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ABSTRACT

Plasma-facing components (PFC) in nuclear fusion reactors are exposed to demanding conditions during oper-
ation. The combination of thermal loads, plasma exposure as well as neutron induced damage and activation
limits the number of materials suitable for this application. Due to its properties, tungsten (W) is foreseen as
plasma-facing material (PFM) for the future DEMOnstration power plant. It is considered suitable due to its
exceptionally high melting point, excellent thermal conductivity, low tritium retention and low erosion resis-
tance during plasma exposure. But even tungsten armored PFCs have a limited lifetime due to, among other
factors, surface erosion and the resulting thickness reduction of the armor material.

In-situ local deposition of tungsten by means of additive manufacturing (AM) could counteract surface erosion
and thus increase the service life span of PFCs. After evaluation of the potential AM processes qualified for this
task, the wire-based laser metal deposition (LMD-w) process was selected as the most suitable process. First trials
were conducted to examine if it is possible to reliably deposit tungsten onto tungsten substrate using the LMD-w
process. In these first studies, single welding beads were generated, and in later experiments, entire layers were
created from several welding beads which are arranged next to each other. To ensure reproducibility of the
results, the substrate temperature was kept constant. Further experiments aimed at the elimination or minimi-
zation of problems such as oxidation, occurrence of balling defects, porosity, cracking, surface waviness and
insufficient connection to the substrate. To increase the welding bead quality, the input parameters like laser
power, deposition velocity, wire feed rate, inert gas flow, as well as the wire position were optimized.
Furthermore, stacking of several layers, as well as the remelting of an already created layer, were carried out and
investigated. This study represents the first steps in testing the feasibility of an in-situ surface regeneration
concept for PFCs.

1. Introduction

mm per full power year is expected with tungsten as plasma-facing
material [4]. The properties of tungsten are required since the PFM

The plasma-facing components (PFC) in future fusion reactors like
the DEMOnstration power plant will be confronted with a variety of
challenges. Tungsten is the most suitable candidate for the armor ma-
terial of PFCs due to its comparatively low erosion rate, good thermal
conductivity of approximately 160 W m~! K1, superior melting point
(Tmert = 3695 K), low tritium retention and resilient nature[1-3]. For the
future DEMOnstration power plant, an armor material erosion of 0.3

has to withstand stationary heat loads in the MW/m? range as well as
transient loads mainly in form of edge localized modes (ELMs) in the
GW/m? range [5]. Vertical displacement events (VDEs) and plasma
disruptions known as off normal events place even higher thermal loads
and particle fluxes on the PFM [6,7]. These transient heat loads can lead
to the melting of even tungsten and subsequently increase the erosion
rate. Due to unpreventable erosion losses, the tungsten armor thickness
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Fig. 1. Schematic representation of material deposition by LMD-w processing.

in future fusion reactors is designed large enough to not fall below the
minimum thickness even after heavy erosion losses [8]. However, the
shorter the distance from the surface of the PFM to the coolant, the lower
the surface temperature of the PFC. This usually means lower thermal
stresses and hence a longer lifetime. Thus, small armor layer thicknesses
are desirable. The surface regeneration concept presented here offers an
opportunity to use a thin PFM armor right from the start. Even if just
small areas of the PFC reach the end of their service life, for example at
the strike line in the divertor section, the entire PFC must still be
replaced. With the possibility of local in situ repair this replacement
could be avoided, respectively the service life could be extended.
Whether this kind of surface regeneration of PFCs is possible at all
has yet to be clarified. First, it has to be shown whether it is technically
feasible to deposit tungsten on tungsten with sufficient quality, accu-
racy, and deposition rate. The broad field of additive manufacturing
processes offers a range of options for this purpose. Since powder-bed
based processes, such as laser powder bed fusion (LPBF) [9,10] or
electron beam melting process [11], are not suitable for in situ repairs,
these processes are excluded from the selection despite their proven
material quality. On the other hand directed energy deposition (DED)
processes are particularly effective for the local application of metal
[12]. However, there are several limiting factors that need to be
considered. For example, uncontrolled deposition or distribution within
the reactor is not allowed to occur, since this may endanger plasma
operation, or have other negative effects like increased erosion. Thus the
occurrence of loose material residues should be avoided at all costs,
because especially high z materials like tungsten cool down the plasma
significantly by Bremsstrahlung and radiation losses [13]. Due to the
contamination by incompletely or not at all melted powder during the
process, powder-based DED processes are excluded. Another limiting
factor is the constrained space within the vessel that is available for in
situ repair. Furthermore, the repair process should be able to work in
vacuum as this reduces possible contamination and it is not clear
whether the repair would be performed under atmospheric or vacuum
conditions. Unlike conventional powder based laser metal deposition
(LMD) or the wire-arc additive manufacturing (WAAM) process, wire-
based laser metal deposition (LMD-w) does not produce welding spat-
ters or powder residues. Sufficient accuracy is required for repairing the
PFC and LMD-w is much more accurate than the WAAM process.
Consequently, the LMD-w process was selected as the most suitable
process. Furthermore, the LMD process has the advantage that the laser
source can be positioned outside the vessel and the light can be guided
easily via fiber optic cables to the designated process location. It is
envisioned to repair the PFC using an LMD-w processing head, such as
the already existing LMD-W-20-L model, attached to a robotic arm to

