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Abstract

Development of new plasma facing components (PFC) draw attention of numerous scientific groups in fusion energy
field. Tungsten as a main PFC material main have poor machinability, thus various designs were proposed to overcome
this problem. However, such technologies as functional graded layers, sintering and additive technologies are limited in
production size and have low cost-efficiency. This research considers the alternative approach of steel melt injection or
melt infiltration of tungsten mesh. The results obtained establish the mechanism of phase evolution during interaction
of solid W with liquid steel and iron. Energy dispersive spectroscopy, X-ray diffraction and Thermocalc calculations
used to analyze the phase composition of tungsten wetted with various steels and pure iron. Results show that interac-
tion rate significantly depends on melt temperature and overheating above its liquidus. Then the overheating exceeds
150 °C erosion of tungsten occur.
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Introduction

Modern fusion facilities face the problem of erosion and
sputtering of plasma facing components (PFC) material
under thermal loads, which cause plasma contamination.
Tungsten is proposed as a divertor material for Inter-
national Thermonuclear Reactor (ITER) due to its high
melting temperature, which allows it to withstand thermal
loads up to 20 MW/m? (Hirai et al. 2005; Schoofs and
Gorley 2019; Gago et al. 2020). Moreover, beryllium as

the ITER first wall material will be replaced by tungsten
due to its high sputtering rate (Guseva et al. 1999). How-
ever, some problems with tungsten armored blocks need
to be resolved before their industrial application in the
next generation fusion reactors.

High thermal conductivity of tungsten (Tolias 2017)
provides high efficiency of heat transfer from the plas-
ma-facing surface to the coolant. However, poor machin-
ability of tungsten increases production costs. Joining
tungsten blocks to the basic structure of a fusion facility by
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high-temperature brazing requires high precision during
the joining process. Experience in brazing technology
shows that the gaps between materials should be about
few dozens of microns (Bachurina et al. 2021a, 2021b;
Penyaz et al. 2021). These production difficulties lead to a
more complex design of a fusion facility. Alternative way
to join W is hot isostatic pressing also require precision to
provide acceptable performance (Saito et al. 2002).

On the other hand, Reduced Activation Ferritic-Mar-
tensitic (RAFM) steel and austenitic steel 316LN are
commonly used as a base structural material for the
ITER-like facilities. Steel can be easily cut, welded, and
brazed. A combination of high thermal conductivity and
machinability could be achieved in a composite material.
In terms of technological simplicity, the WFe composite
should consist of tungsten fiber, which transfers the heat,
and an iron-based matrix, which allows the underlying
structure to be cut and welded.

Another important point is that capillary porous sys-
tems (CPS), commonly made from various tungsten or
molybdenum meshes, require a base material (Lyublinski
et al. 2016). The Fig. 1 shows a schematic representation
of WFe composite in tokamak construction with CPS and
without. The WFe composite design implies that the plas-
ma-facing surface of PFC made of tungsten or CPS will
absorb heat load and transfer it to underlying WFe com-
posite, which in turn transfer it to coolant. The liquid lith-
ium technique show high performance in numerous ex-
periments (Zuo et al. 2011; Yang et al. 2017; Andruczyk
et al. 2020). As CPS is based on tungsten mesh, the WFe
composite is a suitable base structure for it.

The WFe composite is designed to provide better per-
formance than conventional copper and bronze elements,
which unable to withstand high heat loads and radiation
damage (Fabritsiev et al. 1996). The composite structure
is compatible with liquid metal coolants with high thermal
conductivity such as Li (Meng et al. 2018). To sum up,
WFe could provide the thermal conductivity at the level
of bronze and higher strength, while compatibility with
liquid metal coolants allow absorbing higher heat fluxes.

W plate

WFe

Coolant pipe

Base structure

Figure 1. Schematic representation of WFe composite in PFC.

The combination of W and steel in one material is a
poorly developed topic primarily due to great difference
between their CTE (o (W) = 4.4 x 10° K'!' and o (RAFM)
=12.7 x 10° K! (Patl et al. 2006) and brittle intermetal-
lic compounds (IMC) formation. In order to overcome this
problem, materials with functional graded layers produced
by plasma or magnetron sputtering have been proposed in
works (Weber et al. 2013; Tan et al. 2019; Ganesh et al.
2023). This technique provides high adhesion between lay-
ers, yet low tolerance to cyclic loads cause failure after just
a few cycles (Qu et al. 2019). In addition sintered layers
of different materials are prone to interact due to diffusion
with intermetallic Fe, W, formation (Heuer et al. 2020).

