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SiC has significant advantages over graphite as a first wall material
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• We need high performing plasma facing components (PFCs) that can survive a nuclear radiation 

environment – maintains mechanical strength under high dpa.

• Excellent thermal conductivity.

• Low sputtering – both physical and chemical as compared to graphite.

• Low activation under neutron irradiation.

• Extremely low tritium diffusivity and reduced tritium co-deposition.

• Low Z impurity – therefore, low radiation losses.

• Ensure low PFC erosion that can ensure long lifetime of component.

• Ensure low plasma contamination and fuel dilution.

• Good chemical compatibility with PbLi as a structural material in lead-lithium blanket.
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SiC physical sputtering is lower than graphite by 2-10x, chemical sputtering 
by 10x

Nucl. Fusion 61 (2021) 066005 T. Abrams et al

Table 1. Calculated SBEs of Si and C for each of the three
crystalline planes of SiC used in this work, reproduced from [10].
The standard SBE values for elemental Si and C (graphite) are also
provided for reference.

Target material
SBE (eV)

Silicon Carbon

SiC(110) 16.62 10.51
SiC(111) Si-rich 14.04 11.1
SiC(111) C-rich 18.21 7.21
Elemental Si 4.66 —
Elemental C (graphite) — 7.43

the C source above very small values of fC. Therefore it is
expected that fSi ≪ fC and thus ignoring sputtering due to Si
impacts is reasonable.

2.1. Physical sputtering of SiC

PS yields of C and Si from Si, SiC, and graphite are calcu-
lated using the SDTrimSP binary collision approximation code
[21] in the static approximation. An ion impact angle of 45
degrees from normal is assumed for all SDTrimSP simulation
cases. This is a simplification relative to the spectrum of ion
impact angles present in a tokamak divertor [22, 23], but since
only the total erosion yield can be measured in experiments,
this impact angle represents a useful characteristic average
value by which to compare expected erosion behavior to spec-
troscopic measurements (section 4). It is noted that a previ-
ous study in the ASDEX-U divertor calculated an average ion
impact angle for D and C closer to 65 degrees [22]. These cal-
culations did not account for finite surface roughness, however,
which tends to shift the ion impact angle distribution towards
normal incidence (see figure 9 in reference [22]). Because
the SiC coatings used in this work had fairly rough surfaces
(table 2), an average ion impact angle of 45 degrees is assumed
to be more reasonable. The 45 degree impact angle assumption
has also been successfully used in other recent PMI model
validation studies in DIII-D involving tungsten coatings with
similar surface roughness [24, 25]. The sensitivity of the
calculations to the chosen ion impact angle is discussed
in section 4.2.

Surface binding energies (SBEs) for Si and C are derived
using the standard enthalpy of sublimation model. For SiC,
SBEs for each crystallographic orientation-(110), (111) C-
rich, and (111) Si-rich- are calculated from their respective
inter-atomic potentials, which are in turn estimated using
an analytic formulation for ceramic materials by Tersoff
[26] based on a bond-order approach. This formulation has
demonstrated reasonable agreement with short-range molecu-
lar dynamics simulations of SiC PS [10]. It should be noted that
the inferred SBEs (provided in table 1) differ significantly from
a simple linear superposition of the SBEs of the constituent
elements- essentially an amorphous Si:C mixture- which is the
default assumption in SDTrimSP for a binary target material.

The calculated SiC PS yields for D projectiles are plotted
in figure 1 along with comparisons to pure silicon, graphite,
and amorphous Si:C (1:1 atomic ratio). Unsurprisingly, the

Figure 1. PS yields of (a) Si and (b) C for D projectiles incident on
each crystallographic orientation of SiC, as well as amorphous Si:C,
calculated by the SDTrimSP code. (c) Total PS yields for D
projectiles on Si and C materials.

