundaries.
According to the elemental intensity curves of W and Zr,
inter-diffusion of W and Zr is observed. W is detected in
the Zr layer and vice versa. In addition, there are steps in
each elemental profile of W and Zr at the W/Zr interface.
The formation of a reaction layer is suggested by the
discontinuity in the elemental profiles at the position.
However, the intensity curves of Zr and Fe vary smoothly
across the Zr/FMS interface. It is proposed that a solid-
solution was formed at the Zr/FMS interface.

The hetero-interfaces of W/Zr and Zr/FMS are shown
in Fig. 3 at higher magnification. As shown in Fig. 3a, the
W/Zr interface was joined without any defects or pores.
At the W/Zr interface, a very thin layer of less than 150 nm
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Challenges in molten salt corrosion
• In high temperature, fluorine-based molten 

salts, elements which passivate in aqueous 
environments do not provide protection

• Impure salts leach Cr from grain boundaries, 
providing crack initiation sites and destroying 
mechanical integrity

• Pure elemental coatings (W, Ni) perform well, 
but must be coated onto salt-facing components

of some of the materials after the corrosion tests that confirm the important role of chromium
in corrosion in the molten fluoride salt FLiNaK.

An examination of the graphite crucibles and sample fixturing rods after corrosion tests
clearly showed the formation of Cr-carbide on the graphite surface [29]. Chromium from
the alloy dissolved into the salt (possibly due to impurity-driven corrosion), migrated to
the graphite, and formed Cr7C3 Cr-carbide on the surface of graphite as confirmed by
SEM-energy dispersive spectrometer (EDS) analysis, X-ray photoelectron spectroscopy,
and X-ray diffraction techniques. Figure 12.8 shows the formation of Cr-carbide on the
graphite fixturing rods.

Subsequent tests performed using the same material containers as the test alloys confirmed
that this acceleration effect was due to dissimilar materials, but also showed that the basic
mechanisms of corrosion in the material did not change significantly as a result of using the
graphite containers [29]. The weight change measurements of Incoloy 800H samples tested
in graphite crucibles with those performed in Incoloy 800H are shown in Figure 12.9.
The weight loss measured from the Incoloy 800H samples in the Incoloy 800H containers
wasminiscule in comparison to thosewith tests performed in graphite capsules. This difference
in weight loss highlights the increase in corrosion of the alloy test samples due to graphite
promoting chromium dealloying from the alloy into the salt. The chromium content of the salt
determined by neutron activation analysis after the graphite container testwas 372!21 ppmCr
compared to 99.8!5.1 ppm Cr in the Incoloy-800H container tests.

While shedding light on the relative corrosion performance of alloys, these studies
also illustrate the effect of dissimilar metals on corrosion in molten salts. This should be
differentiated from situations where the container material reacts with the salt and alters
the corrosion rate of test materials, as was observed in NASA studies performed in quartz
crucible materials [37,38].

a b c
Figure 12.7 Cross-sectional SEM image of the surface of alloys after corrosion testing in molten
FLiNaK salt at 850 "C for 500 h: (a) Ni-201 (no Cr), (b) Hastelloy N (6.3% Cr), and (c) Hastelloy
X (21.3% Cr). Tests were conducted in graphite container [29].

Figure 12.8 (a) Cross-sectional SEM image of graphite central fixturing rod after corrosion tests
with Incoloy 800H showing corrosion film formation, #15-mm thick carbide layer and (b) EDS
X-ray elemental mapping of confirming the film to be largely composed of a Cr-rich phase [29].
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Ni Ni-6.3Cr Ni-21.3Cr

Olson PhD Thesis, UW-Madison (2009)