Tungsten and steel powders joined by spark plasma
sintering into a bulk material promise high thermal prop-
erties with minimal interaction between materials. Some
positive results have been obtained in this field (Chen et
al. 2018; Koller et al. 2018). However, Fe,W type IMCs
have been detected in the interaction layer between pow-
der particles, which reduces thermal conductivity and me-
chanical properties. In general, sintering and functional
graded layer approaches have low cost-efficiency and are
limited in product size.

Additive technologies have a low production speed,
but the current technology level allows us to control the
structure of the material with high precision. Laser metal
deposition of Fe and W powders was used to fabricate a
WFe composite in the work (Chen et al. 2021). Micro-
structure investigation shows that numerous tungsten
particles surrounded by an Fe W layer are embedded in
an iron matrix enriched with tungsten. Fe,W intermetallic
compounds nucleate in the steel matrix only upon multi-
ple heating. Hence, it can be concluded that a short-term
manufacturing process allows us to avoid the formation
of an intermetallic phase.

The tungsten fiber mesh forms a capillary structure that
can be easily filled with liquid steel. Infiltration with a
liquid phase leads to a high interaction rate between ma-
terials. Alloys with low melting point and high oxidation
resistance can be cast via different methods. Recently, the
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high-pressure die casting method has been significantly
improved by the total vacuum process high-pressure die
casting (EVP HPDC) (Gao et al. 2021). This technology
makes it possible to obtain oxygen-sensitive amorphous
Zr-based alloys with high glass-forming ability. The main
difficulty for steel casting using EVP HPDC is the shot
sleeve and die material, which will suffer from overheat-
ed steel melt. The main advantage of this technology is a
high cooling rate almost high as in magnetic-pulse weld-
ing (Lazurenko et al. 2024).

The capillary forces could simplify the casting tech-
nique. Melt infiltration widely used to produce compos-
ites with ceramic or metal reinforcement (Toy and Scott
1990; Dandliker et al. 1998; De Jongh and Eggenhuisen
2013). When the melt interacts with the tungsten mesh,
the liquid metal will be drawn in by capillary forces,
forming a bulk solid structure reinforced with tungsten.
The technology described above is similar to melt infiltra-
tion. Such technology have been already tested on W-Cu
material for mock-ups of the limiter (De Luca et al. 2023).

The capillary force depends on the wetting character-
istics of the liquid steel and the tungsten. The study of
interaction between the liquid and solid materials and the
following phase formation at high temperatures is import-
ant for the development of melt infiltration technology.
The wetting behavior of steel melt on metal materials is
poorly investigated. Few works consider the ceramic sub-
strates wetted by steel and iron (Xuan et al. 2015; Yan et
al. 2018; Long et al. 2024).

An attempt to manufacture the steel matrix strength-
ened with tungsten wire was made in (Kumar 2013).
Casting at 1550 °C cause significant erosion and tungsten
dissolution in steel melt. Due to the nature of casting var-
ious zones of composite have different structure with rel-
atively thin and thick intermetallic layer. Thus, the critical
temperature of melt when an interaction become intensive
should be defined to achieve the desirable structure.

In this work, we made an attempt to investigate the fea-
tures of the interaction at high temperatures of pure iron,
several grades of steel, and a pure tungsten substrate. The
data obtained is crucial for the melt infiltration technolo-
gy, with regard to the WFe composite production.

Materials and methods

The investigation consists of two stages: wetting measure-
ment and high-temperature interaction. The list of materi-
als and their chemical composition according to manufac-
turer certificate given in Table 1. In all the experiments,

Table 1. Materials chemical composition

pure ITER-grade tungsten was used as the base solid
material. A simplified setup was used to represent the
interaction between solid W and liquid steel during melt
infiltration. The schematic experimental setups of stages
1 and 2 are shown in Fig. 2.

This study investigated the interaction of pure Fe,
AISI 420, EK-181, and 316L steels with a pure tung-
sten substrate. The convenient sessile drop method was
used in first stage of experiments. The steel and iron
with a volume of approximately 64 mm?® were placed on
20%20%2 mm tungsten plates. The tungsten substrates
were ground with sandpaper (120-2500) and polished
with diamond paste (3 and 1 um) prior to the experiments.
Both steel and tungsten were cleaned in alcohol in an ul-
trasonic bath to remove surface pollution that could affect
the liquid-solid interaction.

