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Abstract — The generation and accumulation of dust in decommissioning activities pose challenges related to

safety, waste management, and environmental impact. This study details inactive trials for two treatment strategies
for managing dust waste: high-temperature baking and metal melting. Thermal processing was first examined
through thermal treatment trials, analyzing the oxidation and adhesion behaviors of ITER-relevant dusts under air
and inert gas conditions. Trials in the Materials Detritiation Facility (MDF) tested the viability of using dust
containment baskets to facilitate high-temperature processing while minimizing contamination spread. Parallel to

this, metal melting via vacuum induction melting (VIM) was explored as a method for consolidating fine dusts into

ingots, mitigating dispersal risks. The results of this work indicate that oxidation affects dust morphology,

potentially influencing waste processing. Dust baskets in the MDF contained the dusts, although minor loss and
agglomeration occurred. The VIM trials evidenced that fine dusts could be incorporated into ingots. The use of
metal containers to seed melting was promising. Tungsten powders were incorporated into melts of stainless steel
and Inconel, but presented challenges when mixed with copper. These findings contribute to the development of
scalable, safe, and efficient strategies for handling dust wastes, supporting long-term waste management solutions
for nuclear fusion.

Keywords — Tritium, fusion, dust, waste, dust waste.

I. INTRODUCTION

Tritiated and activated metallic dusts and powders
will be generated during waste processing of fusion facil-
ity components during size reduction and dismantling.
The amount of dust produced will vary depending on
the material type and cutting technique used [1-3], as
well as the amount of size reduction needed for compo-
nents to be disposed of or further treated.

In one study, for stainless steel (SS) using plasma
cutting, between 0.6% to 5.7% of the starting mass was
captured in dust filters during the cutting operation [2],
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with more dust, which was not captured, remaining in the
cutting zone. Other cutting techniques displayed higher
values still [3]. The size of these dusts is typically larger
than that of in-vessel dust, ranging from (micron to milli-
meter scale depending on the cutting technique used [4].

With ITER utilizing a W and SS first wall, it is expected
that significant quantities of tritiated and activated dust from
these materials will be generated, amongst other metals.

Activated and tritiated dusts pose inhalation and inges-
tion hazards during handling and accidental release scenar-
ios [5]. The fine particulate size and high surface area of
these dusts increase the potential for environmental contam-
ination if containment fails [6]. These risks apply primarily
during processing or accidental release conditions rather
than during final disposal. Therefore, it is of importance
that strategies are developed to also manage the volume of
fines that will be generated during operation and as part of
decommissioning and waste management.

The Materials Detritiation Facility (MDF) [7], which is
used routinely to treat solid waste via baking to reduce activity
levels from intermediate-level waste (>12 kBq/g *H) to low-
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level waste classification (<12 kBg/g *H), provides an opera-
tional platform to trial dust handling/containment approaches.
Vacuum induction melting (VIM) is another method that
enables melting and consolidation under vacuum/inert atmo-
spheres, limiting oxide-barrier formation that can inhibit tri-
tium release [8,9] while safely reshaping fines into
consolidated ingots.

This paper reports on inactive, proof-of-concept trials
of high-temperature baking of SS and W powders, includ-
ing the use of mesh dust baskets to contain fines on an
industrial scale and VIM to consolidate powders/swarf
and determine seed-fraction thresholds for reliable induc-
tive coupling.

Il. METHODS

Il.A. Pyrolyzer Heating

The effects of high temperatures on dusts were inves-
tigated to see if processes such as oxidation, sintering,
partial melting, or fusing would take place during detri-
tiation operations.

Dusts were purchased from Fischer Scientific (W
~12 um, SS 316L ~44 um). This work was undertaken
in the United Kingdom Atomic Energy Authority’s
(UKAEA’s) Tritium Analysis Laboratory (TAL) utilizing
a Raddec 6-Trio pyrolyzer. The 5-g dust samples (uncom-
pacted) were heated up to 900°C and held for 2 h in air
and Ar (250 mL min "), before cooling.

