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Abstract Atmospheric plasma-sprayed tungsten coating is
one of the most prospective plasma-facing materials used
in the first wall of nuclear fusion devices since its low
tritium inventory, good compatibility, and cost-effective.
However, there are still some issues need to be addressed
for the atmospheric plasma-sprayed tungsten coatings, such
as high porosity and low thermal diffusivity. In this study,
electron beam remelting treatments (EBRTs) have been
used to modify the surface microstructure of atmospheric
plasma-sprayed tungsten coatings, and the properties of the
coatings such as porosity, oxygen content, microhardness,
wear, and corrosion resistance are characterized and stud-
ied systematically. The experimental results revealed that a
compact remelted layer with a columnar crystal structure is
formed on the surface of the tungsten coating by EBRTS,
and the porosity and oxygen content have been signifi-
cantly reduced. The microhardness of the tungsten coating
has nearly doubled after EBRTs. Comparing with the as-
sprayed tungsten coating, the wear and corrosion resistance
of the electron beam treated tungsten coatings have been
considerably improved. Moreover, the thermal diffusivity
has also been significantly enhanced.
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Introduction

Owing to the advantages of high melting temperature, low
tritium inventory, good compatibility with fusion plasma,
and low erosion rate under plasma loading (Ref 1-3),
tungsten (W) is one of the most prospective plasma-facing
materials for use in the first wall of nuclear fusion devices,
which imposes very demanding operation conditions such
as comprising incident particles and heat flux from the
plasma (Ref 4-8). It is hard to use W block directly for the
first wall as it’s a brittle feature. At present, the W-wall is
covered by a thin W coating on graphite and carbon fiber
composite tiles, and these W coatings are commonly fab-
ricated by traditional deposition techniques (Ref 9-11),
among which atmospheric plasma spraying (APS) tech-
nique has attracted much more attention since its high
deposition efficiency, flexible deposition shapes, in-situ
repair and cost-effective (Ref 12-14). However, with regard
to the application of the atmospheric plasma-sprayed W
coatings, there are still many problems to be solved, such
as high porosity and oxide content, which can significantly
reduce the mechanical erosion and corrosion resistance and
influence the quality of the sprayed coatings (Ref 15, 16).
Many efforts have been devoted to improve the W coat-
ings’ microstructures and properties by decreasing the
powder size, annealing, introducing compliant layers, and
laser remelting (Ref 17-20). These methods have enhanced
the W coating performance to some extent, but the
microstructures and physical properties are not control-
lable. Nowadays, electron beam remelting treatments
(EBRTSs) are being widely used in materials engineering
due to their high energy density, good thermal isolation,
and reduced oxidation (Ref 21, 22). It is an effective
technique in melting high-temperature metallic powders to
obtain specific parts in complex geometry, such as Ti-6Al-
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4V blades, tungsten alloys, and thermal barrier coatings
(Ref 23-28). However, the effects of EBRTs on the
microstructure and properties of the as-sprayed W coatings
have not been studied/investigated. In this study, we con-
ducted EBRTs on the surface of the as-sprayed W coatings
in two different ways for comparison to improve their
physical properties: one treated in a momentary time and
the other in a sustained time. Moreover, the W coatings’
microstructure, oxygen content, porosity, microhardness,
wear, and corrosion resistances, and thermal diffusivity
before and after EBRTs were investigated in contrast. It
adopts a new controllable and effective method of EBRTSs
to improve the surface performance of the first wall W
coating and provides a novel way for the development and
application of atmospheric plasma-sprayed W coating
materials. In addition, it will also provide important theo-
retical and experimental guidance in the electron beam
surface modification of other coating materials.

