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Abstract

In all plasma-confinement devices, material eroded from plasma-facing surfaces will be transported and redeposited at
other, sometimes remote, locations. If the plasma-facing material in a device consists of more than a single element there is
a high probability that the composition of the plasma-facing surfaces will evolve over time and may exhibit plasma-inter-
action properties much different from the originally installed material. These plasma-created materials, or mixed materials,
are the subjects of this review paper which focuses on the ITER relevant mix of materials, namely carbon, tungsten and
beryllium. Knowledge concerning the formation conditions, erosion behavior and hydrogen isotope retention properties of
each binary combination of materials is described. Where available information concerning tertiary combinations of mate-
rials is discussed.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The plasma-facing surfaces provide the boundary
conditions that govern the performance of any mag-
netically confined plasma device. The importance of
these material surfaces will continue to increase as
devices push toward higher and higher power and
longer discharge duration. In machines that operate
using a mixture of deuterium and tritium fuel, many
safety aspects of operational capability will be deter-
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mined by the behavior of the plasma-facing compo-
nents and materials. For these reasons, the designers
of the ITER project [1] have settled on a multi-
material solution for their plasma-facing surfaces.

Unfortunately, the properties of the materials
used in design calculations are usually the values
associated with the ‘as-received’ material. In the
proximity of high temperature plasma, material
erodes from plasma-facing materials in one loca-
tion and is transported to other locations through-
out the device. The transported material may then
be deposited on, or implanted into, other materi-
als. In 1978, S.A. Cohen succinctly described this
process [2] as ‘The wall may be eroded due to a
variety of possible mechanisms which generate
.
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plasma- impurities, and subsequent plasma trans-
port of impurities may deposit material onto the
wall. This modified surface of the wall is the wall
component subjected to subsequent plasma–wall
interactions; it is both a source and sink of
plasma-impurities and the working gas.’ The term
‘mixed material’ has recently been coined to
describe the resultant, plasma-created surface. Even
though the importance of this issue was recognized
almost three decades ago, detailed investigations of
plasma-interactions with surfaces composed of
more than a single element began only during the
last decade or so.

Although plasma-altered surfaces have been
observed in many confinement devices, once their
compositions have been characterized, they have
been largely ignored. The exceptions to this general
statement seem to be those machines that have
operated with a mixture of deuterium and tritium
(D/T) fuel. The primary reason for the increased
attention in D/T machines was the need to under-
stand the tritium retention locations and character-
istics throughout the devices. In the late 1980s, the
term ‘tokamakium’ was used to refer to plasma-cre-
ated mixed-material surfaces found in TFTR [3].
Although TFTR was primarily an all-carbon
machine, the impurity content and morphology of
the mixed-material surfaces was found to reflect
changes in the operational history of the device.

The other major D/T facility, JET, has also spent
considerable effort on understanding the behavior
of mixed-material surfaces [4–6]. In the JET device
both carbon and beryllium were used together as
plasma-facing materials and the resultant surfaces
show considerable mixing between the two ele-
ments. Again, compositional changes in the depth
profiles of the mixed-material surfaces can be corre-
lated to the operational history of the machine [7].
The interrelated nature of the machine performance
and the resultant plasma-facing surfaces indicates
the importance of predicting the behavior of
mixed-material surfaces in ITER prior to operating
the device, both for facility safety requirements, as
well as from the point of view of plasma perfor-
mance and the achievement of the goals of the over-
all ITER project.

The conclusions derived from many active areas
of research are needed to be able to accurately pre-
dict which mixed-materials surfaces will form in
which regions of the ITER plasma-facing surfaces.
The creation of mixed-material surfaces will depend
on many factors that determine the arrival and loss
rate of material from those surfaces [8]. In order to
know the arrival rate of an impurity species in the
plasma at a given surface, one must understand
the transport properties of the scrape-off layer
(SOL) plasma. Edge plasma-turbulence induces
cross-field transport, resulting in both diffusive-like
and convective plasma-transport into and through
the SOL region [9]. The magnitude of convectively
transported flux to the first wall, commonly called
blob transport [10], is actively being investigated.
In addition, large SOL plasma-flows have been mea-
sured but not yet explained in several plasma-con-
finement machines [8]. Finally, erosion terms due
to asymmetries and off-normal events, such as
ELMs [11], also contribute to the distribution of
impurities throughout the ITER vessel. From the
surface loss rate perspective, the surface tempera-
ture of the bombarded material is a critical factor
in determining the chemical processes acting in the
surface [12] and the resultant morphology of the
exposed surface [13]. The creation of mixed-material
compounds in the surface of plasma-exposed mate-
rials can potentially alter the thermal conductivity
of these surfaces and thereby make reliable predic-
tions of the surface temperature doubtful.