Pre- and post-treatment masses were recorded, and
imaging by scanning electron microscopy (SEM)/energy-
dispersive spectroscopy (EDS) was undertaken. Imagel
was used to estimate the projected particle areas from
thresholded SEM micrographs for selected fields of view.
Both the diameter and area measurements were treated as
qualitative indicators of morphology change. Limitations
included particle overlap, variable contrast, and small
sample sizes, which resulted in high variability.

These metrics were therefore used to support visual
observations rather than to calculate oxide thickness or
mass gain. For diameter measurements, five particles
from each micrograph were randomly selected without
bias toward size or position to provide a representative
sample from each field of view. Raman was utilized for
identification of the W oxide phases.

I11.B. MDF Dust Basket Trials

The effectiveness of novel “dust baskets” in the MDF
was tested on clean dust to determine if this methodology
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would be suitable for large-scale dust detritiation. The MDF
routinely only accepts bulk metallic pieces, as opposed to
dust, due to the furnace becoming a turbulent environment
during processing. Therefore, any dust and chips loose in
the furnace would be spread within the furnace.

Two cylindrical SS304 woven mesh baskets (seen in
Fig. 1) were procured (1-um and 5-um pore size, 3-mm
mesh thickness, ~650 mm x 168 mm), loaded with ~1 kg of
SS316L powder (Fischer Scientific, SS316L, ~44 pm) and
baked to 1000°C (350 Lmin'; 5°C min™' ramp) before
cooling over a period of approximately 6 h. The pre/post
total masses of the basket and dust and observations follow-
ing the heating process were recorded. The baskets had
preexisting oxide scale from prior furnace use.

Each run was performed with a single replicate (n=1).

II.C. Vacuum Induction Melting

The effectiveness of the VIM furnaces as a method for
agglomerating clean samples representing particulate waste
from fusion, including W dusts, was tested. A 4-kg capacity
VIM furnace supplied by Consarc Engineering Ltd., with
a 20-kW, 10-kHz power supply, was used in this trial.

The materials tested included SS swarf (millimeter
scale, irregular shape), atomized SS316 powder (<45 pum,
>25% Fe,>1% Cr, 10% to 24.99% Ni, >1% Mo, >1% Si,
0.1% to 0.99% Co), Cu granules (3 to 5 mm, 99.99% Cu
material), and W powder (45 to 90 pm, >99.9% purity).
For the W runs, approximately 20 wt% W was used.

The skin depth 6 for induction heating is expressed in
Eq. (1) [10], where p is resistivity, @ is angular frequency
and u is permeability,

Fig. 1. Images of the dust baskets used to treat the finely
divided material.
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Powders with a characteristic size much less than &

couple poorly and benefit from seed bulk that couples
directly and transfers heat by conduction/stirring. For
10kHz, the representative minimum ¢ are ~4.2mm
(SS304), 0.66 mm (Cu), and ~5.1 mm (Inconel 600).
Seed bulk metal included SS304 and SS316 (in cubes and
2- to 3-mm plate), Cu (5-mm busbar cut to ~2 X 4-cm
lengths), Inconel plate (4 cm x 4 cm X 2 mm), and SS can-
isters with removable push-fit lids (cylindrical, with
a diameter of 7.5 cm and a height of 15 cm).

In all cases, an inert atmosphere was maintained by
evacuation to ~5SE—2 mbar and backfill with 100 mbar Ar.
The crucibles [either Zirconia (ZC93 1017) or alumina
(AL68S 5050)] and liners (AL97 1017) used were sup-
plied by Capital Refractories [11]. Power was increased
in a stepwise approach until the melting point was
reached (or it was determined that the melt would not
be successful). Power and temperature were logged at
8-s intervals via the VIM control system. Each melting
trial was conducted as a single replicate (n=1).