Experimental Methods
Experimental Procedures of EBRTs on W Coatings

The whole procedure of EBRTs on atmospheric plasma
sprayed W coatings are schematically illustrated in Fig. 1.
Pure W coatings with an average thickness of ~ 500 pm
were sprayed on 316L steel substrates via APS system (SG-
100, PRAXAIR, USA) using commercial W powders
(Anhui Kerun Nano Technology, China) with a particle
size of ~ 10 pm. In order to ensure the smooth deposition,
the W powders were dried at 150 °C over 2 h before the
deposition and kept heating during the powder feeding. The
spraying power was set to be 22 kW (44 V and 500 A)
with a scanning rate of 200 mm/s and a spraying distance
of 80 mm from the substrates. To ensure the continuity and
stability of the spraying process, argon was used as pri-
mary, and carrier gas with a flow rate of 56.5 L/min and
17.5 L/min, respectively, and hydrogen was used as the
second gas with a flow rate of 3.6 L/min. The W powder
feed rate was 20 g/min. The number of the passes was 80,
and a whole thickness of 500 um was obtained, with an
average thickness of 6.25 um per pass, and the spraying
parameters are listed in Table 1. To improve the quality of
the tungsten coatings, the as-sprayed W coatings (named
S0) were then treated through a raster scanning electron
beam system (SEB-100A, STRONG, China), which can be
set in different treat patterns to meet experimental
requirements. In this study, since the treating time and the
heat flux were considered the critical influencing factors,
the experimental treatment was divided into two groups of
samples for the investigation of the influence of EBRTs on
the W coatings systemically. One group of samples was
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Fig. 1 Schematic illustrations of the whole procedures of EBRTSs on
the plasma sprayed W coatings

treated with a momentary time of 500 ms and a heat flux of
43.63 MW/m? (named S1), while the other group was
treated with a sustained time of 6000 ms and a relatively
low heat flux of 13.75 MW/m? (named S2), as listed in
Table 2. During the whole procedure of EBRTsS, the elec-
tron beam spot diameter was set to 1 mm, with a scanning
line frequency of 5000 s~ ', and the selected area of the W
coating was treated 78 times per second. The vacuum level
for the EBRTs was less than 5 x 1072 Pa.

Characterization of Microstructures and Phases

Microstructures of the original W powders and sprayed
coatings were characterized by high-resolution scanning
electron microscopy (SEM; FEI APREO S(AS5-112),
Hitachi, Japan), and oxygen contents of the sprayed coating
surfaces were analyzed by the oxygen-nitrogen analyzer
(ONH836, LECO, USA) under the test power of 5500 W.
The final porosities of SO, S1, and S2 coatings were mea-
sured and calculated through ImageJ] software (Ref 29),
using the morphologies of the polished cross-sections.
More than three morphologies for each sample were used
to calculate the porosity of the coating. The surface
roughness was measured by a profilometer (Bruker, Dektak
XT, Germany) with a scan length of 2000 um in 40 s. The
phase information was identified by high-resolution X-ray
diffraction (XRD; X'Pert-Pro, Philips, Netherlands) using
Cu Ko radiation (4 = 0.154056 nm), with a scanning rate
of 2.4°/min ranging from 20° to 90°.
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Table 1 Deposition parameters for the pure W coatings prepared by APS technique

Voltage Current Primary gas (Ar) Secondary gas (H,)

Carrier gas (Ar)

Spraying distance Powder feed rate  Gun scanning rate

44V 500 A 56.5 L/min 3.6 L/min

17.5 L/min

80 mm 20 g/min 200 mm/s

Table 2 EBRTSs parameters for the pure W coatings

Samples Heat flux density, MW/m> Treating time, ms
SO 0 0

S1 43.63 500

S2 13.75 6000

SO: as-sprayed samples; S1: samples treated with a momentary time;
S2: samples treated with a sustained time