In spite of the large uncertainties associated with
the locations where mixed materials will form in
ITER, it can be predicted with some certainty
that mixed-material surfaces will occur. Data on
the characteristics and behavior of mixed-material
surfaces is urgently needed by the ITER design team
to try to anticipate and possibly mitigate any unde-
sirable effects. Since ITER is presently designed with
a beryllium first wall, tungsten armor in the baffle
and divertor regions, and carbon strike point plates,
this paper focuses on the mixed-material character-
istics of these three materials. The present under-
standing of each of the binary systems, C/W, Be/C
and Be/W, is described, including a discussion of
the added complexity of tertiary systems incorporat-
ing oxygen into the mix. For each system, the for-
mation conditions, the erosion characteristics and
the hydrogen isotope retention properties of the
mixed materials are described.

2. Carbon/tungsten system

The carbon–tungsten mixed-material system is
probably the most widely studied system, both
experimentally and computationally. In 1991,
experiments detected an interesting and unexpected
reversal in the mass loss from room temperature



34 R.P. Doerner / Journal of Nuclear Materials 363–365 (2007) 32–40
tungsten samples bombarded with carbon ion
beams at normal incidence [14]. Kinetics based
Monte-Carlo codes using a binary collision approx-
imation (BCA), such as TRIDYN [15] and EDDY
[16], have had success predicting the sputtering
behavior of tungsten surfaces exposed to such a flux
of energetic carbon ions. A comparison of the
modeling results and the experimental data are
shown in Fig. 1. The models track the changes in
the composition of the implantation zone due to
the bombardment of carbon ions. During the stop-
ping process of the carbon ions, tungsten atoms can
be sputtered from the initially pristine tungsten
surface. The surface recession due to sputtering
effectively acts to move the implanted carbon
toward the surface. After some fluence, the initially
implanted carbon ions will become part of the
composition of the surface layer.

Once initially implanted carbon ions reach the
new surface in the model, several effects occur which
change the interaction of the incoming carbon with
the now mixed-material surface. First, the reflection
probability of the incoming ions decreases due to a
decrease in the mass difference between the projec-
tile and the ‘average’ target species. The mass loss
of tungsten from the surface then decreases as the
concentration of surface carbon increases which is
of course coupled to an increase in the loss rate of
carbon from the surface. However, since the self-
sputtering yield of carbon at normal incidence is
always below unity [17], the overall mass of the
Fig. 1. Comparison of modeling and experimental data showing
fluence dependent weight loss from a tungsten sample exposed to
carbon ion bombardment (reproduced with permission from
[14]).
sample begins to increase. At sufficiently large flu-
ence, the sample will begin to experience a net mass
gain.

The effect of the incident angle of the carbon ions
can be used to verify the understanding obtained
from the model. By simply increasing the angle
between the incident ions and the surface normal,
one can obtain a condition where the self-sputtering
yield of carbon is larger than unity. Under such con-
dition, both the experiment and the model show a
continuous decrease in the mass of bombarded
tungsten samples [14].

To properly predict the behavior of material sys-
tems in confinement devices, it is necessary to include
effects that become important at elevated surface
temperature. While temperature dependent effects
are not included in these models, it is possible to cou-
ple the kinetics models with subroutines that allow
variations of the composition in surface layers to
include effects, such as diffusion. This has been done
[18–20] and the comparison of the model to experi-
ments can be quite good. However, in each case the
diffusion coefficients needed to reproduce the exper-
imental data are smaller than the values prescribed
in the literature (see list of references in [14]).

One possible explanation for this behavior begins
to shed light on the complexity of modeling plasma-
created mixed-material surfaces. In addition to acti-
vating diffusion at elevated sample temperature,
reactions between the substrate material and the
implanted carbon species occur, resulting in the for-
mation of carbides. Depending on the substrate
material involved, carbides with different bonding
characteristics are observed [21]. Carbides that form
ionic bonds, such as Be2C, are very stable against
diffusion of carbon. Similarly, but to a somewhat
lesser extent, covalent carbides, such as SiC, also
resist diffusion of the carbon component. However,
carbides that form with carbon filling the regions in
the close packed metal lattice, such as WC, tend to
be more favorable for diffusion since for diffusion to
occur no direct bonds between the metal and the
carbon must be broken in the process [21]. Effects
such as this demonstrate the importance of includ-
ing chemical effects in the models to accurately pre-
dict the behavior of plasma-exposed surfaces. It
may not be adequate to search the literature for
data obtained during measurements performed
under equilibrium, or trace concentration, condi-
tions and then attempt to use that data to model
the behavior of materials exposed to plasma where
the situation may be far from equilibrium and the



Fig. 2. Comparison of hydrogen isotope retention between pure
carbon and tungsten surfaces to the retention in mixed W/C
material (reprinted with permission from [32]).
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concentrations of species may not be negligibly
small [20].