Table 1 summarizes the key process parameters per
melt. Plots of the power against time and temperature data
sets are provided in the supplementary materials. The tem-
peratures used were kept below the maximum use tempera-
ture for the crucibles and liners (~1800°C), therefore the
melting temperature of W was not reached in these trials.

Each melting trial was conducted as a single replicate
(n=1).

Visual melt success was assessed using a semiquantita-
tive rubric (Table 2) with three criteria: consolidation C,
surface integrity S/, and residual fines RF.

Scores were assigned by two independent reviewers;
disagreements were resolved by consensus. A weighted com-
bined score (0 to 5) was calculated, as shown in Eq. (2), to
provide an overall indicator of melt success, where C is
consolidation, S7 is surface integrity and RF' is residual fines,

(0.6 x C) + (0.2 x SI) + (0.2 x RF)
= Weighted Combined Score . (2)
Ill. RESULTS

IIlLA. Pyrolyzer Heating

The average mass increases over the n replicates at
900°C for 2 h are detailed in Table 3.

FUSION SCIENCE AND TECHNOLOGY 3

The W oxidized in air formed yellow/green fibrous
aggregates that originally agglomerated but fell back into
a powder with handling and time. The Raman spectra
result matched WO;3 (Fig. 2). The Ar-heated W showed
a darker suboxide appearance consistent with WO,, con-
firmed by Raman (Fig. 2).

SS formed a brittle cohesive mass in air and partial
cohesion in Ar. Mixed W/SS exhibited overflow/expansion
in air and cohesive agglomerates in Ar. Evidence of agglom-
eration is indicated in Fig. 3 through acquisition spectra and
visual observations of W fibers on SS particles in Ar. This is
exhibited to a lesser degree in air (Fig. 4) with small
W oxide “spikes” on the SS grains.

Comparison micrographs between the pretest and the
air and Ar tests for both SS and W are shown in Fig. 5.

The diameter and area increase measurements are
given in Table 4, providing a qualitative indicator of
morphology change.

I11.B. MDF Dust Basket Trials

Loose dust, brittle agglomerates, and bolts showing
warping due to thermal expansion and oxidation were
observed. These effects are shown in Fig. 6.

Mass measurements over the runs are detailed in
Table 5. The post-total masses (basket + dust) increased
by +1.13% and +1.12%, respectively.

l1I.C. Vacuum Induction Melting

The complete results are presented in Table 6. For the
SS swarf, complete melting required high seed bulk. The
successful runs used bulk fractions of ~67% and ~79% by
mass, while an ~50% bulk fraction yielded partial melt-
ing. The SS powder alone failed to melt and required
adding ~10% to 20% bulk to complete melting. This
included using a SS canister as the seed.

The W powder was incorporated into SS and Inconel
ingots with some heterogeneity. The W-rich regions were
seen at the base of the ingots. With Cu, W remained
largely unconsolidated at the bottom of the crucible.
The Cu phase mostly melted.

IV. DISCUSSION

IV.A. Pyrolyzer Heating

Morphology changes were assessed qualitatively using
Image] via the diameter measurements and derived projected
areas (Table 4). Both methods indicated substantial structural

@ANS
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Rubric Defining Semiquantitative Visual Scoring Criteria for Melt Success

TABLE 2

FUSION SCIENCE AND TECHNOLOGY

Surface integrity

Residual fines

Fragmented, irregular
edges

Large amount of loose
powder (>50%)

Large voids or severe
roughness

Moderate loose
powder

Minor cracks,
generally continuous
surface

Trace loose powder
(<10%)

Score 3 to 4
Criterion Score 0 (Poor) Score 1 to 2 (Low) (Moderate) Score 5 (High)
Consolidation No cohesion Partial clumping Majority fused Fully consolidated

ingot
Smooth, continuous
surface, no voids

No visible loose
powder

(10% to 50%)

