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Abstract: Pure tungsten, oxide dispersion strengthened tungsten and carbide dispersion strengthened tungsten were fabricated by
high-energy ball milling and spark plasma sintering process. In order to evaluate the properties of the tungsten alloys under transient
high heat flues, four tungsten samples with different grain sizes were tested by high-intensity pulsed ion beam with a heat flux as
high as 160 MW/(m>s ). Compared with the commercial tungsten, the surface modification of the oxide dispersion strengthened
tungsten by high-intensity pulsed ion beam is completely different. The oxide dispersion strengthened tungsten shows inferior
thermal shock response due to the low melting point second phase of Ti and Y,03, which results in the surface melting, boiling bubbles
and cracking. While the carbide dispersion strengthened tungsten shows better thermal shock response than the commercial tungsten.
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1 Introduction

Tungsten (W) is one of the most promising plasma
facing materials (PFMs) which are exposed to a strong
irradiation and high heat flux in the fusion reactor due to
its high melting point, low thermal expansion coefficient
and low sputtering yield, etc [1-4]. According to the
baseline design of international thermo
experimental reactor (ITER), the final step for the plasma

nuclear

facing component (PFC) is presented with the concept of
a full tungsten divertor before the start of deuterium-
trittum (DT) operation [4,5]. Therefore, it is important to
evaluate the performance of tungsten under condition of
the high heat loading in the next-step fusion devices.

The ion and electron beam approaches, capable of
delivering much higher specific energy density into
testing materials as compared to other methods, are
preferred for simulating transient high heat fluxes [6,7].
For this purpose, a heat flux parameter in unit of
MW/(m*s "), ie., a product of power density and

square root of pulse duration for the different heat flux
testing sources, provides a reference to assess material
performance under various transient heat flux with
estimated heat fluxes typically from tens to a few
hundreds MW/(m*s "?) during normal operation and
off-normal events [8,9]. However, cares should be taken
to explain the previous results of high heat flux testing
based on electron/ion beams since it has been pointed out
that electron beam may have a large amount of energy
reflection during high heat flux testing of high atomic
number Z materials [6] and ion beam testing has a
fluctuation of power density output of about 50% [6,10].
It was reported that the ultra-fine grained (UFG) W
and particle dispersion strengthened W alloys have
improved mechanical properties and lower ductility to
brittle transition temperature (DBTT) compared with the
usual commercial W [11—13]. However, the data of the
ultra-fine  grained tungsten and the dispersion
strengthened tungsten alloys under the transient heat flux
are limited. In this study, high heat flux testing based on

ion beam approach with relatively stable parameters
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was performed for evaluating a series of new grade
tungsten. The melting behaviour and crack formation of
the various tungsten grades during the high heat flux
were analyzed.

2 Experimental

Powders of pure tungsten (average particle size of
2.0 um, purity of 99.9%), Y,O; (average particle size of
30 nm, purity of 99.99%), Ti (average particle size of 74
um, purity of 99.9%) and ZrC (average particle size of
50 nm, purity of 99.99%) were mixed to provide the
nominal compositions of W, W—0.5%Y,0;—1%Ti and
W-0.5%ZrC (in mass fraction) in a glove box
respectively. Then each of the blends was charged into
WC vessel with WC balls for high-energy ball milling.
The high-energy ball milling process was conducted in a
high purity (99.9999%) Ar atmosphere with a rotational
speed of 380 r/min and milled for 30 h. Then the
as-received powders were sintered immediately by spark
plasma sintering (SPS) at 1700 °C for 1 min under a
pressure of 50 MPa in vacuum.

For evaluating the performance of W alloys under
the high heat flux, four kinds of W samples, sintered pure
W (SW), oxide dispersion strengthened (ODS) W
(W-0.5%Y,05—1%Ti), carbide dispersion strengthened
(CDS) W (W—0.5%ZrC) and commercial rolled W with
different grain sizes were exposed to the high thermal
load simulated by high intensity pulsed ion beam
(HIPIB). All of the tungsten samples were cut by EDM
cutting and polished with diamond pastes to dimensions
of 8 mm in a diameter and 2 mm in thickness.

