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Abstract: W/Cu joining is key for the fabrication of plasma-facing compounds of fusion reactors.
In this work, W and Cu are joined through three steps: (1) hydrothermal treatment and reduction
annealing (i.e., nano-treatment), (2) Cu plating and annealing in a pure Hy atmosphere, and (3) W/Cu
bonding at 980 °C for 3 h. After nano-treatment, nanosheets structure can be found on the W
substrate surface. The tensile strength of the W/Cu joint prepared via nano-treatment reaches as
high as approximately 93 MPa, which increases by about 60% compared with the one without nano-
treatment. The microhardness curves exhibited continuous variations along the W/Cu interface. The
TEM images show that the W/Cu interface is compact without any cracks or voids. This work may
also be applied for enhancing bonding strength in other immiscible materials.

Keywords: hydrothermal treatment; W/Cu joining; plasma-facing components; Cu plating

1. Introduction

Tungsten (W) is considered the most promising plasma-facing material (PFM) in
fusion reactors due to its series of excellent properties, such as high melting point, high
sputtering resistance, low thermal expansion rate and low tritium retention [1-5]. At the
same time, the PFM must be joined with the heat sink material for rapid cooling during
work [6,7]. Copper (Cu) and its alloys show excellent thermal conductivity making them
ideal as a heat sink material [8,9]. Therefore, W/Cu joining is key for the fabrication of
plasma-facing compounds. However, it is difficult to join W to Cu directly because of their
intrinsic immiscible nature, and the prominent difference in physical properties, such as
the thermal expansion coefficient (xc, ~ 4aw) and Young’s modulus (Ec, ~ 0.2Ew), which
will cause severe thermal stress in the W/Cu joints at a high temperature [10-12].

According to literature, many techniques have been developed to realize bonding
of immiscible W and Cu. One is to introduce interlayers, including Ni [13], Ti [14], Fe-
Ni-Cu [15], and amorphous Fe-W alloy [16], which can form metallurgical bonding with
both W and Cu, thus enhancing the performance of W/Cu joints. However, the inter-
layer will undermine the consistency of W/Cu joints and result in some unnecessary
performance [17,18]. Zhang et al. [19] reported the direct diffusion bonding between W
and Cu at the temperature close to the melting of Cu (T},c,), without using an interlayer
metal, and the obtained W/Cu joints possessed excellent performance at room temper-
ature. This result demonstrates that it is feasible to use a high-temperature structure to
realize W/Cu bonding. However, the direct diffusion bonding method only emphasizes
the direct bonding near the Cu melting point and does not involve the influence of the
interface structure, which is a critical factor affecting the performance of W/Cu joints.
Jiang et al. [20] reported a method to enhance the bonding strength and thermal fatigue
properties of W/Cu joints by using a femtosecond laser to fabricate micro/nano interface
structures. The discovery indicates that the micro/nano interface structure can improve
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the performance of W/Cu joints. However, the series of interface structures fabricated by
femtosecond laser technology is, essentially, at the micron-level.

In order to explore the influence of nano-level interface structures on the properties
of W/Cu joints, this work uses hydrothermal treatment to prepare nanostructures on the
surface of W. By combining high temperature structure and nano interface structure, W/Cu
bonding is achieved. The microstructure evolution of W during surface nano-treatment
and Cu plating has been studied. The effect of nano interface structure on the bonding
strength of W/Cu joints has also been explored.

2. Materials and Methods

Figure 1 shows the schematic diagrams of the preparation process of W/Cu joints
based on surface nano-treatment. The process includes three steps:

e  surface nano-treatment of W through hydrothermal treatment and reduction annealing
in an Hy atmosphere;

e  Cu plating on the surface of nano-treated W, followed by annealing at 980 °C for 3 h
to realize Cu penetrating;

e  W/Cu bonding under a pure hydrogen atmosphere. The detailed parameters are
introduced as follows.

.
1

Surface nano-treatment

Cu plating and annealing || jij

iii
Bonding W

W

Figure 1. Schematic diagrams of the preparation process of W/Cu joints based on surface nano-treatment.

2.1. Base Materials

In this research, commercial pure W (99.99 wt.%) rods and pure Cu (99.95 wt.%) rods
with the size of @10 mm x 25 mm were used as original materials. The W rods and Cu
rods were sanded in the proper order with waterproof abrasive papers and polished with
a diamond spray polishing compound (0.25 um) to achieve a mirror finish. The polished
specimens were successively ultrasonically cleaned in acetone, ethanol, and deionized
water for 15 min, and finally dried in air.