::.7 4x4x4
’\‘ /\I
S~~. Wplate __ Wcube ---"
20x20x2 5x5x3

Figure 2. Schematic setup of wetting and interaction experiments.
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The specimens were heated to the exposure tempera-
ture (T,,) in a vacuum resistance furnace with a heating
rate of about 18 °C/min. The heating modes and material
properties are listed in Table 2. The exposure time was set
at 1 and 10 minutes, and the vacuum level was maintained
lower than 5x10-° Torr. Cooling with a furnace follows
after exposure. The cooling rate from T, to 1300 was
approximately 100 °C/min, it decrease exponentially with
a time. The wetting angle was studied after cooling to the
room temperature in a furnace. The heating modes were
designed to simulate the interaction of molten steel with
tungsten fibers in the composite. As steel AISI 316L has
the lowest melting point, it was also melted at 1500 °C.
In this case exposure was excluded to simulate short-term
interaction conditions. The temperature measurement
error was about £10 °C.

The second stage was dedicated to the study of mi-
crostructure and phase formation during high-tempera-
ture interaction. Steel, iron, and tungsten were cut into
5x5x3 mm pieces, and the heating conditions were the

Material Content, wt.%
Fe Cr C Ni Ti Mo w Other
Fe >99.96 - <0.035 - - - - -
AISI 420 Bal. 12-14 0.16-0.25 <0.6 - - - <0.6Mn
EK-181 Bal. 10-12 0.12-0.18 - 0.05 0.01 2 0.006B; 0.2-0.4V; 0.05-0.2Ta
AISI 316L Bal. 16-18 0.02 10-14 0.05 2-3 - -
w - - - - — - >99.99 0.01(Fe+P+0,)
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Table 2. Heating modes and material properties

Material ~ Solidus (T,), Liquidus (T,), Exposure temperature
°C °C (T,,), °C
Fe 1539 1550, 1600
AIST 420 1450 1510 1550, 1600
EK-181 1503 1513 1550, 1600
AISI316L 1375 1400 1500, 1550, 1600

same as in stage 1. Specimens of molten steel on tungsten
were prepared according to the conventional method for
studying microstructures. The specimens were named as
follows: “WSteel/exposure temperature/exposure time”,
for example: W316/1500/1. The microstructure was ex-
amined via Scanning Electron Microscopy (SEM) using
the JEOL JSM—-6610LV. Qualitative elemental analysis
was performed using Energy Dispersive Spectrometry
(EDS) on the Oxford Instruments INCA x-act.

The phase composition was analyzed using X-ray
diffraction (XRD) on a Brucker D8 Discover. Detecting
small components of the structure was challenging due to
technical limitations. To increase the accuracy of phase
identification the local transient synchrotron XRD with a
wavelength of 0.75 A was used. Thermodynamic calcula-
tions were performed using Thermo-Calc software with
the TCFE10 database. The phase composition at room
temperature was calculated based on the local chemical
analysis of specimens melted at 1550 °C.

Results and discussion
Wetting of tungsten substrate by steels and iron

To measure the wetting characteristics, the specimens
were heated to the T, above their melting point. Expo-
sure for 1 and 10 minutes ensured complete melting of
the steel and iron. After cooling, each tungsten plate was
completely wetted by the steel and iron, as the liquid met-
al wet the front and back sides of the tungsten plate. Con-
sequently, there was no way to measure the contact angle,
as it equaled zero. The results of the wetting experiments
are illustrated in the photo in Fig. 3.

Fe on W substrate
1550 °C —1 min
Before After

Figure 3. Tungsten plate before wetting and after wetting by
iron at 1550 °C.

Long exposure times at T, significantly higher than
T,, followed by cooling and crystallization, may affect
the results. At a temperature of 1500 °C, steel 316L
was overheated by 100 °C above the liquidus tempera-
ture. The total time in liquid state is the sum of heat-
ing time (4 min for heating from T, to 1500), exposure
time (1 min) and cooling time (~1 min), which gives
us 7 min.

The iron has a fixed melting point while steels melt
in a certain temperature interval. The exposure tempera-
ture of 1550 °C is 11 °C higher than the melting point of
pure iron. In this case, the total time in the liquid state
was 2 minutes. The differences in chemical composi-
tion, melting points, and exposure times between the two
considered cases do not affect the wetting process. It can
be concluded that Fe-based materials wet tungsten well
at a temperature range of steel and iron melting point.
This characteristic is advantageous for utilizing capillary
forces to form a composite structure.