TABLE 3
Mass Increase Results for W, SS, and mixed W/SS Dust Heating Experiments
Mean Mass Standard Standard Error
Dust Gas n Increase (%) Deviation (%) (%)
SS Air 3 3.93 0.33 0.19
Ar 2 0.71 0.01 0.01
w Air 3 24.83 0.9 0.51
Ar 3 0.42 0.03 0.02
Mixed SS/W (40:60) Air 1 21.14 - -
Ar 1 0.46 - -
Mixed SS/W (60:40) Air 1 28.65 - -
Ar 1 0.55 - -

WO, Reference
WO3 Reference
W heated in Ar

MAA_._/\UK——/ —— W heated in Air |

Normalised Intensity

T T T T
500 600 700 800

Raman Shift (1/cm)

Fig. 2. Raman spectra identifying WO, and WO; in the W heated in air.

changes but did not scale with gravimetric oxygen uptake
(Table 3). For SS, the mean diameter increased by 37% to
57%, while the Image] analysis showed area increases of

~254% (Ar) and ~1049% (air), consistent with agglomera-
tion and porous overgrowth. For W, the diameter increased
by 91% in air, yet Image] showed a 43% decrease in the

@ANS
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BSE Image

Spectrum Label

L 10 pm '
Composition (Weight %)

Fe W Cr (0) Ni Mo Si Al
Map Sum Spectrum 388 215 196 144 4.4 0.8 0.3 0.1
Acquisition Spectrum 254  50.0 8.2 14.1 2.2 0.0 0.0 0.0

Fig. 3. Back-scattered electron and EDS images for dust mixture after heating in Ar (EHT =20 kV, working distance = 8.5 mm,
three frames) and accompanying compositions. The acquisition spectrum location is marked by the red X. Values below the
detection limit for EDS (~5%) have been italicised to highlight their unreliability.

BSE Image

Spectrum Label
W

Composition (Weight %)
[0) Cr Fe Mo Na

Map Sum Spectrum 47.5

21.1 17.0 12.7 1.2 0.4

Fig. 4. Back-scattered electron and EDS images for dust mixture after heating in air (EHT =20 kV, wd = 8.5 mm, three frames)
and accompanying compositions. Values below the detection limit for EDS (~5%) are italicized due to their unreliability.

mean area due to the fragmentation into smaller oxide parti-
cles (seen in Fig. 6). These metrics, therefore, were treated as
qualitative indicators of morphology change rather than
quantitative measures of oxidation.

In mixed W/SS, the volume increase led to the sam-
ple boat overflowing at 900°C. In waste treatment

@ANS

contexts, this volume increase could lead to safety con-
cerns when treating dust, as any overflow from the treat-
ment vessel could be suspended in the interior of the oven
or furnace. This would lead to an increased risk of pro-
cess disruptions. For W it may also impact detritiation,
where oxide layers could slow tritium release [8,9].



Fig. 5. Comparison micrographs for SS and W showing the particle size increase when heated in Ar and Air.

FUSION SCIENCE AND TECHNOLOGY

Pre-Test

316 L

Tungsten

1

TABLE 4
Diameter (N=5) and Area Measurements of W and SS Particles in the Pretest and the Ar and Air Tests
Diameter (um) Area (um?)
Standard Standard
Mean Deviation Increase (%) Mean Deviation Increase (%)
Pre SS 21.48 6.45 - 191.31 203.28 -
SS Ar 29.52 11.93 37 677.90 851.22 254
SS Air 33.83 493 57 2198.53 2533.32 1049
Pre W 15.69 5.74 - 368.44 317.61 -
W Ar 17.32 6.53 10 733.69 805.48 99
W Air 30.05 15.12 91 210.57 376.23 —43

In Ar, the W dust darkened and WO, formed (likely due
to small amounts of oxygen impurity in the pyrolyzer
setup). This is not expected to affect safety considerations,
but may still slow trittum release. While operational

experience suggests that the detritiation of SS components
is effective under oxidizing conditions, oxide growth during
high-temperature exposure could increase the diffusion path
length and reduce tritium release rates.