Last, but not least, we compare the effects of proton and
neutron irradiation on Ni-20Cr corrosion in molten salt. In our
experiments, most protons stop in the salt, so the effect of
injected hydrogen interstitials in the foil is negligible, though their
effect on salt corrosiveness is strong. Unlike proton beams,
neutrons will not interact with electrons directly and are not
charged species themselves. Thus, we expect that salt undergoing
neutron irradiation may be less corrosive than that undergoing
proton irradiation, as neutron irradiation does not add charged
chemical species to the salt (save for a small amount from
transmutation production of tritium). As such, we expect that the
irradiation-decelerated intergranular corrosion of Ni–Cr alloys
under neutron irradiation to hold true, and perhaps even man-
ifest a stronger deceleration compared to an equivalent flux of
protons. Fortunately our experiments incur a similar particle flux
as would be found in fast reactors, though the difference in
particle type still raises the question of whether this self-healing
mechanism will persist and dominate in nuclear reactors. How-
ever, our results reveal an encouraging mechanism of irradiation
slowing down intergranular corrosion via enhanced bulk diffu-
sion, which has important implications for the rapid development
and down-selection of structural materials to finally usher in
advanced nuclear fission and fusion reactors.

Methods
Salt and material preparation. The FLiNaK+EuF3 salt used for this work was
produced in a temperature-controlled furnace housed inside an argon atmosphere
glove box. Oxygen and moisture in the glove box were controlled to remain below
1 ppm. Powders of 99.99% pure LiF (CAS number 7789-24-4), 99.99% pure NaF
(CAS number 7681-49-4), 99.99% pure KF (CAS number 7789-23-3), and 99.98%
pure EuF3 (CAS number 13765-25-8) were purchased from Alfa Aesar. LiF, NaF,
and KF powders were melted into separate discs at 1000 °C in glassy carbon
crucibles supplied by HTW Germany. EuF3 powders were baked at 1000 °C. The
salt discs of LiF, NaF, and KF were then broken into small pieces and measured by
weight corresponding to the composition of a FLiNaK eutectic mixture
(LiF–NaF–KF (46.5–11.5–42 mol%)). Baked EuF3 powder was then added corre-
sponding to be 5 wt.% of the total. Addition of EuF3 increases the overall corrosion
rate by increasing the redox potential of the salt27. EuF3, when reacting with Cr,
becomes EuF2, which leaves no deposition on the sample surface. Afterwards, the
salt mixture was melted inside another glassy carbon crucible by holding at 700 °C
for 12 h. The final salt disc was then broken into small pieces. It was measured and
melted into pellets roughly 3.5 g in weight. These pellets comprised the salt loaded
into the corrosion/irradiation experiment.

An 80Ni-20Cr wt.% model alloy was made by Sophisticated Alloys Inc. in the
form of 0.5-mm-thick sheet with a certified purity level of 99.95%. Then 30-μm-
thick foils of this alloy were rolled by the H. Cross Company. All samples studied in
this work consisted of 14-mm-diameter discs sectioned from the same rolled foil.
Sample surfaces were smooth enough for the corrosion experiment without
additional polishing.

For the pure Fe corrosion/irradiation experiment, a 99.5% (metals basis) pure
Fe foil was purchased from Alfa Aesar with a thickness of 25 μm and used as-is.

Simultaneous irradiation and corrosion experiments. Details of the facility used
in this study can be found in this reference17. Salt and sample loading were both
performed in the same glove box mentioned previously. Then the vacuum-tight
assembly was transferred out of the glove box to be connected to the proton
accelerator beam line. The CLASS (Cambridge Laboratory for Accelerator Science)
1.7 MV Tandetron was used to accelerate protons to 3.0 MeV at the beam current
densities listed in Fig. 1, measured with a Faraday cup. After the pressure reached
10−6 Torr, the heater was started to reach 400 °C for at least half an hour, or until
the pressure once again dropped below 10−6 Torr. This ensured a proper bake-out
of the as-assembled experimental facility. The temperature was increased to 650 °C
over a period of roughly 1 h. Then the proton beam with controlled energy, beam
shape, and current was introduced to the sample by withdrawing the Faraday cup.
The beam current during the experiment was controlled to be between ±5% of the
target beam current. Temperatures of the control thermocouple were maintained
at ±1 °C. The two sides of the sample foil shared the same level of vacuum pressure
during the experiments. Once the targeted duration of the experiment was reached,
the beam was cut off, and the heater was stopped. It took less than half hour to cool
down below 450 °C. During the entirety of the experiments, the pressure of the
beam line was actively maintained between 10−5 and 10−6 Torr. After the system
reached room temperature, the assembly was backfilled with ultra-high purity
argon. Then it was disconnected from the beam line, transferred into the glove box,
and disassembled.
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Fig. 3 Salt-facing side of pure Fe following simultaneous corrosion/
irradiation. a Location on the Fe foil used for SEM imaging. Orange
represents irradiated region. Green represents unirradiated region. b SEM
image of the salt-facing side after 6 h at 650 °C under 2.0 μA cm−2 proton
irradiation. Scale bar: 1 mm. c Enlarged SEM image for the edge
(unirradiated) region of the foil. Scale bar: 20 μm. d Enlarged SEM image for
the center (irradiated) region of the foil. Scale bar: 20 μm. e Machine-
learning based segmentation of b, showing auto-identified corroded (in red)
and uncorroded (in yellow) regions. The white circle delineates the proton
beam perimeter. Scale bar: 1 mm.
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• Long term damage accumulation 
depends sensitively on the 
temperature (material kinetics)