highest sputtering of Si occurs from the (111) Si-rich plane
and the highest sputtering of C occurs from the (111) C-rich
plane, but PS of SiC is not overly sensitive to crystallographic
orientation. The results for C projectiles (not shown) are quali-
tatively similar but shifted to lower impact energies and higher
yields. Note that the energy threshold for Si PS from SiC is
significantly higher than pure Si, leading to lower values of
YSiC,Si relative to silicon or amorphous Si:C in the low impact
energy regime relevant for divertor plasmas. This difference
is due to the higher SBE for Si obtained using the Tersoff
bond-order approach [26] relative to the linear superposition
approach used for amorphous material. The threshold energy
and PS yields of C from SiC are similar to the Si:C amorphous
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• SiC physical sputtering is lower than graphite (2-10X) Abrams 
et al 2021

• Westerhout et al 2009, Balden et al 2000
• C from SiC chemical sputtering is 10x lower than 

graphite(Abrams et al 2021)
• No observed Si chemical erosion from SiC (Sinclair NME 2021, 

Balden JNM 2001) although there is chemical erosion of Si 
from pure silicon.

Nucl. Fusion 61 (2021) 066005 T. Abrams et al

material because the SBE of C in SiC is similar to the SBE of
pure graphite (see table 1).

2.2. Chemical sputtering of SiC

Chemical sputtering is a temperature-dependent erosion pro-
cess resulting in the enhancement (or suppression) of the sput-
tering yield of certain materials under hydrogenic ion bom-
bardment due to chemical effects. This effect is particularly
pronounced for carbon-based substrates such as graphite [27].
One of the promising features of SiC is the observation of
reduced chemical sputtering relative to graphite; studies on
ion beams [14] and linear plasma devices [15] indicate that
the chemical source of C from SiC is a factor of 5–20× lower
than graphite. The ratio of YD→C,SiC,ch to YD→C,ch is somewhat
dependent on ion flux and surface temperature, but data in the
available literature are too sparse to draw any definitive trends.
Therefore, in this work YSiC,C,ch is simply set equal to 0.1YC,ch,
i.e. the chemical erosion of C from SiC is 10% as large as the
erosion from graphite, which is calculated using the standard
Roth formula [27].

No chemical sputtering of Si from SiC has been observed
using mass spectrometry during D ion beam irradiation [14] or
spectroscopically on linear plasma devices [20]. It is possible
that chemical sputtering of Si from SiC occurs at levels below
measurement thresholds, but absent any evidence of this effect,
the values of YD→SiC,Si,ch are set uniformly to zero. In constrast,
chemical sputtering of Si has been routinely observed during
D ion irradiation of pure silicon crystals [14, 27]. The chemical
sputtering of Si is dependent on both surface temperature and
ion impact energy, although the dependencies are quite differ-
ent than for graphite. Values of YD→Si,ch used in this work have
been interpolated (and in some cases extrapolated) based on
the available literature.

The dependency of these physical and chemical sputtering
yields on divertor electron temperature, Te,div, is calculated
assuming a 3D Maxwellian ion impact energy distribution
shifted by 3ZTe,div to account for the sheath potential drop,
where Z is the average charge state of the impacting ions.
A value of Z = 1 is used for D and a value of Z = 2.5 is
assumed for C based on previous OEDGE/DIVIMP modeling
[24]. The plasma is assumed to be sufficiently collisional such
that the main ion, electron, and impurity ion temperatures are
equal.

The inferred physical and chemical sputtering yields for
these materials under D ion irradiation are plotted in figure 2
as a function of Te,div for several representative surface temper-
atures. Due to the aforementioned differences in SBE, the PS
yield of C from SiC is reduced by approximately 75% relative
to graphite. Due to the low chemical sputtering yield of SiC,
the C erosion from SiC is still strongly dominated by PS except
at very low divertor electron temperatures and high surface
temperatures. Incredibly, the PS of Si is reduced by about 99%
relative to pure silicon. Under most conditions the Si erosion
source from SiC will be primarily due to Si surface enrich-
ment and subsequent erosion of this partially pure Si layer.
Chemical erosion of silicon becomes significant at relatively
low surface temperatures. For T surf = 300 ◦C, Si chemical