Mechanical and physical properties

The Vickers microhardness of the coating was measured
via microhardness tester (FT-ARS ver.1.19.0, Future-Tech
Corp, Japan) with a load of 1 N for 10 s at ambient tem-
perature. Before tests, sample cross-sections were ground
and polished to ensure surface smoothness required for
testing, and a W bulk sample was used for a control group.
All the microhardness test points were conducted on the
cross-sections of the samples near the coating surface. The
surface wear resistance of the coatings was tested via a
sandblasting machine (AMS7092C, AMS, China), using
alumina particles with a size of 40-60 pm under 0.4 MPa
pressure for 20 s. To ensure that the wear resistance could
be reflected directly by the mass loss, the sandblasting area
of each sample was controlled to be 15 mm x 1 mm. The
angle of incidence of the blasting media on the coating
surface was 30°. Electrochemical corrosion experiments of
the coatings were conducted by electrode electrochemical
workstation with three electrodes (CHI760E, CHI, China).
The tests were processed in 3.5 wt.% NaCl solution at
room temperature with a scanning rate of 1 mV/s from
— 0.5 to 1.5 V. The open circuit potential was from — 0.1
to 0.1 V. Furthermore, the coatings were separated from
the 316L steel substrate and made into specific flakes with
a diameter of about 25 mm and thickness of 1 mm. Then
the thermal diffusivity was measured by the flash method
through the thermal conductivity instrument (LFA467,
NETZSCH Geritebau GmbH, Germany) at 100, 200, and
300 °C, respectively. During the test of the thermal diffu-
sivity, a laser heat pulse was added to one side of the
sample, and the relationship of time and temperature was
measured on the other side. Each sample was tested three
times, and the average value was calculated.
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Results and Discussion

Microstructures of the W Coatings Before and After
EBRTs

Figure 2 shows the detailed microstructures of the W
coatings before and after EBRTSs in comparison. For the as-
sprayed W coating, SO presents a rough surface (Fig. 2a).
And from the cross-section shown in Fig. 2(b) and (c), it
can be seen that a lot of pores and typical small lamellar
structures with a thickness of about 3.2 pm exist in the as-
sprayed W coating, which is the typical characteristic
structure and has been found in previous studies (Ref 30).
The formation of this feature microstructure is mainly
because the melting W particles are periodically deposited
on the substrate directly during the APS fabrication of the
coating. After EBRTS in a momentary time, a thin remelted
layer is formed on the surface of the W coating, and some
clear grains with a size of about 50-100 pm can be
observed in S1 (Fig. 2d). The number of pores is reduced,
and some initial columnar structures with a thickness of
~ 10 pm start to grow on the surface, as shown in
Fig. 2(e) and (f). Due to a momentary treated time, it is
challenging to heat the whole sample uniformly. As a
result, some lamellar structures and obvious pores
remained in S1, and the remelted layer was on a relatively
small scale. Furthermore, after EBRTSs in a sustained time,
a smooth surface of about 39 um thick and prominent
interface can be observed in S2, as shown in Fig. 2(h). The
pores and lamellar structures start to disappear significantly
in the remelted area (Fig. 2i), and the columnar crystalline
grows perpendicular to the surface and finally reached a
large grain size of ~ 200 pum (Fig. 2g and i). This is due to
the stable and continuous electron beam processing envi-
ronment, which provides a sustain condition for the grains
to grow gradually. It was observed that the value of the
surface roughness (R,) of the W coating was reduced
dramatically after EBRTSs, as listed in Table 3. The R,
value of SO is 1.86 pym, and a slight decrease can be
observed in S1, about 1.50 um after EBRTs in a momen-
tary time. While for S2, R, significantly drops to 0.12 pm
due to the formation of the smooth surface by a sustained
treated time. Consequently, the above micrographs
observed by SEM reveal that EBRTs can change the
microstructures of the W coatings controllably and
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Fig. 2 SEM images of the detailed microstructures of SO, S1, and S2.
(a) surface microstructure of SO, (b) cross-section microstructure of
SO0, (c¢) detailed lamellar structures of SO; (d) surface microstructure of
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S1; (e) cross-section microstructure of S1; (f) detailed columnar
structures of S1; (g) surface microstructure of S2; (h) cross-section
microstructure of S2; (i) detailed columnar structures of S2