2.2. Surface Nano-Treatment

Hydrothermal treatment is one of the common methods for preparing nanostructures.
Ma et al. [21] reported a method to fabricate nanostructures through a facile one-step
hydrothermal treatment. Herein, the surface nano-treatment of W was achieved by hy-
drothermal treatment and subsequent reduction annealing. Firstly, the pretreated W rods
were placed in a Teflon-lined stainless-steel autoclave, with 100 mL solution containing
15 mL 98.3% sulfuric acid, 15 mL 37% hydrochloric acid, 70 mL deionized water and 8 g
chromium trioxide. The sealed autoclave was then placed into a program-controlled air
oven at a set temperature of 100 °C for a predetermined time of 3 h. After autoclave cooling
to temperature, the specimens were collected and rinsed with deionized water, followed
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by the drying process in cool air. Finally, the treated W rods were subjected to one-step
reduction annealing (i.e., 700 °C for 3 h) in the pure hydrogen atmosphere.

2.3. Cu Plating and Annealing

Cu was deposited on the surface of nano-treated W specimens through the plating
process. The chemical composition of the solution used for Cu plating was as follows:
25 g/L CuSO4, 170 g/L C10H14N208Na2-2H20, 40 g/L NaOH, 20 g/L C2H4O6KNa~4H2O,
and 4 g/L KNOj3. During the deposition process, the corresponding current density was
1 A/dm?, the temperature was 40 °C, the distance between cathode and anode was 10 cm
and the deposition time was 1 min and 30 min. The as-obtained W/Cu electroplating
specimen was annealed at 980 °C for 3 h in the pure hydrogen atmosphere.

2.4. Bonding

Before the bonding process, the Cu rod surface was ground and polished to achieve
a mirror finish. The W rods and Cu rods were assembled coaxially in a fixture made
of high temperature resistant materials, as shown in Reference [22], where the copper
coating side of W rods was contacted with the polished side of Cu rods. Subsequently, a
pressure of 106 MPa was applied to the W-Cu assembly. Lastly, the W-Cu assemblies were
placed in a tube-type furnace for annealing (i.e., 980 °C for 3 h) under a pure hydrogen
atmosphere. The samples were heated to the bonding temperature at a heating rate of
10 °C/min and remained for 3 h, and then cooled naturally. When the annealing process
was finished, the W/Cu joints were obtained. In addition, the W/Cu joined specimens
without nano-treatment were obtained for comparison.

2.5. Characterization Methods

The bonding strength of the W/Cu joint ($10 mm x 50 mm) was measured via a
universal testing machine at a loading rate of 1 mm/min. The tensile strength of W/Cu
joining was calculated according to o = F/Sg, where F is the force loaded during the tensile
test and Sy is the cross-sectional area of the tensile test sample (78.5 mm?). The strain (¢)
is calculated according to e = Al/ly, where Al is the displacement in the tensile process of
sample, and [y is the original length of joined W/Cu sample (50 mm).

The joined W/Cu sample was cross-sectioned using electrical discharge machining
and then ground. The Vickers hardness of the W/Cu joint along the cross-section was
measured via an MH-6L hardness tester under a 200 gf load for 5 s.

The phase composition of the nano-treated W specimens was analyzed using X-
ray diffraction (XRD, D8Advancer, Bruker, Karlsruhe, German) with Cu K« radiation
(A =1.5406 A) in the 26 range of 20-90° at room temperature. The morphology, microstruc-
ture, and chemical composition of nano-treated W, Cu coating, and W/Cu interface were in-
vestigated by field emission scanning electron microscopy (SEM, 54800, Hitachi, Shishima,
Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS, X-Max 20, Oxford
Instruments, Oxford, UK) detector. Lastly, the thin section of the W/Cu interface for trans-
mission electron microscope (TEM) analysis was prepared using focused ion beam (FIB,
Helios NanoLab 460HP, FEI, Hillsboro, OR, USA). The achieved samples were observed by
TEM (Tecnai G2 F20 S-TWIN, FEI, Hillsboro, OR, USA) equipped with an energy-dispersive
X-ray (EDX, PV97-61700, Ametek, Philadelphia, PA, USA) detector.

3. Results and Discussion
3.1. Characterization of After Surface Nano-Treatment

The morphology of W samples was investigated by SEM. As shown in Figure 2a,b,
the surface of the original W before hydrothermal treatment is very flat. Figure 2c is the
EDS spectrum of original W, and only the W peak exists. Figure 2d is the typical SEM
image of W after hydrothermal treatment. As seen from the image, compact and uniform
nanosheets formed on the entire surface region. Figure 2e shows the magnified image of
the nanosheets structure in Figure 2d, indicating that the length of the formed nanosheets
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was about 200 nm. The EDS spectrum of the red frame region in Figure 2d is displayed
in Figure 2f, where the main elements of W and O were detected. Results show that the
nanosheets could be WOj3, which is consistent with that reported in the literature [21].
The typical morphology of a sample after reduction annealing is shown in Figure 2g,h,
which also display the nanosheets structure. Figure 2i represents the EDS spectrum of a
yellow frame region in Figure 2g. Compared with the sample after hydrothermal treatment
(Figure 2f), there was only one main phase of W in the sample after reduction annealing,
indicating that the reduction process was sufficient. The WO3 nanosheets were completely
reduced to pure W nanosheets after reduction annealing. After the nano-treatment process,
nanostructures can be formed on the W surface. The existence of nanostructures can
improve the surface activity of the substrate [23], which is beneficial to W/Cu bonding.