Chemical bonding in the surface plays a large
role in determining the behavior of the plasma–sur-
face interactions. For the case of carbide formation
in tungsten, during the annealing of carbon films on
tungsten, the carbon begins to strongly react and
form carbides with the tungsten substrate at around
900 K [22] (although some small amount of carbide
exists at the carbon–tungsten interface even at room
temperature). Carbide interlayers have also been
observed between carbon layers deposited on tung-
sten substrates when exposed to plasma-containing
carbon impurities [23]. The chemical erosion prop-
erties of a plasma-facing surface that has reacted
to form even a partial carbide layer, or when
experimentally examining the plasma-interaction
behavior of a fully carbidic surface, is completely
different from chemical erosion properties of graph-
ite. For a fully carbidized sample the CH4 produc-
tion rate drops by at least an order of magnitude
compared to that of graphite [24,25]. Presumably
the presence of the carbidic bonding inhibits the
production rate of C–H bond formation.

From the modeling perspective, properly includ-
ing chemical effects becomes even more apparent
when the BCA approach to the W/C system is
expanded to include the effects associated with a
large flux of hydrogen to the system. It is again pos-
sible to obtain good agreement between simulation
and experimental data [26], but the agreement is
obtained after the fact and could not be considered
predictive. Determining the appropriate value to use
for the chemical erosion yield of carbon in the ITER
situation is particularly difficult given the wide
range of measured values in the literature and its
dependence on parameters such as temperature
[27], flux [28], surface composition [25,26] and pos-
sibly other variables.

A final complication worth mentioning is the
possibility, or perhaps even likelihood, of additional
elements being present in a confinement device
scenario. Exploration of the tertiary W/C/O system
has shown that the presence of oxygen in a mixed
tungsten–carbon surface can inhibit, or in some
cases even prevent the formation of tungsten car-
bide [22]. The presence of oxygen allows for the
formation of volatile species, CO and CO2, which
deplete carbon from the surface and influence the
amount of carbon available for reaction with sur-
face tungsten. At this stage it is still speculation to
attempt to estimate the amount of oxygen that
may be present in the ITER vacuum system,
although it should be noted that baking in an oxy-
gen atmosphere is being considered as a possible
technique to remove tritium-containing codeposits
in ITER [29].

An important variable to quantify from a safety
perspective is the fuel retention capability of
mixed-material plasma-facing surfaces. Again the
difficulty becomes how to relate the behavior of
plasma-created mixed materials to other measure-
ments. In vacuum annealing measurements of tung-
sten coated with an amorphous C:H layer, the
formation of W2C is accompanied by a release of
hydrogen from the surface [30]. The conclusion
drawn is that when a mixed W–C surface forms
on a plasma-facing surface it will retain little fuel
atoms. However, during deuterium ion beam irradi-
ation studies of a W2C sample the measured deute-
rium retention level was between that measured
from a clean tungsten surface and a fully carbon
covered tungsten surface [31]. Similar measurements
obtaining retention levels of mixed W–C surfaces
lying between that of carbon surfaces and tungsten
surfaces are shown in Fig. 2 and have been reported
by several authors [24,32,33].
3. Beryllium/carbon system

Material eroded from the ITER first wall will be
ionized in the scrape-off layer plasma and tend to
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flow along the magnetic field toward the divertor.
Recent modeling of the transport of eroded material
in ITER shows that significant amounts of beryl-
lium may be deposited on the baffle and divertor
areas [34].