Table 3 Surface roughness and

electrochemical results of SO, Sample S0 S1 52 W bulk

Sl, and Szln the 3.5 wt.% NaCl Ra’ pm 1.859 1.500 0.12 .

solution with a scan rate of 5 1 a4 _is

1 mV/s 1., pA/cm 7.86 x 10 1.37 x 10 8.66 x 10 18.92
Ve, V — 0.2454 — 0.3680 — 0.1573 — 0.2340

R,: surface roughness; V,: corrosion potential; /.: corrosion current density

efficiently by adjusting the treating time and heat flux value
and lead to a noticeable decrease in the surface roughness
and porosity.

Porosity and Oxygen Content

Figure 3(a) further quantitatively displays the evolution of
the porosity of SO, S1, and S2 after EBRTSs, and
Fig. 3(b) represents the microstructural images used to
evaluate the porosity of the coatings. Initially, the as-
sprayed W coating SO has a relatively high porosity of

about 3.9 £ 0.3% due to the intrinsic characteristics of the
APS technique (Ref 31), which can be observed in the
microstructure as shown in Fig. 2(b); then after EBRTSs on
SO in a momentary time, the porosity decreases to about
1.6 £ 0.5% in S1, and further after a sustained treated
time, the porosity decreases to extremely low in S2, about
0.2 £ 0.1%, showing a significant reduction as compared
with SO. Meanwhile, it was also found that the surface
color of the W coating changes significantly. The as-
sprayed W coating SO presents a black surface and grad-
ually becomes silvery white after being remelted. Finally, a
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Fig. 3 (a) Comparison of the porosity of SO, S1, and S2; (b) microstructural images used to evaluate the porosity of the SO, S1, and S2;
(c) oxygen content of W powders, SO, S1, and S2; (d) mechanism of oxygen evolution in the W coating during EBRTs

light metallic luster can be clearly observed on the surface
after a sustained treated time. This can be mainly ascribed
to the decrease of oxygen content in the W coatings, as
shown in Fig. 3(c). There is about 0.615 £ 0.012 at.%
oxygen in the as-sprayed W coating SO, and this value is
even higher than that of the original W powers. This is
because oxygen was introduced into the W coating during
the sample preparation via the APS technique. After that,
the oxygen content decreases dramatically by EBRTS.
During the electron beam melting process, a temperature
gradient was formed perpendicular to the surface of the W
coating, and a non-equilibrium solidification occurred in
the molten coating, and columnar crystals grew from bot-
tom to top. Meanwhile, the solute oxygen atoms were
excluded from the coating to the melted liquid, recombined
into oxygen molecules, then transported onto the melted
surface and evaporated, as shown in Fig. 3(d). After mul-
tiple remelting by electron beams, the oxygen content of
the W coating dropped significantly. In the current study, a
relatively small difference in oxygen content can be found
between S1 and S2, 0.276 4+ 0.006 at.% for S1 and
0.043 + 0.001 at.% for S2, but after the analyses of these
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two values independently, the oxygen content of Sl is
almost as six times as that of S2. The oxygen content in S2
is even lower than the original powders. This is mainly due
to the longer processing time of the S2 sample by EBRTsS,
and the oxygen can be fully released from the coatings.
Therefore, both the porosity and oxygen content of the W
coatings have reduced significantly after EBRTSs, and these
results also indicate that the porosity and oxygen content of
the W coatings are controllable by EBRTs. Solving the
inherent drawbacks of as-sprayed W coatings, such as high
oxygen content and porosity, which directly affect the
mechanical and physical properties of the coatings can give
more possibility for the W coatings using as the plasma-
facing materials in the first wall.