operate inside the vessel [14].

Although there is already a limited amount of literature on the
processing of pure tungsten by DED in the form of powder based LMD
[15,16] or WAAM available [17,18] no studies have yet been conducted
on the processing of tungsten by LMD-w. In the wire-based laser metal
deposition a laser beam gets focused on a substrate and creates a melt
pool. Then a wire is fed directly into the melt pool or the laser focal point
of the laser. This way material is applied locally and connected to the
substrate. In Fig. 1 a schematic representation of material deposition by
LMD-w processing is illustrated. Compared to other DED processes,
LMD-w meets all the requirements to operate clean inside future fusion
reactors. Compared to electron beam welding, laser processes require
less space and no vacuum, as the laser source could be located outside
the vessel and could be routed to the operating location by fiber optic
cables. The LMD-w process can provide deposition rates of up to 1 kg/h
with a material efficiency of nearly 100 % [19]. This study represents
the proof-of-principle to process pure tungsten by LMD-w. Parameter
studies were performed starting from single beads over whole layers, up
to stacked layers. Furthermore, to improve the quality of the deposit, the
usage of remelting was investigated.

2. Experimental

Commercially available pure tungsten wire from Osram Licht AG
with a diameter of 1 mm was utilized as base material for deposition in
the following experiments. Rolled pure tungsten plates were chosen as
the substrate material to represent the armor of plasma facing compo-
nents. These plates were cut by electrical discharge machining (EDM)
from larger tungsten blanks and subsequently etched to remove con-
taminations and Cu remains from the EDM.

A Laserline GmbH (model LDF 5000-40) diode laser delivers power
of up to 5 kW. This continuous wave laser operates in the wavelength
range from 910 nm to 1,030 nm. The light is directed to the optics via
glass fibers. A water-cooled optic system from Laserline GmbH directs
the light onto a focal point. The optical system creates a Gaussian beam
profile with a spot diameter of 2 mm. The optimal focal distance mea-
sures 139 mm from the optics to the substrate. The wire is guided by a
wire feeding system by Abicor Binzel. A computerized numerical control
(CNC) 3-axis system allows the machine table to move in the x- and y-
direction as well as the LMD-w system to move in the z-direction. The
machine is controlled by means of a Rexroth system console.

To find suitable process parameters for the processing of tungsten
with the LMD-w process, various parametric studies were conducted.
Compared to the materials usually deposited using the LMD-w process, a
much higher energy input is required to process tungsten due to its high
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Fig. 2. Images of LMD-w welding beads and a layer. (A) showing preliminary investigation samples, which contain various defects. (B) is displaying 9 of the overall
45 welding beads generated for the parametric study to optimize the creation of single welding beads. (C) is an LMD-w layer covering an area of 28 x 12 mm?, which

was deposited with the process parameters listed in Table 3.

Table 1
Overview of the various parameters used in the experiments for single welding
beads, layers, and the remelting of layers.

Experiment Symbol  Welding Layers Layer Unit
beads remelting

Energy perunit  Ej 191-458 191-477 477-955 J mm~2
area

Laser power P 4-4.8 4-5 5 kw

Deposition Vi 400-800 400-800 200-400 mm
velocity min~?

Wire fed Vi 600-1200 500-2000 - mm
velocity min~?