To first order, the processes used to describe the
interaction of carbon ion beams with beryllium
samples [35] are similar to the interaction of carbon
with tungsten. Initially, the bombardment results in
a beryllium carbide rich implantation zone that, due
to surface erosion, migrates and eventually become
the surface layer. The change in surface layer com-
position directly effects the composition of material
leaving the surface, however, there is a subtle differ-
ence between tungsten and beryllium interactions
with the incident carbon ions. For the W–C system,
a primary mechanism responsible for building up
carbon layers is the change in the reflection proba-
bility for the incident ions due to a lower average
mass of the target surface. In the case of the Be–C
system, the reflection coefficient does not change
appreciably due to the development of the beryllium
carbide layer. The effective binding energy calcu-
lated by the code changes more dramatically in
the Be–C case then in the W–C case and this
changes the calculated Be surface loss rate. The
TRIDYN code varies the effective surface binding
energy linearly between the mean value of the two
elemental binding energies and the value of the pure
element based on the composition of the layer [36].
In the case of beryllium, Eb � 3.3 eV, and carbon,
Eb � 7.4 eV, this is a more dramatic effects than
between tungsten, Eb � 8.9 eV and carbon [37].
Once the surface recession rate is reduced more car-
bon will build up in the implantation zone and even-
tually a carbon rich layer results. Calculations based
on this mathematical expression for the surface
binding energy do a good job of replicating ion
beam sputtering results [38,39]. Similar behavior is
predicted for Be ions impinging on a carbon target
[40].

While the approximation used to simulate sur-
face binding energies of mixed surfaces appears to
work well at higher energy, where the sputtering
yield does not vary dramatically with the value for
the binding energy, it appears that a more rigorous
treatment is needed in the near-threshold-energy
range when large amount of deuterium are also
present in the surface. The PISCES device has
observed the formation of beryllium-rich layers on
graphite targets exposed to deuterium plasma con-
taining very small amounts (�0.1%) of beryllium
impurities [41,42]. However, in the inverse Be–C
system, namely carbon plasma contamination inci-
dent on Be samples, carbon-rich surfaces required
a much larger (1–2%) incident impurity fraction to
form [43]. While the equilibrium surface composi-
tion of the resultant plasma-exposed surfaces could
be predicted [43,44] reasonably well using typical
values for plasma–material interaction parameters
in the literature, the temporal evolution of the sur-
face composition could not be.

The surface of the plasma-exposed samples are
observed to evolve over time frames that can be as
long as thousands of seconds, or as short as sec-
onds, depending on the plasma-experimental condi-
tions [45]. The change in the composition of the
surface is correlated to a reduction in the chemical
erosion of the graphite sample. As in the case of
tungsten carbide formation in a surface reducing
the chemical erosion properties of the bound car-
bon, beryllium carbide formation in the surface of
these samples appears to again be responsible for
the reduction [46]. In the plasma-environment many
parameters can have an influence on the formation
of beryllium carbide layers, such as, incident Be
flux, surface temperature, incident energy, etc. A
systematic variation of plasma and target conditions
has resulted in the development of a scaling law to
describe the formation time of the beryllium-rich
layers in the PISCES experiments [47].

The scaling law is a different approach, compared
to using the kinetic Monte-Carlo models, to predict-
ing the behavior of mixed-material surfaces. Appli-
cation of this scaling to typical conditions expected
in the ITER divertor provides an estimate of the
fluence necessary to inhibit the production of hydro-
carbons from the ITER divertor plates. If the extrap-
olation of this scaling law to ITER is valid, it
predicts a beryllium-rich layer to form in approxi-
mately 5 ms [47] of ITER-type plasma-exposure.
This formation time estimate is considerably shorter
than the ELM frequency (�1 Hz) expected in ITER,
which means that the Be–C mixed-material surfaces
may be present most of the time on the ITER diver-
tor plates.

Another issue being addressed in the beryllium-
seeded plasma-experiments, is the robustness of
the beryllium–carbide surfaces to the transient heat-
ing effects associated with ELM power losses in
ITER. Previous measurements of the existence of
thin aluminum layers (as a surrogate for beryllium
layers) deposited on graphite and then subjected to
extreme power loading revealed that the aluminum



Fig. 3. Reaction with temperature of an amorphous C:D layer
with a beryllium substrate (reprinted with permission from [51]).
Deuterium in the codeposited C:D layer is released as beryllium
carbide forms at higher temperature.
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did not ablate from the surface until the temperature
of the surface exceeded the boiling point of alumi-
num [48]. While the PISCES-B heat pulsing experi-
ments have not yet achieved a surface temperature
exceeding the boiling temperature of beryllium
(Tboil = 2744 K), or the decomposition temperature
of beryllium carbide ðT Be2C decomo: � 2400 KÞ, they
have shown that the protective Be layer forms faster
while periodic heat pulses are applied to the samples
during the course of the plasma-exposure [49]. The
quicker suppression of chemical erosion from the
plasma-exposed samples is in qualitative agreement
with the predictions of the scaling law [47] previ-
ously described.