Phase Information

Figure 4(a) shows the XRD patterns of the original W
powders, SO, S1, and S2. It can be seen that the W coatings
maintain a single body-centered cubic (BCC) phase struc-
ture without any prominent oxide before and after the
EBRTs. However, observing the first main peak by
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Fig. 4 (a) XRD patterns of W powders, SO, S1, and S2; (b) partial
amplified the first peaks marked in (a)

zooming in, as shown in Fig. 4(b), it was observed the first
peak position has shifted some certain angles in the dif-
ferent samples. This peculiar phenomenon is ascribed to
the solid dissolved oxygen content in the W coating sam-
ples. In the beginning, the original W powders contained
some oxygen, and then after preparing the W coatings by
APS, more oxygen atoms were dissolved into the tungsten
BCC crystal structure, resulting in the lattice distortion to a
larger size and the XRD peak shifting towards the left.
After EBRTs in a vacuum environment, the oxygen content
in the W coatings declined dramatically, and the lattice
structure shrank, leading to the peak shifting towards the
right. These XRD test results matched quite well with the
change of oxygen content, shown in Fig. 3(c). Meanwhile,
an apparent preferential growth of the (110) crystal plane
can be found in S2, and this is consistent with the growth of
the columnar crystal structures observed by SEM, as
exhibited in Fig. 2(h) and (i).
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Fig. 5 Comparison of the mechanical properties of SO, S1, and S2.
(a) Cross-section microhardness; (b) the mass loss during wear
resistance tests

Mechanical and Physical Properties of the W
Coatings Before and After EBRTSs

Figure 5(a) displays the microhardness of the cross-section
of the W coating before and after EBRTs. Each data point
in Fig. 5(a) represents the average value of six indentation
measurements, and the error bars represent the standard
deviation values obtained. It can be seen that the micro-
hardness of the W coatings increased significantly by
EBRTs, from 219.28 4+ 10.4 HV to 401.45 + 2.27 HV,
approaching the value of the bulk W sample. And the size
of the indentation mark left on the surface of the coating is
also getting smaller and smaller. The increase in micro-
hardness is related to the densification of the coating
microstructure and the decrease in porosity, which were
precisely improved by the electron beam remelting process
that can provide a rapid melting and solidification of the
coating (Ref 32, 33). It is worth mentioning that a
momentary treatment induced a gentle influence on the
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microhardness, while significant change could be generated
by a sustained treated time. For S2 samples, as exhibited in
Fig. 2(h) and 3, a more homogeneous and compact surface
remelting layer with low porosity and oxygen content can
be found, which can have a positive impact on the
mechanical performance. However, for S1 samples, the
remelted layer is not uniform, and the microhardness is
significantly affected by the below as-sprayed W coating
due to the unclear interface between the remelted layer and
the below as-sprayed W coating. This evolution has also
coincided with the W coatings’ wear resistance, as shown
in Fig. 5(b). SO exhibits 0.1068 g mass loss on average
during a 20 s test; in contrast, the mass loss of S2 is around
0.0559 g, only half the value of SO. As the microstructures
of the W coatings mostly transformed from lamellar to
columnar structures by EBRTs in a sustained treated time,
a remelting layer was formed on the whole coating surface
with extremely low surface roughness and porosity, which
can significantly reduce the mass loss during the test. A
large fluctuation of mass loss values could be observed for
S1 because of the uneven heating on the surface in
momentary treated time, which can also influence the
surface roughness level and mechanical erosion resistance.
Previous studies showed that surface roughness of the
coating could play an essential role in wear behaviors, and
the mass loss rate of the coating becomes higher if it has a
higher surface roughness (Ref 34-36). The tungsten lamella
peeled off causes the W coating failure and mass loss, and
the typical lamellar microstructure of the W coating is an
important factor to induce its deterioration of abrasion wear
resistance. As a result, although the oxygen content and the
porosity had an obvious decline after EBRTs in a
momentary time, only small changes of microstructures
have been observed, resulting in a slight increment of
microhardness and wear resistance. Overall, an improve-
ment in the microhardness and wear resistance of the W
coatings can be found after EBRTSs, especially in a sus-
tained treated time, which can eliminate lamellar
microstructures, and it could effectively enhance the ser-
vice life of the W coatings as a whole component during
application.