Deposition L 28 14-28 14 mm
length

Hatch distance hq - 1.12-1.51 1.51 mm

melting point. This high energy input results in strong heating of the
substrate plate, which leads to increasing substrate temperatures the
longer the process lasts. To reduce this temperature drift and obtain
reproducible results, the substrate plate was kept at a constant tem-
perature of 19 °C by means of a water-cooled copper plate. This also had
the effect of avoiding the formation of undesirable oxidation traces,
which posed a problem in preliminary studies. The substrate plate was
pressed against the cooling structure using two screwed down copper
plates.

The LMD-w process is influenced by several factors, such as laser
power, deposition velocity, wire fed velocity, wire position, wire feeding
angle, substrate temperature, ambient temperature, inert gas flow rate,
deposition direction, etc. The results of these mentioned preliminary
tests are shown in Fig. 2 (A) and revealed that it is by no means trivial to
deposit tungsten at all using the LMD-w process with this particular
setup. Due to the large number of adjustable influencing variables a
systematic cause-and-effect study of each parameter would require an
unreasonably large quantity of tests. Therefore, the range of reasonable
parameters was determined by calculations and in the preliminary tests.
More elaborated parametric studies were subsequently carried out in
these reasonable ranges in order to further optimize the process. To
derive the influence of the individual parameters with the highest
impact, only the laser power, tool velocity, wire fed velocity, hatch and
wire position were varied in the experiments discussed here. The other
influencing parameters were set to reasonable values that were deter-
mined empirically.

Preliminary studies showed that the dragging process (i.e., front
feeding process) had a slightly higher stability with tungsten than the
piercing process (i.e., rear feeding process). Furthermore, the process

performed well with a wire feeding angle of 45 degrees. Therefore, the
dragging process with a wire feeding angle of 45 degrees was used for all
the experiments conducted in this study. The experiments took place in a
normal atmosphere and different gas flow rates of argon, delivered
through the gas nozzle shown in Fig. 1, were tested to shield the
deposited tungsten from possible contamination. A gas flow rate of 151
min~! showed the best results and was set as standard for the following
experiments. The waiting time between the individual welding beads
was set to 10 s for all experiments in order to give the substrate plate
sufficient time to cool down. The intent was to ensure that the substrate
plate had the same initial temperature before the start of each welding
bead. Table 1 provides an overview of the most relevant process pa-
rameters used for the tests performed. To compare the amount of energy
introduced, an energy per unit area is calculated for the individual
parameter sets using the following equation [20]:

[Jmm’z} 1)

Where P is the laser power, d; the diameter of the laser focal spot and v;
the deposition velocity. The minimum intensity required by a laser beam
to melt a material can be approximated by the following equation
[21,22]:

T)AT

Iy, = m [Wimm™?] )
Where k(T) is the temperature dependent thermal conductivity of the
metal. AT describes the temperature difference between its initial tem-
perature Ty and the melting temperature T;,;;. A(4, T) is the wavelength
and temperature dependent absorption coefficient of electromagnetic
radiation for the material. J;,q is a constant for which a value of 0.52 can
be assumed for small focal point diameters and low scan speeds of the
radiation source [21]. For the scenario described in this article, I,,, was
calculated with a value of 3403 K for AT and an absorption coefficient of
0.42 [2]. The calculated minimum required intensity Iy, to melt
tungsten is according to equation (2) with the given setup roughly 1.25
kW mm™2. Assuming a laser beam with a focal point diameter of 2 mm
gives 3.9 kW of power, matching very well with the experimentally
determined lower limit of 4 kW (see Table 1). Moving with a scanning
velocity of 800 mm min~! the laser spends 0.15 s on an irradiated spot.
Multiplied by the intensity Iy, , , this results in a required energy per unit
area of roughly 187 J mm ™2 in order to laser weld tungsten. Preliminary
tests confirmed that tungsten could successfully be deposited on tung-
sten substrate by LMD-w with an energy per unit area of 191 J mm 2.

Table 1 lists the process parameter range used for single welding
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Fig. 3. SEM picture with an etched cross section of an LMD-w layer sample produced with 210 J mm~2. Various defect types are highlighted.

beads. In context of this study, 45 individual beads were generated in
order to gain an overview of the behaviour of tungsten for the LMD-w
process. 9 of these beads are displayed in Fig. 2 (B).