Element | Weight% | Atomic%

\W4 100

100

Element | Weight% | Atomic%

0 21.40 75.78
78.60 24.22

Element | Weight% | Atomic%

O 0 0
W

O R

Figure 2. SEM images of the surface morphology and the corresponding EDS results of W surface: (a—c) before hydrothermal
treatment, (d—f) after hydrothermal treatment, and (g—i) after hydrothermal treatment and reduction annealing process.

Figure 3 shows the cross-sectional SEM of a nanostructure before and after the reduc-
tion annealing process. As shown in Figure 3a, the thickness of tungsten oxide formed
before the reduction annealing process was about 460 nm. Figure 3b shows the cross-
sectional morphology of the nano-treated W structure after reduction annealing. The depth
of nano-treated W structure after reduction annealing was approximately 440 nm.
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Figure 3. Cross-sectional SEM of (a) tungsten oxide formed before the reduction annealing process, and (b) nano-treated W

structure after reduction annealing.

Figure 4 shows the XRD patterns of W base material after hydrothermal treatment, and
after hydrothermal treatment and reduction annealing. It can be seen from Figure 4a that
the W base materials showed diffraction peaks corresponding to W(110), W(200), W(211),
and W(220). After hydrothermal treatment, the diffraction peaks of WO3(100), WO5(110),
and W5014 were observed, implying that W was partially oxidized to WO3; and W5014
during hydrothermal treatment. After hydrothermal treatment and reduction annealing,
there was only the W phase, and no tungsten oxide phase appeared, indicating that the
oxygen impurity was removed completely [24]. The XRD analysis results agree with the
EDS results in Figure 2i. The peak intensities have changed significantly, indicating the
crystalline orientation of nano-treated W has changed. This is caused by the growth of the
nanosheets structure along different crystal planes during hydrothermal treatment.
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Figure 4. XRD patterns of W: (a) base materials, (b) after hydrothermal treatment, and (c) after

hydrothermal treatment and reduction annealing.

3.2. Morphology and EDS Analysis of Cu Plating

Figure 5 shows the surface morphology and the EDS results of Cu plating for 1 min
and 30 min. As shown in Figure 5a, after Cu plating for 1 min, the electroplating Cu
particles partially covered the surface of the nanosheets W substrate, and the gaps between
nanosheets were filled by the electroplated Cu particles. Nanostructures formed on the
surface of W increase the specific surface of W [24]. After Cu plating, the electrodeposited
Cu particles embedded in the nano-treated W structure, which increases the contact area
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of W and Cu. At this time, a mechanical inlay effect formed between electroplating Cu
particles and the nano-treated W structure. According to the corresponding mapping
results (see Figure 5b,c), the electroplating Cu particles were uniformly distributed. In
addition, there was a large amount of W, implying that the plating time was insufficient
and the formed copper plating layer did not completely cover the base material. After Cu
plating for 30 min, the surfaces were completely covered by a Cu layer (see Figure 5d). As
shown in Figure 5e, the elemental mapping in Figure 5d only contained Cu, which is due
to the surface being covered completely by a Cu layer. Finally, after Cu plating for 30 min,
a dense Cu layer deposited on the surface of nano-treated W.

500 nm

Weight% | Atomic%
100 100

Figure 5. SEM images of the surface morphology and the corresponding EDS results of Cu plating for (a) 1 min; (b) and

(c) elemental mapping in (a); (d) 30 min; (e) element mapping and (f) EDS results in (d).

Figure 6a shows the surface morphology of nano-treated W after Cu plating for 30 min
and then annealing at 980 °C for 3 h. It can be seen from Figure 6a that the obtained W/Cu
electroplating sample exhibited a dense and smooth surface layer with the average size of
about 8 um after annealing. As shown in Figure 6b, the obtained Cu coating was about 5 um
thick after annealing. Moreover, based on the EDS line scan result, the Cu coating tightly
combined with W substrate. The electrodeposited Cu on the nano-treated W surface wetted
the surface structures uniformly and formed a compact W/Cu interface after the annealing
process, thus establishing a good foundation for W/Cu bonding. During the W/Cu
bonding process, the electrodeposited Cu coating plays the role of the interlayer metal.