In order to elucidate the effect of EBRTs on the corro-
sion properties of the W coatings, electrochemical corro-
sion investigations were performed on the W coatings.
Figure 6(a) shows the comparison of corrosion behaviors
of S0, S1, S2, and bulk W samples, and the electrochemical
results are present in Table 3. It is encouraging to see that
the corrosion current density /. of the W coating has been
reduced by orders of magnitude after EBRTs. In a
momentary treated time, the current density /. is reduced
from 7.86 x 107! pA/em?® of SO to 1.37 x 10~* pA/em?
of S1, and after a sustained treated time, this current den-
sity I, can further decrease to 8.66 x 107'® pA/cm? of S2.
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Fig. 6 (a) Potentiodynamic polarization curves during corrosion
resistance tests; (b) thermal diffusivity at 100, 200, and 300 °C,
respectively

The open-circuit potential (OCP) was from — 0.1 to 0.1 V,
and the corrosion potential V., was improved to
— 0.1573 V for S2, as compared with — 0.2454 V for the
SO sample. While for the S1 sample, a decline could be
found, which was — 0.3680 V. The corrosion behaviors
show significant differences among SO, S1, and S2 due to
their different microscopic corrosion mechanism, and the
corrosion-resistant of the coating has been dramatically
improved after EBRTSs. In fact, the corrosion resistance of
the coating was greatly affected by its microstructure,
which has been reported previously (Ref 37). For S2, the
corrosion mainly happened along the grain boundaries, and
it was hard to find the corrosion traces in the grain; while
for S1, the corrosion was not uniform and was prone to take
place near the pores and grain boundaries; Severe corrosion
behaviors can be found in the as-sprayed W coatings SO,
which cause peeling on the surface to some extent. The
surface morphologies of the SO, S1, and S2 coatings after
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Fig. 7 SEM images of the detailed microstructures of SO, S1, and S2
after electrochemical corrosion. (a) Surface corrosion microstructure
of SO, (b) detailed peeling edges of SO, (c) cross-section corrosion
microstructure of SO; (d) surface corrosion microstructure of S1,

being subjected to the polarization test in 3.5 wt.% NaCl
solution was examined using SEM, as shown in Fig. 7. The
surface of the SO coating was completely covered with
defects and micro-pits (Fig. 7a), with some large pitting
holes being corroded to the extent that peeling edges were
formed (Fig. 7b); however, the majority of the S1 surface
was covered by micro-pits, as shown in Fig. 7(d) and (e).
Meanwhile, several corrosion-induced small pitting holes
were observed on the surface of S2, and localized inter-
granular corrosion occurred, as shown in Fig. 7(g) and (h),
which verified its superior corrosion resistance as com-
pared to the SO and S1 coatings. From the cross-section
micrographs of SO, S1, and S2 after corrosion tests, as
shown in Fig. 7(c), (f), and (i) respectively, it is hard to
observe the difference before and after the corrosion of
each sample, which is mainly because the corrosion occurs
on the surface. Nevertheless, it is worth noting that the
columnar crystalline structures formed on the surface of the

N

N

T

(e) detailed corrosion structure of S1, (f) cross-section corrosion
microstructure of S1; (g) surface corrosion microstructure of S2,
(h) detailed intergranular corrosion structure of S2, (i) cross-section
corrosion microstructure of S2

S2 coating after EBRTs play a very active role in corrosion
protection.