In order to get closer to repairing damaged PFCs, the next step was
the development and optimization of the generation of full layers. To
build a layer, several welding beads are arranged at a certain distance (i.
e., hatch distance) relative to each other. The parameter ranges inves-
tigated for layers are also listed in Table 1. Furthermore, the creation of
stacked layers was tested and investigated. The layers were positioned
on top of each other with the deposition direction rotated by 90° to
ensure a uniform distribution of the material.

After the successful deposition of the material, some layers were
melted a second time by the laser to test the influence of remelting on
LMD-w produced layers. These experiments were carried out with the
intent of minimizing the surface waviness and removing gas inclusions.
During the remelting the working direction of the machine was rotated
by 90° in comparison to the working direction during the layer creation
to create a flat surface.

For the analysis, cross section views of polished/edged samples were
prepared and examined by means of scanning electron microscopy
(SEM; Zeiss LEO DSM 982 and Zeiss Cross Beam XB540) or light mi-
croscopy (Nikon Eclipse LV 100 D). The grain structure and orientation
got investigated using electron backscatter diffraction (EBSD; Oxford
instruments). Moreover, the resulting samples were analysed using a
profilometer with a confocal sensor (KF3 by OPM GmbH).

3. Results and discussion

During the single-bead experiments, it became apparent that the
seemingly random occurrence of balling defects first had to be elimi-
nated. Fig. 2 (B) shows 9 of the welding beads that have been created. In
this specimen, balling defects formed in the welding beads number 3 and
5. Close inspection revealed that the positioning of the tungsten wire in
relation to the focal point of the laser has a strong influence on the
formation of these balling defects. By precisely positioning the wire at
the front edge of the melt pool created by the laser beam, the occurrence
of balling defects was avoided completely in the subsequent LMD-w
layer experiments. This positioning helps to ensure a sufficient perfor-
mance in terms of surface finish, geometry control and defect free
generation of the welding bead [23]. Through the single bead experi-
ments the creation of individual welding beads has been optimized to
such an extent that tungsten could be deposited reliably with minimal
oxidation, good connection to the substrate and without balling defects.
The surface of the tungsten deposited by LMD-w appears as a shiny
metallic film, which is an indication of no or a very low level of impu-
rities. The occurrence of tungsten oxides in the material deposited by
LMD-w is unlikely because their boiling point is below the melting point

of tungsten, which is the minimum reached temperature in the specified
process. Furthermore, energy dispersive X-ray spectroscopy (EDX)
measurements were carried out on material deposited by LMD-w and as
a reference on the tungsten substrate material. These measurements
showed that there is no difference in oxygen content between deposited
material and the tungsten substrate material. The oxygen content in
weight percent in each case is well below 1 %. There are no signs of
tungsten carbides and other impurities in the deposited material, as
these would be visible in the micrographs of the LMD-w layers but are
not present in these and have not been detected by EDX.

However, new obstacles were encountered during the creation of
tungsten LMD-w layers. Fig. 3 provides an overview of the various defect
types which can occur during the generation of layers. The displayed
layer was generated with an energy per unit area of 210 J mm 2. Cracks
can be observed in this etched cross section. The cut for this cross section
was placed transversely to the deposition direction in the centre of the
layer. The cracks have formed due to thermally induced peaks of re-
sidual stresses in the specimens. These residual stresses occur due to
high temperature gradients between the molten tungsten and the cooled
substrate plate during the solidification and cooling process.

Pores and gas entrapments, which are visible in Fig. 3, can have
various origins. On the one hand, pores may remain in the solidified
material because during the melting process gas can get trapped inside
the material due to insufficient liquefaction or unfavourable flow
transport. The flow dynamics in the melt pool are partially modeled by
the dynamic viscosity (u) described by the following equation
[12,15,24,25]:

16y [m

S
=15 ka[kgm 57! 3

where y is the surface tension of the melt pool, m is the atomic mass, k;, is
the Boltzmann-constant, and T the temperature in the melt pool. For
tungsten, a surface tension of y = 2.48-0.31 x 1073 (T —T,) can be
assumed [26,27]. It can be seen that an increase of the temperature
reduces the surface tension and also decreases the dynamic viscosity and
thus minimizes the occurrence of associated defects like gas entrap-
ments. Lowering the surface tension also improves the ability of the
deposited liquid metal to wet and to connect to the substrate. This way,
the occurrence of insufficient connection to the substrate defects can be
reduced by increasing the energy. On the other hand, too high energy
input during laser-based AM processes should be avoided because the
probability of so-called keyhole defects increases. Keyhole defects are
spherical pores that originate from the gas void that forms in the melt
pool at the striking point of the laser [28]. The area density was deter-
mined from a contrast analysis of the micrographs at the first and at the
last development stage using the image analysis program ImageJ. This
density was increased from 94.8 % to 97.5 % by increasing the energy
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Table 2

The surface waviness increases slightly with growing number of stacked layers and can be significantly reduced by remelting.
Experiment Symbol 1 Layer 2 Layers stacked 3 Layers stacked 4 Layers stacked 1 Layer remelted (A) 1 Layer remelted (B) Unit
Energy per unit area E, 477 477 477 477 477 955 J mm2
Initial position on the z-axis dy 0 +0.65 +1 +1.5 +0.65 +0.65 mm
Surface waviness W, 159 226 244 238 128 95 um

[A]

1027.9um

(500um/div)

943.5um

(200umidiv)

Fig. 5. These measurements of surface topologies were generated by laser profilometry. Tungsten layers were generated and remelted with an energy per unit area of
477 J mm 2, (A) showing a normal layer and (B) showing a remelted layer. For remelting the scan direction was rotated by 90 degrees in order to decrease the

surface waviness.
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Fig. 4. Line profiles of various LMD-w layers which were measured by laser profilometry. These layers were deposited with the process parameters specified in
Table 3. In the case of the remelted layer (A) and (B) an energy per unit area of 477 J mm 2 and 955 J mm 2 (halving the velocity), respectively was used.

per unit area and the hatch (distance between the welding beads), which
led to a reduction in the defect density.

In the latest parametric studies for layers, the temperature in the melt
pool was elevated by increasing the energy per unit area. Thereby the
maximum power of the laser of 5 kW and the lowest tolerable deposition
velocity was used. For all specimens discussed in Table 2 a deposition
velocity of 400 mm min ! was applied. Only for the “1 Layer remelted
(B)” specimen a lower deposition velocity of 200 mm min ' was applied
to increase the energy input even further. These experiments were car-
ried out with a hatch distance hg of 1.51 mm and a deposition/scanning
length L 14 mm. The layers were generated with a wire fed velocity v, of
500 mm min " '. The energy per unit area and the initial position on the z
axis used for these experiments, as well as the resulting surface waviness

of the specimens that were measured by laser profilometry are listed in
Table 2. The surface waviness value W, of the respective profile is
maximum distance between the highest peak and the deepest valley of
the filtered evaluation length profile. For the experiments described in
Table 2, the surface waviness W; of single, stacked, and remelted layers
were compared.

The surface waviness is higher for 2 stacked layers than for a single
layer. However, the values of 3 and 4 stacked layers are almost equal to
the value of 2 stacked layers, i.e., it seems to saturate at about 240 ym.
Whether this is acceptable or not has to be investigated in the future, but
it was successfully demonstrated that it can be reduced by remelting, for
instance by comparing the W; values in Table 2 or by comparing Fig. 5
(A) and (B). Due to remelting, the maximum layer height of roughly 650
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Fig. 6. SEM (left) and EBSD picture (right) with material deposited via LMD-w on top, the heat affected zone of the substrate material in the middle and the original,
rolled substrate material at the bottom (the information is encoded in colors). This material was deposited with an energy per unit area of 210 J mm™2.
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Fig. 7. Stereographic pole figures of (100), (110) and (111) for the solidified deposited material, the recrystallized material in the HAZ of the substrate and the
initial rolled substrate material determined from the EBSD data (the information is encoded in colors).
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Table 3
The most suitable parameters for the generation of tungsten layers on tungsten
substrate using the LMD-w process under the specified conditions.

Process parameter Symbol Value Unit
Energy per unit area Eq 477 J mm~2
Laser power P 5 kw
Deposition velocity Vi 400 mm min !
Wire fed velocity Vw 500 mm min~!

um got decreased by about 50 um. The maximum height of 2, 3 and 4
stacked layers measures roughly 1 mm, 1.5 mm, and 2 mm, respectively
(see Fig. 4).