One complication to directly applying these
results to predictions for the behavior of ITER is
the composition of the incident ion flux to the
surface. In measurements involving the tertiary
mixed-material Be–C–O system, dramatically differ-
ent results are obtained. Recall that the interaction
of the two-component Be–C system resulted in the
formation of a Be2C layer, the bombardment of
beryllium with CO+ ion beams results in almost
exclusive binding of the beryllium to the oxygen in
the implantation zone [35,39]. The carbon atoms
present are then bound up in C–C or C–O bonds.
Once this implantation zone reaches the receding
surface, the carbon is easily chemically eroded.
The differences between these measurements and
those described in the PISCES simulator relate to
the amount of oxygen present in the incident ion
flux. Depending on the level of oxygen present in
ITER, the final behavior may lie somewhere
between the two results described.

A trend similar to that observed with the W–C
system with respect to hydrogen release is also
exhibited during formation of beryllium carbide
obtained by reacting a surface layer of amorphous
C:D with a beryllium substrate, as shown in
Fig. 3. Once the carbide reaction begins to occur,
typically in the temperature range of 773–873 K,
deuterium is released from the reacted material
[50,51]. Again, such a result does not guarantee that
Be2C bombarded with energetic hydrogen isotopes
will retain little of the incident particle fluence.
Deuterium ion beam implantation into mixed
Be–C layers showed higher retention in the mixed-
material samples, compared to clean Be samples
[52]. Retention measurements from plasma-created
mixed-material targets also show larger retention
in mixed Be–C layers compared to clean Be targets
[43], but surprisingly mixed Be–C targets also show
larger retention when compared with clean carbon
targets exposed to identical plasma-discharges [46].
In both cases of plasma-created mixed Be–C (Be
incident on C and C incident on Be) surfaces the dif-
ferences in retention are largest during low surface
temperature exposure. The differences in retention
decrease as the exposure temperature increases.

For the ITER device, the dominant term driving
the tritium inventory in the vessel is predicted to be
codeposition of tritium with eroded material, rather
than implantation and retention in plasma-exposed
target surfaces [29]. The eroded material capable of
codepositing will be determined by the mixed-mate-
rial surfaces with which the plasma interacts. In
measurements of codeposition of deuterium with a
mixed Be–C–O layer [53], the deuterium concentra-
tion was observed to be similar to that of codeposi-
tion of deuterium with pure carbon. The hypothesis
was that deuterium was coimplanting into a
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growing BeO film, rather than codepositing with the
smaller amount of carbon present in the films.
Subsequent measurement seemed to confirm this
hypothesis, as the measured deuterium content in
coimplanted Be films seemed to scale with the clean-
liness of the films produced [54]. During PISCES
beryllium seeded plasma experiments when Be2C
surface layers form on mixed-material targets, the
codepositing material is measured to consist almost
exclusively of beryllium [55] with a varying amount
of oxygen present in the coimplanted beryllium.
However, during the PISCES codeposited material
collection, films collected at higher temperature
had decreasing amounts of deuterium retained in
the films, yet also contained an increasing amount
of oxygen. It has been suggested that the vary-
ing concentration of deuterium is governed by
the energy of the incident deuterium during the
coimplantation rather than by the oxygen content
in the films [56].

While the mechanism governing the retention is
still under investigation, certain information is
already clear. First, if beryllium-rich layers form
on ITER plasma-facing materials, then the codepos-
iting material will consist primarily of beryllium.
Second, although the level of codeposition, or co-
implantation, in beryllium-rich layers at room tem-
perature is similar to that expected in carbon-rich
codeposits, the concentration decreases much more
rapidly with temperature in beryllium codeposits
than it does in carbon codeposits. And finally, it
appears to be easier to remove the deuterium con-
tent in beryllium-rich codeposits at lower tempera-
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Fig. 4. Comparison of hydrogen isotope desorption characteris-
tics from beryllium based and carbon based codeposits.
ture than from carbon-rich codeposits. This last
fact is shown in Fig. 4, where data from outgassing
measurements of beryllium-rich codeposits [55] is
replotted and compared to data from thermally
desorbing carbon-rich codeposits [57]. Also indi-
cated in the figure is the design value for the maxi-
mum bake temperature achievable in the ITER
divertor (650 K) after the coolant is drained from
the divertor components.