Figure 2. Predicted erosion yields of (a) Si and (b) C from Si, C,
and SiC due to physical and chemical sputtering as a function of
divertor electron temperature, assuming a Maxwellian ion energy
distribution with sheath potential of 3Te,div. For SiC, the average
erosion yield from all 3 crystallographic orientations is plotted.
Chemical erosion yields are provided for several representative
surface temperatures only.

sputtering is comparable or larger than the PS, regardless of
the value of Te,div. Si chemical sputtering decreases at higher
surface temperatures. The chemical erosion of C also begins
to decrease when Tsurf > 600 ◦C, as has been characterized
in the literature (e.g. see [26] and references therein). Surface
temperatures higher than 600 ◦C are out of the scope of this
study, however, because they were not reached in the DIII-D
divertor during these experiments.

2.3. SiC–C–Si material mixing

Following the approach in [28], the regimes of net erosion and
net deposition of impurities in a tokamak divertor can be esti-
mated analytically assuming the surface quickly reaches equi-

librium. This condition can be expressed as
(

1
ρ

dρ
dt

)−1
≪ τ ,

where ρ is the areal density of the impurity in the mixed-
material surface layer and τ is the variation time of the back-
ground plasma parameters. Here we approximate ρ as nZ∆,
where ∆ is the depth of the mixed-material layer and nZ is
the atomic density of impurity Z (assumed uniform through-
out the layer). Using the ion implantation depth for ∆, nSiC

∼ 1029 m−3, and estimating dσ/dt as YΓi,D, we obtain a

value of several hundred ms for
(

1
ρ

dρ
dt

)−1
for characteristic
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Enrichment of Si is predicted due to preferential sputtering of C from SiC 
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Figure 6. Flowchart of the workflow for impurity transport in tokamaks. The plasma background is provided by the OEDGE
modeling [38, 39]. The python wrapper interfaces between impurity transport code GITR[20] and the reduced surface model.

Figure 7. The ratio of the concentrations of Si to C in the
implantation layer as a function of time. The blue line represents
the end of a DIII-D discharge. As time progresses, one can see
that the DiMES surface will undergo siliconization.

for both the amorphous and crystalline sputtering
yields in detail. Fig.9 shows the various contributions
to the Si gross erosion profile in both the amorphous
and crystalline cases. In both the figures, the black
curve is the total Si gross erosion. One can see that
for the amorphous sputtering yields case, the primary
contributors are 1) SiC erosion from �in

D 2) SiC erosion
from �in

C and 3) Leftover Si erosion from �in
D . Whereas

for the crystalline sputtering yields case, the primary
contributors are 1) Leftover Si erosion from �in

D 2)
Leftover Si erosion from �in

C and 3) SiC erosion from
�in
C . It is now evident from the various contributions

that for the amorphous case, the Si gross erosion is
primarily driven by the erosion of the original SiC
coating. Since SiC concentration in the implantation

Figure 8. Comparison of Si gross erosion from experimental
data [11] with simulations. The black curve is the experimental
result whereas the maroon curve is the simulation results with
amorphous sputtering yields. The experimental Si gross erosion
measurement is shown in green. The initial peak in the
experimental measurement is attributed to the probable removal
of loosely bound Si and hence not considered for comparison
purposes. The background carbon fraction ↵C = 0.2 and
�implant = 30nm.

region is a decreasing function of time, Si gross erosion
for the amorphous case is a decreasing function. In
contrast, for the crystalline case, the Si gross erosion is

• DiMES experiments where Si gross erosion rates have 
been measured spectroscopically.

• Preferential sputtering of C from SiC leads to silicon 
enrichment

• Oxygen gettering properties of Si and potential for wall 
conditioning – Samm JNM 1995

De et al 2024 In 
Preparation



Amorphization of SiC due to accumulation of displacement damages 
under ion, neutron irradiation

4

• A time-varying amorphization ratio of around 0.2 is 
needed to explain experimental Si gross erosion rates. 