The high heat flux tests were performed on a
TEMP-6 high-intensity pulsed ion beam (HIPIB)
apparatus which can produce HIPIB with an accelerating
voltage of 300 kV, the ion current density up to 500
A/em® of 75 ns beam pulse duration and the composition
of 70% proton and 30% carbon ions by using a modified
magnetically insulated ion diode [14]. It was noted that
the fluctuation of HIPIB output can be controlled to be
less than 20%, where more consistent results ensure a
more reliable evaluation of material performance under
the relatively stable repetitive heat flux. In this study, a
moderate HIPIB intensity at ion current density of 200
A/em?® was generated for the high heat flux testing, i.c.,
about 160 MW/(m*s %), at the order of the high heat
flux of most transient events anticipated for ITER
operation [3]. It should be mentioned that HIPIB
irradiation at the current density and pulse duration
usually delivers a dose of 10"-10" ion/(cm®shot),
where the element doping effect may be neglected at tens
ppm order and then the testing was regarded as a “pure”

heating processing. Moreover, the heat flux in this study
was also regarded as a surface heat flux for the tungsten
samples of 2—3 mm in thickness with a calculated heat
affected depth of several micrometers, similar to the case
of electron beam heat flux testing on tungsten coated
CFC blocks with a electron penetration of a few
micrometers in the coatings of 200 um at an acceleration
voltage of 120 kV [15].

3 Results and discussion

3.1 Commercial W

Figure 1 shows the surface morphologies of the
commercial W after irradiation by HIPIB. Obvious long
cracks with a width of ~0.15 pm occur after single shot
at the heat flux of 160 MW/(m”s "?), as shown in Fig.
1(a). As the number of shots increased from 1 to 15, the
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Fig. 1 SEM images of commercial W surfaces: (a) Irradiated
with single shot; (b) Irradiated with 5 shots; (c) Irradiated with
15 shots
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crack density increased. It is also seen that the crack
width increased to about 0.35 um when the number of
shots was up to 15. Otherwise, the high heat flux by
TEMP—6 apparatus is up to 160 MW/(m*s "), which
exceeds the melting threshold of W (=50 MW/(m?s %)),
but for the very short pulse duration (75 ns) of HIPIB,
the total heat flux is rather low. Therefore, no obvious
melting occurred in the commercial W under high heat
flux for single and multiple shots.

3.2 Sintered W, ODS W and CDS W

The sintered W (SW) with equiaxed fine grain (7
um) and relative density of 96.4% was fabricated by
high-energy ball milling and SPS. Figure 2 shows the
SEM images of SW samples exposed to the heat flux of
160 MW/(m*s ). It is obvious that a lot of fine cracks
with network structure formed and a few of boiling
bubbles with diameter of 8—10 um occurred on the W
surface after irradiating with single shot, which is quite
different from that of commercial W. As the number of
shots increased to 10, the network of cracks was dense
and the crack width increased from 0.2 pm to 0.3 pm.
Otherwise, it is interesting that the bubbles disappeared
and the loaded surface became smooth and uniform after
irradiating with 10 shots. The boiling bubbles may be
mainly generated by impurities induced by the
fabrication process after irradiating with single shot. But
for the surface cleaning effects of the HIPIB technology,

Fig. 2 SEM images of SW surfaces: (a) Irradiated with single
shot; (b) Irradiated with 10 shots

the impurities will be boiled, sublimated and vanish after
irradiating with several shots, as shown in Fig. 2(b).
Figure 3 shows the surface morphology of oxides
dispersion strengthened W with ultra fine grain size
(about 0.25 pum) after high heat flux test. It is easily
found that the behaviors of bubbles are obviously
different from the SW under the same test conditions.
Compared with pure W, as Y,0; and Ti were doped in
the W, the melting temperature of W will be decreased,
which will influence the anti-irradiation properties of W.
Thus, the obvious melting and ablating occurred on the
surfaces of ODS W with a feature of existence of craters
after irradiating with only single shot, as shown in Fig.
3(b). When the number of shots increased to 10, a
smooth and flat surface was found, which may be due to
the repeated melting, solidification and filling the caves
on the ODS W surface after irradiating with multiple
shots. Moreover, the several rapid melting and rapid
solidification caused by irradiation brought into the

Fig. 3 SEM images of ODS W surfaces: (a) