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Abstract: W-ZrC composites are promising materials for plasma face components. In this paper, the W-ZrC composites were

prepared by the method of “sol gel-heterogeneous precipitation—spray drying—hydrogen reduction—ordinary consolidation

sintering”. The toughening mechanisms and interfacial bonding of the W-ZrC composites were studied. The results show that

ZrC particles can improve the strength and toughness of tungsten. The relative density and tensile strength of W-0.5wt%ZrC

were 99.2% and 460 MPa, respectively after sintering at 1920 °C. Preliminary transient high-heat flux test shows that the

W-ZrC composites can endure high-heat flux of 200 MW/m? (5 ms). ZrC particles have a process of growing up and rounding,

and translate into nearly spherical particles when sintering at 1600 °C for 1 h. At the interfacial bonding zone of ZrC particles

and tungsten, W, Zr, and C elements exhibit a smooth transition. The hardness of W, ZrC and interfacial bonging zone are 12,

22, and 18 GPa, respectively. SEM-EDS element line scanning and nanoindentation results indicate that the W and ZrC

particles form (W, Zr)C compound.
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Tungsten (W) is a promising material for plasma face
components owing to the characteristics of high melting
point, good thermal conductivity, excellent thermal stability,
and moderate thermal expansion[”]. However, shortages
such as low temperature brittleness, recrystallization brit-
tleness (recrystallization temperature 1200 °C), radiation
reduced brittleness, and poor strength have restricted the
possible applications of pure tungsten'*®
bide (ZrC) has been introduced into tungsten to increase the

. Zirconium car-

mechanical properties of tungsten for its high hardness (~20
GPa), high melting temperature (~3445 °C), and good abla-

78 To date, several sintering methods have been de-

tion
veloped to prepare W-ZrC composites, such as (1) ordinary
consolidation sintering”'", (2) hot pressing!'*"’!, (3) in-situ

[15,17], and

reactive sintering!'*'”, (4) spark plasma sintering
(5) displacive compensation of porosity (DCP)!'**" zrC
particles can inhibit grain growth and stabilize the micro-
structure when exposed to high temperatures”'"*. Moreover,

the dispersed ZrC particles can increase the high tempera-
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ture strength, plasticity, and recrystallization temperature of
tungstenm].

However, as a predominant preparing method of W-ZrC
powders, mechanical alloying is easy to introduce other low

melting point phases!'*>"

and so it is difficult to uniformly
distribute ZrC powder. Therefore, in this paper, W-ZrC
composite powder was prepared by the method of “sol
gel-heterogeneous precipitation—spray drying—hydrogen
reduction,” and subsequently ordinary consolidation sinter-
ing was introduced to produce fine-grain tungsten materi-

k!

als'”. Then, the toughening mechanisms and interfacial

bonding of W-ZrC composites were investigated
1 Experiment

Ammonium metatungstate (AMT) and nanoscaled ZrC pow-
ders (50 nm, as shown in Fig.1a) were used as the raw materials.
According to the stoichiometric ratios, sol-gel was prepared by
adding the solid metal salts (AMT) and nanoscaled carbide
powder into the deionized water with constant stirring, and a
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proper amount of organic polyethylene glycol (PEG) was used
to control the concentration of the sol-gel. Then, W-ZrC com-
posite powder was produced by a multi-step process, which in-
duced a sol-spray drying process of the precursor solution at
250~350 °C with a feed rate of 40~50 mL/min, and a subse-
quent reducing by two-step hydrogen reduction process (at 450
°C for 1.5 h, and then 750 °C for 1.5 h) in flowing hydrogen
atmosphere (dew point of -40 °C). The composite powders (as
shown in Fig.1b) were die-pressed under 400 MPa pressure to
form standard I-shaped tensile samples. The green compacts
were heated to 1000 °C in a flowing hydrogen atmosphere at a
rate of 5 °C/min and sintered at 1000 °C for 2 h, and finally
heated up to 1860~1980 °C at a heating rate of 3 °C/min for
holding 3 h. The W-ZrC composites with 0.1wt%, 0.3wt%,
0.5wt%, and 0.7wt% ZrC powder content were abbreviated as
W-0.1ZrC, W-0.3ZrC, W-0.5ZrC, and W-0.7ZrC.

The density was measured by Archimedes’ technique with
deionized water as the immersing medium. Tensile strength
was tested on the Instron-3369 type mechanical testing ma-
chine, and the operating parameters had a measuring strain
rate of 1.0 mm/min. The samples were polished and sub-
jected to Vickers micro-hardness testing at room temperature
with a load of 50 g and a dwell time of 15 s. The samples
were then subjected to nano-hardness testing at room tem-
perature (UNHT+ MCT, CSM, Switzerland, the max load:
0.50 mN, the loading rate: 1.00 mN/min, the unloading rate:
1.00 mN/min, pause: 15.0 s). Microstructure characterization
and the
field-emission scanning electron microscopy (FEG-SEM,
JSM-6360LV, JEOL, Japan) and energy dispersive spectros-
copy (EDS) analysis.