Features of interaction between tungsten and steel melt

Interaction between W and Fe

The phase composition and structure of the joint signifi-
cantly impact the final properties of the composite mate-
rial. The formation of brittle phases during high-tempera-
ture interaction is critical for the mechanical properties
of the composite. Iron forms two IMCs with tungsten:
p (Fe,W,) and Laves L (Fe,W). These phases are ex-
pected to form when liquid steel fills the capillaries in
the tungsten mesh. A binary Fe-W phase diagram is
presented in Fig. 4.

Point 1 Point 2
1800
w00 |.lc|um : \\P-W £
! O-Fe I I
20| \ Fe I I.,« p-Fe
%mn I \\_I
H | Ao
g 800
& | '\
600 N 1
0.0 0.1 0.2 0.3 0.4 0.5 0.9 1.0

Mole fraction W

Figure 4. Calculated Fe-W phase diagram (Jacob et al. 2015).

To characterize the relationship between the steel
chemical composition and the tungsten-steel joint struc-
ture, iron and various steels were melted on a tungsten
substrate according to the modes from the wetting ex-
periment. The interaction between iron and tungsten rep-
resents the simplest case, thus we will begin the discus-
sion with it. Furthermore, the simple Fe-W composition
allows for the determination of the phase composition via
the binary phase diagram.



Nuclear Energy and Technology 10(3): 189-198

193

Microstructure images of SEM of iron melted on
tungsten at 1550 °C are shown in Fig. 5. Due to the high
number of microstructure images, only a few of them are
showed in this paper. An interlayer with the typical for as-
cast metal dendrite structure covers the tungsten surface.
Within iron-based matrix IMC form dendrite structure
with various shapes and sizes. As the temperature increas-
es, the dendrite structure in matrix and IMC interlayer be-
comes thicker. Cracks are distinctly visible at the interface
between the tungsten and the interlayer, with some cracks
propagating from the outer surface to the interlayer.

IMC interlayer
W =

BEC 20kV

x500

50pm

Figure 5. Microstructure of WFe/1550/10.

The chemical composition of the interlayer measured
with EDS analysis was studied on the WFe/1550/10 spec-
imen. Point 1 with a composition of 57.3Fe-42.7W at.% is
expected to be p-phase. It should be noted that the p-phase
deviate from stoichiometric composition at the room tem-
perature, which is typical for casted metals The chemical
composition of p-phase corresponds to the equilibrium com-
position at 800 °C. Point 2 with a composition of 93.9Fe-
6.1W at.% corresponds to the iron matrix around p-phase
The chemical compositions of points 1 and 2 are marked on
the Fe-W phase diagram in Fig. 4. Light grey phases in the
iron matrix have a composition close to the Point 1.

The EDS map of specimens obtained after the long-
term exposure at 1600 °C is shown in Fig. 6. It is ap-
parent that Fe does not significantly diffuse into the base
W, while tungsten actively dissolves in iron. The high W
content at different distances from the joint indicates that
diffusion primarily occurs in the liquid state.

Fe 1600/10 s

Thick IMC interlayer

W

BEC 20kV x500 50pm

Fe W
Figure 6. Microstructure and EDS map of WFe/1600/10 specimen.

Due to the extremely low solubility of W in Fe at the
room temperature, the equilibrium state consists of a-Fe
and the p-phase. SEM analysis did not reveal the A phase,
which is stable in the temperature range of 150-1100 °C.
This phase is expected to form during decomposition of
p and a-Fe due to diffusion in solid state. All phases ob-
served near the joint area exhibit a similar composition
close to the p-phase. The chemical composition of the
iron matrix becomes enriched with tungsten content with
increasing exposure temperature, indicating that over-
heated liquid iron actively dissolves tungsten. The matrix
of specimens melted at 1550 °C contains 4.3 at.% of W,
whereas at 1600 °C it contains 6.3 at.%.

The absence of the Laves A-phase and the non-equilib-
rium composition of phases could indicate that cooling
suppresses the phase evolution in the steel matrix. When
solidification under equilibrium conditions occurs, the
matrix should undergo a series of phase transformations:
L—a-Fetp—oa-FetA—a-Fe+p. At the room temperature,
the o-Fe+u composition is stable.