@ANS
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Fig. 6. (a) Loose dust in the metal tray, (b) dust that had agglomerated during treatment, and (c) a warped bolt.

TABLE 5

Mass Measurements for the Dust Baskets Pre and Post Treatment

Pre-Treatment Dust

Pre-Teatment Total

Post-Treatment Total

Basket Mass (g) Mass (g) Mass (g) ATotal (g)
1 pm 997.6 5163.2 5221.6 58.4
5 um 975.6 5246.0 5304.8 58.8

From the SEM and EDS evidence, the mechanism for
adhesion in these trials was hypothesized to be early-
stage sintering. This was supported by the elemental
composition uniformity across the necked regions, as
well as the smooth rounded necks between the particles,
which is characteristic of diffusion-driven sintering rather
than oxide bridging [12,13]. The effect of dust adhesion
is discussed in Sec. IV.B.

IV.B. MDF Dust Basket Trials

Tray residues confirmed that some dust was lost
throughout the process, which was hypothesized to be
from thermal expansion allowing for the microscale dust
to escape at the top and bottom seals. The mass of the
tray residues was not measured during these trials.

For both baskets, the measured total mass of the basket
plus dust increased by ~58 g. A positive change indicated
that any dust loss during the run must have been more than
offset by the oxidation gains of the dust and/or basket during
the run, evaluated using a mass balance [Eq. (3)],

L= Aax,dust + on,basket — Notal ) (3)

where Ay 1s the total mass gain (g), Aoy qus 1 the dust
oxidation gain (g), and A,y pasker 1S the incremental

@ANS

oxidation gain from the run (g). This yielded a data
only lower bound of L>0.

Aoxause can be conservatively capped by taking the
~3.93% mass increase in the pyrolyser trials and equating
it to ~40 g per kilogram of dust used during the trials. As the
rate of air change within the MDF is much less than in the
pyrolyser, and the dust was contained within the fine multi-
layer mesh, which would restrict O, renewal into the charge.
Aoy ause 15 expected to be at or below this cap.

The dust basket had already been oxidized from
prior furnace exposure. Under diffusion-controlled oxi-
dation, oxide growth follows a parabolic relationship
[14]. Consequently, it was estimated that A, pasker
would be small.

As we did not measure the basket-only oxidation
(blanks) and the mesh construction parameters (wire dia-
meters, porosity, and layer stack) were unavailable,
Aox pasker and Aoy 4 cannot be separated uniquely, and
therefore a single numerical value for L was not identifi-
able from this data set. With Ay, > 0 in both runs, any
dust loss evidenced in the tray must have been more than
offset by oxidation gains, and the loss would be small
relative to the starting dust charge.

Agglomeration was seen in the dust baskets, reducing
the finely divided fraction, and thus, the handling and inhala-
tion risks. These deposits required mechanical removal from
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the baskets. This can reduce throughput and may briefly re-
acrosolize the fines during handling. Additionally, these
deposits could occlude the mesh. For activated/tritiated
dusts, agglomeration could be a net safety and disposability
benefit, with an operational penalty that could be mitigated
by developed remote removal techniques.

With larger dust sizes, it is expected that less to no
dust would escape through the expansion gaps created, as
well as less dust agglomeration. In the current configura-
tion, this treatment method could be more suitable for
treating dusts greater than micron scale. Further develop-
ment on the dust baskets could also reduce the dust loss.

IV.C. Vacuum Induction Melting

The results showed that at 10 kHz, the powders and
swarf below the skin depth ¢ coupled poorly. A bulk seed
that coupled directly was required to form a melt bath,
which then consolidated and melted the fine particles by
inductive stirring and conduction. The results indicated
that an approximately 10% to 20% bulk fraction is
required for the fine dusts, with>66% required for the
larger swarf. This was hypothesized to be due to the
increased packing density of the finer material, and thus
better thermal pathways.