4. Beryllium/tungsten system

The third binary system of materials that is a
concern for the ITER design is that of beryllium–
tungsten alloys, so called tungsten beryllides. While
the existence of these alloys (Be2W, Be12W and
Be22W) has been known for some time [58], it is only
recently that their importance has been recognized.
The primary reason for concern stems from the
beryllium plasma-seeding experiments carried out
in the PISCES Laboratory. In the initial series of
measurements the beryllium-supplying oven con-
tained a tungsten crucible holding the molten beryl-
lium. This crucible melted and destroyed the oven
while operating at only about 1500 K [59]. The
uncertainty associated with any possibility for a
similar major malfunction in the ITER divertor
region has brought significant new effort to this
area. A detailed description of tungsten beryllides
is presented in these proceedings [60] and so will
not be repeated here.

The formation of beryllides will be governed by
the conditions experienced by tungsten plasma-fac-
ing materials due to interaction with the incident
plasma. Since the temperature of the surface must
be fairly large (�1100 K or more) to allow signifi-
cant growth of the alloy, the loss rate of beryllium
from these surfaces will be impacted significantly by
both thermal sublimation and thermally enhanced
erosion of beryllium [61] from the material. A model
has been proposed to describe plasma-conditions
that should result in the formation of a beryllium
layer on a plasma-exposed tungsten surface [62]
and this model should provide insight into which
surfaces in ITER might be most susceptible to beryl-
lide formation.

While there is presently no data available concern-
ing retention, or codeposition, of deuterium in Be/W
alloys, one might expect that when and if these alloys
form, the codeposited material will consist primarily
of beryllium and the codeposition discussion pre-
sented in the previous section will hold. In addition



Fig. 5. Phase diagram of beryllium boride (reprinted with
permission from [65]).
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there has been little, if any, codeposition of deute-
rium with tungsten observed experimentally [63].

A final word of caution is perhaps in order with
regard to similar consequences from unexpected
mixed-material formation. There has been an ongo-
ing discussion in the community about the necessity
of designing a boronization system for possible use
in ITER. Similar to the tungsten–beryllide alloys,
tungsten–boride alloys exist [64] that have melting
temperatures lower than that of elemental tungsten.
In addition, beryllium–boride alloys could form on
the beryllium first wall. The beryllium boride phase
diagram, Fig. 5, shows that the mixed Be–B system
can even have a melting temperature lower than that
of elemental beryllium [65].

5. Summary

Due to the combination of materials employed in
different locations in the ITER design there is a
strong likelihood that some types of mixed materials
will form on plasma-facing surfaces. This review has
summarized present knowledge of each of the three
binary mixed-material systems, C/W, Be/C and Be/
W. The added complications associated with includ-
ing the effects of oxygen, or hydrogen, in the mix
have also been discussed. While no definitive con-
clusions can yet be drawn concerning the implica-
tion of mixed materials in ITER, there have been
significant advancements in the understanding of
mixed materials in recent years.
The ability of models to correctly predict the for-
mation conditions of mixed materials depends criti-
cally on chemical effects in the surface layers.
Unfortunately, the inclusion of chemistry in kinetic
models must be done in some ad hoc manner based
on literature values that may not be applicable to
plasma-created mixed materials. Likewise the large
fluence of particles associated with plasma-facing
surfaces in ITER may not be compatible with a
molecular dynamics modeling approach to the
mixed systems. Some technique is urgently needed
to self-consistently address the issue of chemical
effects with respect to plasma–surface interactions.

It is clear that the mixing of materials in plasma-
facing surfaces can alter the hydrogenic retention
properties of surfaces. In the W/C case, the reten-
tion level seems to lie between those expected from
the pure materials. In the Be/C case, retention is
increased somewhat above that expected from pure
carbon. However, the largest impact on the tritium
accumulation inside the ITER vessel appears to be
associated with changes in the hydrogenic inventory
in codeposited layers located in regions away from
direct plasma contact. The composition of codepos-
ited layers, and thereby their hydrogen retention
properties, may be determined by the erosion prop-
erties of mixed materials, as has been seen in the
PISCES experiments. Or the codeposited materials
containing W/C or Be/C mixes may react similar
to laboratory carbide formation measurements that
observe the release of hydrogen when carbides form.
Finally, the retention properties of the tungsten
beryllides is still completely unknown and it can
only be hoped that the elevated temperature
required for their formation may mitigate any
adverse effects.
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