Interaction between AISI 420, EK-181 and W

The RAFM steel EK-181 does not significantly differ
from AISI 420 in chemical composition. The influence of
micro-alloying on wetting and interaction is considered
negligible. Therefore, main features will be discussed
based on the AISI 420 case.

The investigation aims to determine the influence of
the steel alloying elements on the structure of the interlay-
er. AISI 420, characterized by high chromium and carbon
content, was melted on a tungsten substrate at 1550 and
1600 °C. The microstructure image of the W420/1600/10
specimen and EDS maps are presented in Fig. 7, reveal-
ing a similar dendrite structure. An IMC layer covers the
entire surface of tungsten. Notably, no cracks or pores
were observed in the W420 joints, in contrast to the WFe
case. The modified p-phase at point 1 with composition
of 4Cr-53.3Fe-42.7W at.% contains chromium. Point 2 in
the steel matrix with composition of 5.8Cr-89.5Fe-4.7W
at.% contains a lower tungsten content than in the case of
WFe melted in the same way.

Chromium actively diffuses into the tungsten substrate.
Chromium has high solubility in tungsten especially at
high temperatures. This is verified by comparing the Cr
content in the matrix between melting at 1550 and 1600
°C. Chromium content is 7.8 at.% in the specimens melt-
ed at 1550 while melting at 1600 results in the decrease of
chromium content down to 5.8 at.%.

The carbon content of 420 steel is the highest among
the studied steels. However, detecting carbon with high
accuracy is challenging due to its low mass and surface
pollution. We assume that carbon affects phase formation
primarily due to its high affinity for tungsten. The affinity
of W to C is reported to be higher than that of Cr (Jans-
son and Lewin 2013). While XRD is a common method
for determining phase composition, it can be challeng-
ing to detect microscopic precipitates using this tech-
nique. The peaks observed correspond to a-Fe solid solu-
tion, Fe W, Fe,W, and Fe oxides detected in the XRD
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Figure 7. Microstructure of W420/1600/10 specimen.

spectra measured across the entire specimen, including
the interlayer and steel matrix zone. Consequently, the
phase composition of each individual zone in the joint
remains unclear.

To estimate the probable phase composition, ther-
modynamic calculations were carried out using Ther-
mo-Calc software. Phase composition of tungsten-steel
joint zone studied via synchrotron XRD technique. Due
to high specimens number only one spectra presented
in Fig. 8. The results of phase composition calculation
of two points presented in Table 3. Point 1 (Fe-41.5W-
5.3Cr-1C at.%) and 2 (Fe-4.5W-7.8C-1C at.%) cor-
responds to chemical composition of IMC layer and
steel matrix respectively. Initial AISI 420 steel contain
approximately 1 at.% of carbon. Therefore, all chemi-
cal compositions in Thermocalc thermodynamic calcu-
lations are alloyed with 1 at.% carbon to evaluate the
effect of carbon.

WFe spectra

e Iron (40.7%) Steel side

1 Fe

I ( Tungsten
[ side

Ml no Pure W
n |\/\| spectra

Figure 8. Example of XRD spectra of WFe/1550/10 specimen.

The calculations show that M C carbide forms due to
the high W-C affinity and remains stable in a broad tem-
perature range. In the high-temperature range, the phase
composition primarily consists of the p-phase. Within the
matrix composition, carbon form M,C and M ,C, type
carbide phases. The primary component of the matrix is
the a-Fe solid solution. Tungsten and chromium are both
strong carbide formers, the absence of Cr and W carbides
in the structure indicates that the dissolved carbon or
carbides in the matrix are too small to detect. Calculated
compositions suggest that the Laves A-phase is thermody-
namically stable at lower temperatures.

Table 3. Phase composition modeling of W420 joint alloyed
with carbon

Phase name Chemical Equilibrium Experimental
composition, at.%  composition  data from XRD
IMC layer  Fe-41.5W-5.3Cr-1C p-phase, A-phase, o-Fe, p-phase,

M,C
a-Fe, A-phase,
M23C6

A-phase (traces)
Steel matrix Fe-4.5W-7.8C-1C

Comparison of the XRD results and calculations leads
to the conclusion that the W420 joint consists of p-phase,
a-Fe matrix, and Laves A-phase. The absence of carbides
in the XRD analysis is attributed to their small size and
technical constraints. Traces of the Laves phase indicate
that its content and size are insufficient for reliable anal-
ysis. In comparison with data obtained by casting steel
at 1550 °C in (Kumar 2013) we can conclude that Laves
A-phase does not play significant role in intermetallic lay-
er structure. Due to lower W content in A-phase they most
likely to form in steel matrix away from W wire.

Interaction between W and AISI 316L

The second steel type contains Ni and Cr, while the carbon
content is low. Steel 316L also has a low melting point,
allowing us to utilize an additional mode without expo-
sure at 1500 °C (immediate cooling after rapid heating).
However, no difference in microstructure was observed
between specimens with and without 1-minute exposure.
The microstructure of steel 316L melted on tungsten at
1500 and 1600 °C for 0 and 10 minutes, respectively, is
shown in Fig. 9.

High-temperature exposure with overheating by 150
°C (W316/1550 specimen) above the melting point re-
sults in significant erosion of tungsten grains by the liquid
metal. A W cluster exceeding 50 um in size was detected
in the steel matrix. Further away from the joint zone, a
fine grid structure was observed. Conversely, overheating
by approximately 100 °C above the melting temperatures
only leads to the growth of the dendritic structure.

The thickness of the intermediate joint layer at 1500 °C
is about 5 pm. Point 1 (marked in Fig. 9a) has composition
of 12.3Cr-45.3Fe-3.9Ni-38.5W at.%, which is presumed
to be a modified p-phase. Nickel was not detected deep



Nuclear Energy and Technology 10(3): 189-198

195

AlSI 316

IMC interlayer

IMC interlayer 4

BEC 20kV x500 50pm

a

BEC 20kV x500 50pum

b

Figure 9. Microstructure of W316/1500/0 and W316/1600/1 specimens.

in the bulk tungsten, while chromium actively diffuses at
all studied temperatures. Point 2 corresponds to a steel
matrix with composition of 16.3Cr-68.2Fe-11.2Ni-4.3W
at.%. Matrix has a high tungsten content; the content of
other elements remains at the same level.

The maps of chemical elements distribution shown in
Fig. 10 illustrate the erosion process in the case of the
W316/1600/10 sample, where liquid steel actively dis-
solves the tungsten grain boundaries. Point 1 in Fig. 9b
has a composition of 3.5Cr-48.9Fe-5.1Ni-42.5W at.%. It
is evident that the Cr content is significantly lower in the
p-phase, while Ni content has increased compared to the
W316/1500/0. The steel matrix at point 2 has a low Cr
content of about 4.5 at.%. A fine grid of Cr-based phases
is observed in both the EDS maps and the SEM image.

Fe Cr

Figure 10. EDS map of W316/1600/10 specimen.

The phase composition of W316 specimens studied
in the same way as W420. For thermodynamic calcula-
tions two compositions were used: Fe-41 W-7Cr-4Ni at.%
(IMC layer) and Fe-5W-9Cr-13Ni at.% (steel matrix).
Calculations presented in Table 4 show that the equilib-
rium composition for steel matrix is a mixture of y-Fe
and o-Fe solid solutions with A-phase, while IMC layer
has composition of p-phase, A-phase with some y-Fe ad-
ditions. The XRD results shows clear peaks of y-Fe and
p-phase, while a-Fe and A-phase remain undetected.

Table 4. Phase composition modeling of W316 joint alloyed
with carbon

Phase name Chemical Equilibrium Experimental
composition, at.%  composition  data from XRD
IMC layer Fe-41W-7Cr-4Ni p-phase, A-phase, y-Fe, p-phase
v-Fe
Steel matrix  Fe-5W-9Cr-13Ni a-Fe, y-Fe,
A-phase

Phase evolution

The microstructure evolution stages are presented in a
schematic representation in Fig. 11. Two types of inter-
action with the melt have been established: diffusion and
erosion. Both steels AISI 420, EK-181 and iron exhibit
similar behaviors when interacting with tungsten, result-
ing in the formation of a dendritic structure with varying
thickness in the interaction zone. A layer of p-phase IMC
composed of Fe, W, and Cr covers the surface of tungsten.

IMC layer is formed during interaction of the melt with
solid tungsten due to relatively slow diffusion process on
the solid/liquid boundary The liquid near the boundary
becomes enriched with W, which raises the melting point,
leading to nucleation of a p-phase on the surface of tung-
sten. The W-Fe diagram shown in Fig. 12 can be used to
define the composition of liquid and solid structure. In
this stage liquid near W form diffusion layer with com-
position close to C, point in Fig. 12. When W content in-
crease due to diffusion, the solid p-phase nucleate. IMC
start to grow in form of dendrites forming solidification
front. The chemical composition of p-phase corresponds
to C_ point in diagram. Diffusion layer quickly propagates
due to high diffusion rate in liquid state. Described pro-
cess undergo until cooling starts.