Additive manufacturing of metallic products in combination with
high deposition rates is usually characterized by high process tempera-
tures and slow cooling rates. This can lead to rather large and highly
oriented columnar grains, grown along the building direction [11,22].
This columnar grain structure can be recognized also in the tungsten
deposited here by LMD-w, e.g., in the upper region of Fig. 6. The grains
in the deposited material have epitaxially grown from the substrate and
are elongated in the z-direction. These grains have solidified from the
liquid phase and have an average area of 3240 pmz and an aspect ratio of
2.3. Due to the reduced risk of grain release by cracking, this elongated
grain structure transversal to the surface is particularly suitable for use
as PFM [29]. The recrystallized substrate material in the heat affected
zone (HAZ), in contrast, has smaller grains with an average area of 500
pum? and an average aspect ratio of close to 1, thus a clear sign of
recrystallization. The size of these recrystallized grains in the HAZ,
which is about 640 pm thick, decreases with increasing depth. The
original substrate material shown in the bottom of Fig. 6 has compara-
tively small grains with an average area of 73 um?, which are flat in the
x-y plane due to rolling. These grains in the original substrate material
have an aspect ratio of 3.1. The EBSD image in Fig. 6 and the stereo-
graphic pole figures in Fig. 7 show that the deposited and the recrys-
tallized grains in the HAZ do not have a preferential crystal orientation,
i.e. no texture. In contrast, the initial substrate shows a clear (110)
orientation. In most layer-by-layer AM processes, nucleation of new
grains starts in the underlying unmolten material if the layers have the
same chemical composition [11,22,30-32]. In the regions where there is
sufficient bonding between deposited and substrate material, this
nucleation behavior is also evident.

4. Summary & conclusions

Recent developments in AM technology offer new application op-
portunities. Within this study, the possibility of surface regeneration of
plasma facing tungsten components using the LMD-w process is
explored. It has been proven that the deposition of tungsten on tungsten
substrates using the LMD-w process is possible. First, the generation of
single melt paths was optimized. Afterwards, the generation of whole
layers and stacked layers was optimized. Finally, it was demonstrated
that the surface waviness increases with growing number of stacked
layers and can be reduced below 100 um by remelting. The most suitable
parameters for the generation of layers with the setup described are
listed in Table 3. The microstructure of the solidified deposited material
consists of large epitaxially grown grains elongated in the z-direction but
with arbitrary crystal orientations. The grains in the HAZ are recrys-
tallized and decrease in size with increasing depth from the surface.

The process parameter adjustments discussed in this study have
minimized the probability of occurrence of many typical LMD-w defect
types. In order to eliminate the remaining defects such as gas entrap-
ment and cracks, a heated substrate plate and an evacuated or inert gas
filled process chamber would be necessary. Other powder bed-based AM
studies have shown that a substrate temperature of 1000 °C can effec-
tively reduce crack density and porosity [9-11]. This high temperature
is not only far above the brittle to ductile transition temperature but also

Nuclear Materials and Energy 38 (2024) 101577

reduces the temperature gradients which occur during the process and
thus lowers the residual stresses in the material. In situ process regula-
tion mechanisms like for instance the resistance measurement-
controlled LMD-w process would provide more opportunities for pro-
cess stabilization [33,34]. Also combining continuous wave laser irra-
diation to melt the material and pulsed wave laser irradiation to
distribute the liquid could further stabilize the process and counteract
gas entrapment by increased liquefaction [19]. Furthermore, the use of
thinner wire would open the possibility of generating more filigree
shapes. This is especially interesting with respect to the edges of the
generated layers and the waviness of their surface.

Concluding, the results are highly promising and provide the proof-
of-principle as the generation of tungsten layers on tungsten substrate in
good quality and in dimensions of divertor monoblocks is possible. Many
of the issues usually encountered in additive manufacturing of tungsten
do not occur in LMD-w processing, e.g., low porosity layers and stacking
of layers without delamination are possible. Prospectively, it remains to
be investigated to what extent, the process will allow the healing of
damaged substrate surfaces, as will be the case in fusion reactors after
plasma operation. Additionally, it requires investigation of how depos-
ited layers behave under fusion relevant thermal loads. High heat flux
(HHF) experiments will be carried out to validate the mechanical
integrity of tungsten LMD-w layers.
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