Figure 6. SEM image of nano-treated W after Cu plating for 30 min and then annealing at 980 °C for
3 h: (a) surface morphology, (b) cross-section morphology and EDS line scan image.
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3.3. Tensile Strength and Microstructure Characterization of W/Cu Joints

Figure 7 shows the as-obtained W/Cu joint and tensile strength test results. It can be
seen from Figure 7 that, when the W substrates were not nano-treated, the tensile strength
of W/Cu joints only reached about 58 MPa. However, for the W/Cu joint prepared with
nano-treatment, the tensile strength reached as high as about 93 MPa, which increased
by approximately 60% compared with the one without nano-treatment. Evidently, the
W /Cu bonding strength was enhanced significantly by nano-treatment and Cu embedding.
For W/Cu bonding with a nanostructure and Cu plating, the Cu particles embedded in
the nano-treated W structures formed micro-protrusions after annealing. In the process
of W/Cu interface separation, more energy was needed to pull the micro-protrusion
compared with the W/Cu joints with flat interface, which contributes to the improvement
of the W/Cu bonding strength. Additionally, the W/Cu joints (the inset) obtained at
980 °C had good concentricity and a smooth appearance, and there were no obvious shape
changes in the specimen.

Tl —— with nano-treatment
—— without nano-treatment

~ L
A& |
»
@
o
=40}
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20
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0 1 2

3 4 5
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Figure 7. The stress-strain curves of W/Cu joints prepared with nano-treatment and without nano-
treatment. The inset demonstrates typical tensile test sample.

The microstructure of the W/Cu joints achieved at 980 °C for 3 h is displayed in
Figure 8a. Figure 8a highlights a tight bond between W and Cu, and no gap was found
in the W/Cu joint, indicating the joining was successfully realized. The distribution of
microhardness values along the cross-section of the W/Cu joint is shown as a graphical
plot in Figure 8b. The minimum hardness value (~56 HV) was obtained at the Cu side, and
the maximum hardness value (~ 470 HV) was obtained at the W side. The microhardness
curves exhibited continuous changes along the W/Cu interface, which would be in favor
of relaxing residual stress of bonded W/Cu joints [15,25].

Due to W and Cu immiscibility, it is important to investigate the interface structure
between W and Cu. The microstructure characterization results of the W/Cu interface are
presented in Figure 9. As shown in Figure 9a, the W/Cu interface was compact without
any cracks or voids. Figure 9b shows the EDX line scanning compositional profile of the
W /Cu interface along the red line marked in Figure 9a. It can be seen from Figure 9b that
a concentration gradient distribution formed at the W/Cu interface. This result may be
attributed to Cu penetrating the nano-treated W surface, forming an area where W and
Cu coexist. Additionally, the HRTEM image of the W/Cu interface shown in Figure 9b
implies that the W atoms and Cu atoms had good bonding at W/Cu interface. The SAED
pattern presented in Figure 9d shows that the W/Cu interface was composed of W and
Cu crystalline structures. These results suggest that a well-cohesive W/Cu interface was
formed using the three-step bonding process in this work.
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Figure 8. (a) The microstructure of the W/Cu joint achieved at 980 °C for 3 h with nano-treatment, (b) Vickers microhardness
distribution along the cross-section of the W/Cu joint.
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Figure 9. Microscopic characterization for the cross-section of the W/Cu joints: (a) drift corrected
spectrum profile, (b) EDX line-scanning profile along the red-line in (a), (c) HRTEM image at the
interface, and (d) selected area diffraction pattern.

In summary, nano-treatment and Cu penetrating before the bonding process effectively
enhanced the bonding strength. The method proposed in this paper can be applied for
enhancing the bonding strength of immiscible materials, including, but not limited to, W
and Cu.

4. Conclusions

In this study, high-strength bonding of immiscible W and Cu is achieved through a
three-step bonding process:

° surface nano-treatment;
e  Cu plating followed by annealing at high temperature;
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e bonding process. The nano-treatment of W was achieved through hydrothermal
treatment and subsequent reduction annealing at 700 °C for 3 h.

Nanosheets structure can be found on W substrate surface. The nano-treatment and
Cu penetrating lay a good foundation for the subsequent bonding process. After bonding
at 980 °C for 3 h, the tensile strength of the W/Cu joint fabricated with nano-treatment
reached as high as about 93 MPa, which increased by about 60% compared with the W/Cu
joint prepared without nano-treatment. The microhardness curves exhibited continuous
changes along the W/Cu interface. The TEM images show that W/Cu interface was
compact without any cracks or voids. The bonding technology proposed in this paper can
be applied for enhancing the bonding strength of immiscible materials, including, but not
limited to, W and Cu.
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