The optimized W-ZrC composites were used to conduct a
preliminary transient high heat flux test. First, the material
was cut into rectangle modules with dimensions of 15

elemental composition were examined by

mmx11 mmx3.5 mm, after polishing treatment, and they
were then subjected to a single shot with power density of
100, 200, 300, and 400 MW/m?, for 5 ms at room tempera-
ture on EMS60 electron beam facility. The high heat flux
density D was measured by the following equation:
D=1U/S (1)

Where, [ is current, U is voltage, and S is area.
2 Results and Discussion

2.1 Toughening mechanisms

The relative density and tensile strength of W-ZrC com-
posites with different ZrC contents sintered at 1860~1980 °C
are shown in Fig.2 and Fig.3, respectively. W-0.5ZrC com-
posites obtained the highest relative density and tensile
strength of 99.2% and 460 MPa, respectively, when sintering
at 1920 °C. Compared with pure tungsten tensile strength of
270 MPa, W-ZrC composites are evidently strengthened. Based
on relative density and tensile strength of the composites

Fig.1 SEM images of the powders: (a) ZrC powder and
(b) W-0.5ZrC composite powders
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Fig.2  Relative density of W-ZrC composites sintered at
1860~1980 °C with different ZrC contents

sintered at different temperatures, the optimum sintering tem-
perature is 1920 °C.

The metallographs of W-ZrC materials with various ZrC
contents (Fig.4) show that the W grain size decreases with an
increase of ZrC content. The average grain size (um) and
Vickers micro-hardness of W-ZrC composites sintered at
1920 °C are exhibited in Table 1. The grain size of pure
tungsten is about 140 um. The grain of tungsten material is
refined to 60 pm after adding nano-sized ZrC powder. ZrC
particles are uniformly distributed in the grain interior and
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Fig.3 Tensile strength of W-ZrC composites sintered at

1860~1980 °C with different ZrC contents

50 pm

grain boundaries of tungsten (as shown in Fig.4d, 4e). The
result reveals that ZrC can hinder grain boundary migration
and play an important role in refining tungsten grain during
the high temperature sintering process. The relation of
Hall-Petch is as follows:
o,=c,+Kd"’ 2)

In the formula, oy is the eternal stress, o; and K, are the con-
stants related to the material, and d is the grain diameter.
Simultaneously, attributed to the grain refinement and high
hardness of ZrC particles, the microhardness of the material
is improved. The hardness (HV) of W-0.7ZrC is 4390 MPa.
2.2 High heat flux test

The surface microstructure of W-0.5ZrC samples after
high heat flux test is shown in Fig.5. It reveals that no cracks

Fig.4 Optical micrographs of W-ZrC composites sintered at 1920°C: (a) pure W, (b) W-0.1ZrC, (c) W-0.3ZrC, (d) W-0.5ZrC, and

(e) W-0.7ZrC

Table 1 Room-temperature properties of W-ZrC composites
sintered at 1920 °C

Sample Avefage grain Teqsile Hardness,
size/pm strain/% HV(50 g)/MPa

Pure W 140 1.8 4050+50

W-0.1ZrC 100 1.9 4200+£50

W-0.3ZrC 80 2.1 4250+50

W-0.5ZrC 70 3.1 4320+£50

W-0.7ZrC 60 2.9 4390+50

appear at the power density of 100~200 MW/m”, but when
the power density increases to 300 MW/m’, small cracks
appear (Fig.5c). The magnified image shows that the crack
includes closed main crack (~300 pm, as shown in C, D of
Fig.5¢) and microcrack (~60 pum, as shown in E, F of

Fig.5f). The crack is caused by thermal stress and formed
along the grain boundaries, which is the weakest spot of
tungsten bulk.

SEM images of W-0.5ZrC cross section after high heat
flux test are shown in Fig.6. There is no obvious defect in the
cross section at the power density of 100~200 MW/m”.
However, when the power density increases to 300 MW/m’,
longitudinal cracks are produced and expanded. The magni-
fied image shows that there is interaction between cracks and
ZrC particles. When the second phase particles are encoun-
tered with the crack propagation, some cracks cut the second
phase particles and changed the direction of expansion,
whole some crack propagation terminated in second phase
particles. The above results demonstrate that the second
phase particles of high modulus can consume the energy of
crack propagation.
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Surface SEM images of the W-0.5ZrC after high heat flux test: (a) 100 MW/m?; (b) 200 MW/m?; (c) 300 MW/m?; (d) 400 MW/m?;