• Most operating experience worldwide 
comes from light water reactors, the 
world’s commercial nuclear energy

• Operating conditions for fusion power 
plants will quickly take us outside the 
window of previous human experience

MR44CH10-Zinkle ARI 22 May 2014 11:19
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Overview of structural materials operational experience in a variety of civilian fission reactor systems
compared with the proposed operating conditions for deuterium-tritium fusion reactors. The
dose-temperature plot in Reference 17 was modified to include operational experience at or near full power.
Abbreviations: GEN II, Generation II; GFR, gas-cooled fast reactor; LFR, lead-cooled fast reactor; LWR,
light-water-cooled fission reactor; MSR, molten salt–cooled reactor; SCWR, supercritical water reactor;
SFR, sodium-cooled fast reactor; VHTR, very high temperature reactor.

in magnitude) level of volumetric swelling (61, 62). Section 2.2 includes additional discussion of
radiation-induced degradation phenomena in nonstructural materials.

There is considerable operational experience with austenitic steels and certain Ni-base alloys
under commercial fission reactor irradiation conditions of ∼300◦C and moderate doses of up to
∼50 dpa (2). In particular, more than 15,000 reactor years of civilian operating experience have
been accumulated; more than 85% of this experience is associated with water-cooled reactors (63).
However, the structural materials operating experience in other high-performance fission reactor
irradiation environments is relatively limited. Figure 5 compares the structural materials oper-
ating experience in current (Generation II) light-water-cooled fission reactor systems, with the
operating conditions for Generation IV civilian fission reactors, ITER (under construction), and
the proposed DEMO fusion reactor (2, 17, 63). Whereas light-water-cooled fission reactors have
accumulated more than 12,000 reactor years at or near full power, the operating temperatures
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• All neutron testing is time consuming and costly due to the hazards and material 
handing challenges involved

• Using fusion-relevant neutron spectra for materials testing is currently not possible 
at scale in worldwide facilities

Testing radiation performance in fusion relevant conditions 
is challenging

ifmif-dones.es energy.gov

IFMIF-DONES
International Fusion Materials Irradiation Facility – DEMO Oriented Neutron Source

HFIR
High Flux Isotope Reactor – Oak Ridge National Lab
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Optimization funnel for fusion material radiation testing 

number of candidate 
materials screened

and

fidelity to the fusion 
power plant 
environment

time 
and 

money$ $ $$ $$ $$$ $$$$

computational 
alloy design

pre-irradiation 
experimental 

characterization multi-beam ion 
irradiation 

(heavy ions + He + H)

intermediate 
energy proton 

irradiation

fusion prototypic 
neutron source 
or test reactor 

irradiation

ARC 
(fusion power plant)

Key features:
• Without major time pressure, methods which are 

cheaper and easier to implement are used to 
screen large numbers of candidate materials

• Alloy performance optimization happens using 
methods that can be performed quickly

• Performance confirmation happens to relevant 
dose levels using an FPNS prior to fusion power 
plant operation

[1]

[2]

[1] M. Ayanoglu and A. T. Motta. “Emulation of neutron-irradiated 
microstructure of austenitic 21Cr32Ni model alloy using dual-ion 
irradiation,” J. Nucl. Mater. 570 (2022) 153944