• Effect of amorphization on the Si gross erosion rates ~ 
1.5 x the gross erosion from pure crystalline SiC.

• Implies a shorter lifetime than a pure SiC wall.
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of the original SiC coating. Since SiC concentration in
the implantation region is the decreasing as a function
of time, Si gross erosion for the amorphous case is a
decreasing function. In contrast, for the crystalline
case, the Si gross erosion is driven primarily by the
leftover Si due to preferential sputtering that has been
described before. Since leftover Si is an increasing
function of time, we get an increasing profile for the
Si gross erosion.

Basically, this relates to comparative rates of the
various erosion processes. The Si erosion from the
SiC in the crystalline case is not fast enough, hence
the erosion of the leftover Si quickly catches up and
dominates the erosion profile. Once the C is stripped
from the SiC, the Si is not as strongly bound to the
substrate and is much is easier to remove due to ion
impingement. In the amorphous case, the Si erosion
from the SiC sample, although lesser than that of C
from SiC, is still appreciably high enough in order for
it to dominate the erosion profile. Hence there is never
enough buildup of leftover Si in the implantation layer
in order to be able to dominate the erosion profile.
The erosion from the leftover Si in the amorphous SiC
profile builds up to a steady state and stays there as
evidenced by the pink curve in Fig.9.

Therefore, amorphous and crystalline sputtering
yields not only produce distinct Si gross erosion rates,
they result in distinct erosion profiles as a function of
time. Figure 8 indicates that interpolating between
the crystalline and amorphous SiC erosion rates are
an essential factor in matching experimental results,
which suggests amorphization of crystalline SiC. We
will ignore the initial peak in the experimental profile
which has been attributed to the removal of loosely
bound Si[11]. Let us try to address the problem
of amorphization through modelling with a linear
superposition of the physical sputtering yields as
follows.

Ȳ = ↵amorphȲamorph + (1� ↵amorph)Ȳcrystal (8)

A constant amorphization ratio of ↵amorph = 0.2
does not follow the experimental curve for implantation
depth �implant = 30 nm as shown in the fig.10. This is
because the increasing and the subsequent decreasing
trend of the experimental curve can’t be matched
without changing �implant with time. The �implant

controls the gradient of the erosion curve and ↵amorph

controls the amplitude of the gross erosion. One can
do the fitting procedure and get an exact fit with the
experimental data as shown in Figure10. The profile of
↵amorph that gets us the fit shown in the Figure10. It
is very plausible to have a time-varying amorphization
ratio in the implantation region instead of a constant
one. This is because in the erosion regime, there is

Figure 9. Contributions to Si gross erosion from the various
channels from using a. amorphous sputtering yields and b.
crystalline sputtering yields. This figure should be compared
to fig. 8. Individual channels show the relative importance of
the various erosion channels change when one uses amorphous
sputtering yields in contrast to the crystalline sputtering yields.

continuous erosion of amorphized SiC from the surface
whereas more and more unamorphized crystalline SiC
enters the implantation region from the bulk. So
the average amorphization of SiC in the implantation
region changes with time.

Extensive experimental, theoretical and simula-
tion studies have already been been conducted to the
investigation of crystalline to amorphous transitions
in SiC [38, 39, 40, 41, 42]. Crystalline to amorphous
transitions for SiC under neutron irradiation has been
discussed in Ref.[43]. Ion beam induced amorphiza-
tion of SiC by both light and heavy ions [44, 45] have
been investigated. The irradiation-induced crystalline
to amorphous transition in SiC has been studied ex-
perimentally in these references [38, 39, 40]. Crys-
talline to amorphous transitions have been succesfully
studied in molecular dynamics simulations in SiC us-
ing LAMMPS [46]. Amorphization has significant ef-
fects on not just erosion rates but also mechanical
properties, thermal conductivity[38] etc. There is also
swelling of the SiC material that has consequences re-
garding exposure to SOL plasma[38, 47]. Reference
[48] explored displacement damage induced amorphiza-
tion during long tokamak operations. Both homoge-
neous and heterogeneous mechanisms have been pro-
posed in the literature to model the process of amor-
phization. Impingement of ions, electrons, neutrons
on to the crystal structure leads to displacement dam-
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Figure 6. Flowchart of the workflow for impurity transport in tokamaks. The plasma background is provided by the OEDGE
modeling [38, 39]. The python wrapper interfaces between impurity transport code GITR[20] and the reduced surface model.