(e) magnified image of the area A in Fig.5c; and (f) magnified image of the area B in Fig.5¢

Fig.6

2.3 Interfacial bonding between tungsten and ZrC
particles

To further research the strengthening and toughening
mechanism of ZrC particles, the distribution of ZrC and the
interdiffusion of interface atoms between ZrC and W in
sintering progress were investigated. Fig.7 shows
SEM-BSE micrographs of polished surfaces of W-0.5ZrC
composites sintered at 1150, 1300, 1400, 1500, 1600, and
1700 °C. There are many small black dots in the SEM-BSE
micrographs. EDS analysis was carried out on the samples
(see Fig.7c). Results illustrate that the main component of
black point is Zr and C element, so the black point is the
added ZrC particles. With the temperature increasing, the
number of ZrC particles decreases, while the diameter of
ZrC particles gradually increases. It is noteworthy that the
ZrC particles have many edges and are in irregular shape
when sintering at 1150~1500 °C (Fig.7a~7d), though the

SEM images of W-0.5ZrC cross section after high heat flux test: (a) 100 MW/m?, (b) 300 MW/m?, (¢) magnified image of the area
A in Fig.6b, and (d) magnified image of the area B in Fig.6b

second phase particles are clearly rounded (Fig.7e, 7f)
when the sintering temperature exceeds 1500 °C.

SEM images and element line scanning of ZrC particles
sintered at 1400 and 1700 °C are shown in Fig.8. W, Zr and
C elements show a smooth transition, indicating that W and
ZrC particles form (W, Zr)C compound. With the increase of
sintering temperature, the thickness of interfacial region be-
tween the particles and the tungsten matrix basically remains
unchanged. However, compared with the sample sintered at
1400 °C, the region of high Zr, C elements content signifi-
cantly increase when the sintering temperature is 1700 °C.
This phenomenon indicates that diffusion and growing occur
in the ZrC particles during the sintering process. The process
of ZrC particles gradually growing and rounding can be ex-
plained by the lowest energy principle. There is interfacial
energy between the ZrC particles and the tungsten matrix.
When the volume fraction of the second phase parti-
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Fig.7 SEM-BSE images of polished surface of W-0.5ZrC composites sintered at different temperatures: (a) 1150 °C, (b) 1300 °C,

(c) 1400 °C, (d) 1500 °C, (e) 1600 °C, and (f) 1700 °C
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Fig.8 SEM-BSE images (a, ¢) and EDS element line scanning (b, d) of ZrC particles sintered at 1400 °C (a, b) and 1700 °C (c, d)

cles is fixed, the larger and more regular the second phase
particles are, the smaller the interfacial energy within the
W-0.5ZrC system is. This principle causes the disappear-
ance of small particles and the rounding of large particles.
The ability of atomic diffusion increases with the increase
in temperature, and the rounding phenomenon of ZrC parti-
cles is more obvious.

In order to confirm there was a transition region between
W and ZrC, the hardness test was carried out by nanoinden-
tation from the second phase particles to the W matrix.
Eight-point hardness test is shown in Fig.9a, and the hardness
(HV) value is shown in Fig.9c. The results reveal that the
hardness gradually decreases and then becomes stable. Ac-
cording to the reported hardness of W-ZrC composites™>"**,
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Fig.9 Nano-indentation hardness of W-0.5ZrC composites sintering at 1920 °C: (a) test point of nano-indentation; (b) atomic force mi-

croscope images after testing; (c) hardness value of different test points

among the (W, Zr)C, W and ZrC phases, ZrC have the
highest hardness value. Consequently, the region hardnesses
of 12, 22, and 18 GPa belong to W matrix, ZrC, and inter-
facial, respectively. The transition region is the composite
phase (W, Zr)C which forms through the diffusion of ZrC
and W1,

3 Conclusions

1) The W-ZrC composites are prepared by micro/nano
composite  technology by a
gel-heterogeneous precipitation-spray drying-hydrogen re-

113

process  of sol
duction-ordinary consolidation sintering.”

2) With the increase of sintering temperature, the relative
density increases rapidly, and the relative density and ten-
sile strength reached the maximum value of 99.2% and 460
MPa at 1920 °C, respectively. ZrC particles can refine
tungsten grains and increase the strength.

3) Preliminary transient high-heat flux test was per-
formed to evaluate the thermal response. W-0.5ZrC com-
posites can endure high-heat flux of 200 MW/m? (5 ms).

4) ZrC particles have a process of growing up and
rounding, and almost translate into spherical particles at
1600 °C. At the interface of ZrC particles and tungsten, W,
Zr, and C elements show a smooth transition. The hardness
of W matrix, ZrC, and interfacial region are 12, 22, and 18
GPa, respectively. The above research indicates that the W
and ZrC particles form (W, Zr)C compound.
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