Due to the W coatings would be exposed as the plasma-
facing materials for use in the first wall of nuclear fusion
devices, the thermal diffusivity was a critical parameter
that should be taken into consideration. Thus we further
investigated the influence of the EBRTs on the thermal
diffusivity of the W coatings by the flash method. The
thermal diffusivity of SO, S1, and S2 are investigated at
three different temperatures of 100, 200, 300 °C, respec-
tively, as shown in Fig. 6(b). At 100 °C, SO has a thermal
diffusivity of 9.995 + 0.662 mm?/s, and after a momentary
treated time by EBRTs, the thermal diffusivity increases to
15.121 + 0.092 mm?/s for S1. In contrast, after a sustained
treated time, the thermal diffusivity of S2 reaches
41.822 + 1.953 mm?%/s, implying that the W coating after
EBRTs has higher efficiency to reach a uniform tempera-
ture during heating or cooling. The EBRTs were an
effective way/method to improve the thermal diffusivity of
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the W coatings. It was confirmed that the porosity of the
coatings had a significant influence on the thermal diffu-
sivity, and a low porosity often led to a high thermal dif-
fusivity (Ref 38). In the current study, the porosity of the W
coating has been reduced dramatically by EBRTs, resulting
that S1 or S2 has a higher thermal diffusivity value as
compared with SO at each temperature, and with a sus-
tained treating time, the remelted layer becomes much
denser, thus a much higher thermal diffusivity value can be
seen in S2. For the S1 sample with a momentary treating
time, an inhomogeneous remelted layer was formed on the
surface. It had a higher porosity than S2, which would
negatively influence the thermal diffusivity resulting in a
lower thermal diffusivity of S1 than S2. Moreover, it can
be seen that the thermal diffusivity of SO and S1 remains
relatively stable and decrease slightly with increasing the
sample temperature. In contrast, for S2, the thermal dif-
fusivity decreases more as the temperature increases. This
case can be attributed to the different oxygen content of the
samples. It was reported that the fewer impurity elements
contained in W metal, the more the thermal diffusivity
decreases with the temperature increases, as impurity ele-
ments would affect the electron in W metal (Ref 39-41).
Since after EBRTS in a sustained treated time, the oxygen
content in S2 has been reduced to an extremely low level,
and the thermal diffusivity of S2 would decrease rapidly
with increasing temperature.

The above experimental results demonstrate that the W
coatings after EBRTs show outstanding mechanical prop-
erties, corrosion resistance, and thermal diffusivity. EBRTs
could be an efficient path to modify and control their
microstructures and improve their mechanical properties.
Comparing with the traditional as-sprayed W coatings, they
are more suitable for practical application in future nuclear
fusion devices. Although much work remains to optimize
the W coating for application, for example, the bonding
strength under heat load, the extraordinary properties of the
W coating after EBRTs reported here offer a strong moti-
vation to pursue their development.

Conclusions

In summary, we investigated the microstructural evolution
and the performances of W coatings upon EBRTs with a
momentary time and a sustained time. The as-sprayed W
coating showed many pores and typical small lamellar
microstructures with a simple BCC phase structure. After
EBRTs, a compact remelted layer with columnar crystal
structure was formed on the surface of the W coatings.
Subsequently, EBRTS in a sustained time, the porosity of
the W coatings was significantly reduced from 3.9 £ 0.3 to
0.2 £ 0.1%, and the oxygen content decreased from

@ Springer

0.615 + 0.012 at.% to 0.043 £ 0.001 at.%. It was found
that the microhardness of the W coatings increased from
219.28 £ 10.40 HV to 401.45 £ 2.27 HV after EBRTs.
Meanwhile, wear resistance, corrosion resistance, and
thermal diffusivity of the W coatings had also been sig-
nificantly improved after EBRTs. The improvement of
these properties is mainly due to the change of
microstructure and the reduction of porosity and oxygen
content in the W coatings by EBRTs. Furthermore, the
surface modification process for the W coating is fast and
controllable: the thickness of the coating, treating time,
heat flux can be tuned. These experimental results
demonstrated that EBRTSs could be used as an effective and
controllable surface modification technique for coatings.
Although the modification is limited by the penetration
depth of the electron beams, a controllable treatment with a
sustained time and a high energy density can be used to
address these issues. To our knowledge, this work consti-
tutes the first report of the W coating by EBRTs, and it
could open new opportunities for using EBRTs to func-
tionalize other coating materials with better performance.
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