Figure 7. The ratio of the concentrations of Si to C in the
implantation layer as a function of time. The blue line represents
the end of a DIII-D discharge. As time progresses, one can see
that the DiMES surface will undergo siliconization.

for both the amorphous and crystalline sputtering
yields in detail. Fig.9 shows the various contributions
to the Si gross erosion profile in both the amorphous
and crystalline cases. In both the figures, the black
curve is the total Si gross erosion. One can see that
for the amorphous sputtering yields case, the primary
contributors are 1) SiC erosion from �in

D 2) SiC erosion
from �in

C and 3) Leftover Si erosion from �in
D . Whereas

for the crystalline sputtering yields case, the primary
contributors are 1) Leftover Si erosion from �in

D 2)
Leftover Si erosion from �in

C and 3) SiC erosion from
�in
C . It is now evident from the various contributions

that for the amorphous case, the Si gross erosion is
primarily driven by the erosion of the original SiC
coating. Since SiC concentration in the implantation

Figure 8. Comparison of Si gross erosion from experimental
data [11] with simulations. The black curve is the experimental
result whereas the maroon curve is the simulation results with
amorphous sputtering yields. The experimental Si gross erosion
measurement is shown in green. The initial peak in the
experimental measurement is attributed to the probable removal
of loosely bound Si and hence not considered for comparison
purposes. The background carbon fraction ↵C = 0.2 and
�implant = 30nm.

region is a decreasing function of time, Si gross erosion
for the amorphous case is a decreasing function. In
contrast, for the crystalline case, the Si gross erosion is
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Difference in co-deposition between C and SiC is unclear; high 
temperatures reduce co-deposit growth rate
• Co-deposition refers to trapping of H/D/T in re-deposited material

• high T co-deposition in C cited as primary reason for dismissal as FPP-relevant PFM
• Two studies in last 20 years present conflicting results on difference in co-deposition between 

graphite and SiC
• role of co-deposit composition is unclear

Lantaigne et al., Nucl. Mat. Ener., 
2022

Graphite SiC

Causey, J. Nucl. Mat., 2003
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Conclusions

• Using SiC walls will lead to decrease in C gross erosion - “Replacing the graphite wall 
with a SiC wall yielded a 5 to 20× decrease in the estimated carbon gross erosion rate 
and up to a 7.5× decrease in the carbon impurity content at the OMP 
separatrix.”(Sinclair et al FST 2021)

• Si gross erosion estimates for using crystalline SiC walls should be adjusted by about 1.5 
due to amorphization of SiC. This occurs due to the accumulation of defects under ion, 
neutron irradiation.

• Preferential sputtering leads to siliconization – “SiC walls can be expected to self-
condition” (Zamperini NME 2023) - oxygen gettering capabilities of SiC need to be 
investigated.

• The prospects of tritium retention via codeposition are unclear – Can it be mitigated by 
operating at high temperatures? – Further research required.

• Mechanical strength of SiC in reactor relevant scenarios need to be investigated as 
well as good matching of the thermal expansion coefficient with the heat sink material. 

Thank you for listening



GITR workflow with auxiliaries is modular
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Surface
Model

Fluxes of particles deposited at 
each surface mesh element.

 

Background Plasma Flux 
on each surface mesh

• Plasma
• Magnetic eq.
• Wall coordinates

• Mesh
• Plasma data

Erosion fluxes are converted 
into particles with the correct 
distributions.

GITR

Python 
interface to 
generate 

mesh
and plasma 
background

SOLPS
OEDGE