Cooling cause fast temperature drop. Thus, C, point
shifts to C’ which means that liquid crystallize in form
of a-Fe enriched with W. After that follows decomposi-
tion with p-phase grow in a-Fe. The composition of a-Fe
change according solvus from point C’¢ to C”_. The EDS
data evidence that ~5 at.% of W remains in steel, which
means that diffusion after 1100 °C is weak. The composi-
tion of p-phase remains close to C_due to the fact that it is
stable composition for wide range of temperatures.

When overheating exceeds 150 degrees (W316 speci-
mens melted at 1500 and 1600 °C) selective dissolution of
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Figure 11. Schematic illustration of liquid melt interaction with W.
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grain boundaries occur. This feature illustrated in Fig. 13.
The liquid melt separates single grain, absorbs it and dis-
solves it. This process, previously observed in studies of
corrosion of refractory alloys (Lyutyi et al. 1991), is as-
sociated with the grain boundaries energy and impurities
in them.

Cooling down at a relatively high rate follows the
exposure. When cooling under furnace conditions, the
temperature drops from 1550-1600 to 1300 °C at an
approximate rate of 100 °C/min. As a result, solidification
occurs immediately after the exposure ends. The liquid
steel, enriched with tungsten, solidifies as an a-Fe solid
solution of non-equilibrium composition.

After solidification, diffusion rate significantly drops,
resulting in minimal changes in the distribution of
chemical elements. The stage of solid phase decompo-
sition is characterized by a low cooling rate, which de-
creases exponentially over time. Consequently, phase

p-phase nucleation
Liquid 0-10W at.%

p-phase nucléation
~44W at.%

Solidification due to cooling
/\ Solid a-Fe ~5W at.% /\

Secondary y ~44W at.%
vy

u-phase formed due to isothermal

solidification

AISI 316L structure difference
Grain boundary erosion

Overheated Melt

Figure 13. Tungsten grain boundary erosion by liquid AISI
316L melt.

decomposition occurs partially. During decomposition, a
secondary p-phase nucleates in the steel matrix. Accord-
ing to XRD A-phase precipitates only in the W420 joint.

Results application and future work

The results obtained demonstrate that iron and steel per-
fectly wet the tungsten surface. The capillary forces are
strong enough to wet not only the polished face but also
the back side of the tungsten plate. In this experiment,
tungsten and steel were heated to the same temperature.
Under these isothermal conditions, wetting occurs simul-
taneously. However, in real liquid metal injection technol-
ogy, the tungsten mesh might have a lower temperature
than the liquid steel, which would prevent undesirable
interaction and lead to obtaining an optimal structure.

To achieve this, several issues need to be considered.
The first is the interaction of melted steel with tungsten at
a lower temperature. This can be addressed by injecting
melted steel onto a tungsten substrate, heated separately
to a different temperature. Sessile drop method allow to
measure wetting angle of steel melt at various substrates
heated to lower temperature (Long et al. 2024).
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The second issue to consider is the use of barrier layers,
which might completely prevent the interaction. A layer such
as tungsten carbide (WC, W,C, a-WC, ) appears to meet
wetting, CTE and thermal conductivity requirements (Reeber
and Wang 1999; Zhou et al. 2003; Tripathy et al. 2022). Ther-
modynamic calculations show that M C carbide is formed at
high carbon content and is thermodynamically stable until
the steel is melted. If the carbide layer is thin enough, the ef-
fect on thermal conductivity is negligible. Oxide and nitride
ceramics are strictly prohibited due to their interaction with
Li under tokamak conditions. Corrosion resistance in liquid
metal environment comes from the expected conditions of
tokamak with reactor technologies (Mazul et al. 2021).

The actual structure of tungsten mesh infiltrated with
steel melt depend on the mesh size, thickness and tem-
perature of W wire, temperature of steel melt. During
infiltration the steel melt temperature will inevitably de-
crease to solidus. Intermetallic layer on W wire could
block capillaries between wires if the rate of IMC grow is
higher than the rate of colling.

Conclusion

The investigation focuses on the wetting characteris-
tics and joint structure of tungsten with iron, EK-181,
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