The larger, 2- to 5-mm Cu granules melted easily
without a seed required, as the size was much larger than
the skin depth J. If bulk metal was to be detritiated and
size-reduced by melting, the dust and swarf could likely
be used as infill material, with the bulk acting as a seed.
Thus, melting would provide a convenient route to con-
solidate and detritiate this material without requiring
additional processing steps. Further investigation is
required to confirm these seed fractions due to the lack
of replicates.

Another strategy proposed for handling and proces-
sing metallic dusts was containment and melting inside
metal canisters. The motivation for this work was to
minimize the exposure hazards of tritiated dusts that
could occur during handling, transport, and treatment.
The work performed with the SS canisters indicated the
potential of this method, with up to 1.662kg of SS
powder melted using just the mass of the canister to
seed the melting.

The SS and Inconel melts resulted in one consoli-
dated ingot without visible loose W powder in most trials.
Microstructural homogeneity remained unclear, but
macroscale observations showed some minor cracking,
pits, and other deformations in the ingots, as well as
concentrations of W powder that consolidated but did
not melt.
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At 20 wt%, W is theoretically soluble in a-Fe [15]. It
was expected that the mixing would enable dissolution
into the Fe during the liquid phase and/or diffusion into
a-Fe during the cooling phase if any solid W remained.
The remaining W powder was hypothesized to be due to
a lack of homogeneity throughout the mix and insuffi-
cient melt time during which the W could be
incorporated.

For Inconel with W dust, few small particles were
observed to eject from the melt. It was assumed that these
were W particles being ejected by the stirring and heat
from the melt, but no further testing was performed to
confirm their composition. With further testing using
different melt conditions, the ejection of these dusts
could be minimized. Despite this, the resultant melt
showed W dusts incorporated into the ingot.

The inclusion of W powder inhibited the melting of
Cu, and the melts demonstrated very limited mixing and
consolidation, with remnants of the original charge geo-
metry visible and 87% and 68% of the starting W mass
loose at the end of melts 18 and 19, respectively. It was
hypothesized that the partial incorporation reflected
mechanical entrapment rather than alloying, consistent
with the W-Cu phase diagram [16,17], which shows
negligible solubility. The increase in W density caused
the powder to settle at the crucible base, which could
have created a heat sink and impeded the full melting of
Cu, providing an explanation as to why the Cu failed to
fully melt at the base of the ingot.

V. CONCLUSION

The effective management of fusion dust waste is cri-
tical to minimize radiological hazards to operators and
public, prevent environmental contamination, and ensure
compliance with disposal regulations for the decommission-
ing of nuclear fusion reactors. At UKAEA, two methods of
treatment of this dust have been inactively trialed, testing
the methodology of baking and consolidating the dust into
ingots via metal melting. The results are as follows:

1. The thermal processing trials significantly altered
the dust characteristics through oxidation and agglomera-
tion, which could impact post-operational waste handling
and detritiation.

2. The dust containment baskets trials in the MDF
showed promise for high-temperature processing with
reduced contamination risk, though some limitations,



such as dust escape and agglomeration, require further
testing and optimization.

3. The VIM results suggested the successful incor-
poration of micron-scale dusts into ingots utilizing small
amounts of bulk material to induce the melt, reducing
their dispersibility and offering a potential detritiation
method simultaneously.

4. The bulk fraction thresholds for effective induc-
tion melting were indicated: fine powders required 10%
to 20% bulk seed, while larger swarf may require up to
66% bulk for successful consolidation.

5. The metal canister trials indicated that they served
as an effective methodology for containing, transporting,
and treating particulate wastes via VIM while acting as the
seed material.

6. The W dusts can be successfully incorporated
into the SS dust, bulk, and Inconel bulk material,
although incorporation issues were present when mixing
W dusts in Cu-based melts due to poor miscibility.

7. Future research will focus on investigating the
detritiation potential for dust material using these techni-
ques while optimizing the methodology used, helping to
develop these technologies into scalable treatment meth-
odologies for dust wastes, ensuring the sustainability and
safety of fusion energy deployment.
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