[2] S.J. Jepeal, L. Snead, and Z. Hartwig. “Intermediate energy 
proton irradiation: Rapid, high-fidelity materials testing for fusion and 
fission energy systems,” Materials and Design. 200 (2021) 109445
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• Insoluble gas generation, H and He, 
due to transmutations can stabilize 
nanoscale defect formation

• Overabundance of gas production can 
also suppress defect agglomeration    
as gas atoms can bind with isolated 
defects, reducing mobility

• Finding the right gas/dpa ratio for 
accelerated irradiation techniques        
is a major technical hurdle

The ratio of insoluble gas generation to structural damage 
determines long-term defect evolution

Dependence of void swelling 
in 316SS on dose rate and 
He/dpa ratio at 500-600˚C

Katoh et al. J. Nucl. Mater. 210 (1994)

Y. Katoh et at. /Journal of Nuclear Materials 210 (1994) 290-302 293 
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Fig. 1. He/dpa dependence of (a) void number density, (b) mean void radius, and (cl swelling in dual-ion irradiated 316 stainless 
steel. 

interstitials to dislocations and other sinks. This occurs if most point defects annihilate at sinks and the cavity sink 
strength is comparable to or greater than that of the dislocations. Therefore, swelling at high doses may initially 
increase with increasing He/dpa ratio but then decrease beyond a critical He/dpa ratio f20-231. This behavior is 
observed in Fig. lc at both 10 and 25 dpa. 

Helium is also reported to stabilize small interstitial clusters [1,24,25]. This leads to a fine interstitial loop 
structure, as often seen in comparison studies of dual-ion and single-ion irradiation. It is thought that one 

300 Y Katoh et al. /Journal of Nuclear Materials 210 (1994) 290-302 
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Fig. 10. Predicted swelling in 316 stainless steel at (a) 673, (b) 773, and Cc) 873 K as a function of damage rate and He/dpa ratio, 
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• Triple-beam ion irradiation program being carried out with MIT and U. Michigan
• Parameter space of H and He gas injection and damage via self ions will be mapped to 

best emulate historical reactor irradiations
• Identifying the “neutron-ion handshake” will enable screening irradiations of advanced 

structural alloys to be conducted rapidly to ARC-relevant conditions

Testing using triple beam ion irradiation can accelerate 
materials down selection and optimization 

mibl.engineering.umich.edu

Triple Beam Irradiation Chamber at Michigan Ion Beam Lab
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Existing materials property space is sparse in the areas 
relevant to ARC operation

dpa

appm He : dpa

(spectrum)
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0.1

1
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ARC VV 

conditions

Fission reactor 

data

RTNS II

Notes:
• Example data density shown for RAFM 

steels, of which there is a relative 

abundance given selections by current and 

historical programs.

• Less data exists at elevated temperatures 

given concerns about low-temperature 

embrittlement for a general ITER/DEMO 

spec device.

• Not shown are single-beam ion irradiations, 

some of which have been carried out to 

over 1000 dpa in extreme cases.

S.J. Zinkle and L.L. Snead. “designing radiation resistance in materials 
for fusion energy,” Ann. Rev. Mater. Sci. 44 (2014) 241-267

Zinkle et al. Annu. Rev. Mater. Sci. 44 (2014)

Current data available for structural steels do not meet 
projected ARC conditions
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• Fusion technology development (materials, components, supply chains) is 
just as important as plasma physics to get a fusion power industry in time
• Sorry plasma physicists!

• The challenges are real, but methods do exist to provide enough certainty 
to turn on first-of-a-kind systems

• We expect to observe new behaviors once fusion power systems operate
• That’s when the real interesting materials science happens.

What does that all mean for fusion power systems?

Woller et al. Nuclear Fusion 57 (2017)

Nano-tendril 
tungsten “fuzz” 

forming under low 
energy plasma 
exposure, just 

because its fun
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• We’re hiring!
• Check out cfs.energy/careers for more information
• Roles in R&D, manufacturing, control systems, plasma diagnostics, design engineering, and more
• Feel free to contact with any questions: cdennett@cfs.energy

CFS has ~90 open roles with more to come

Roles in 
fusion 
materials!
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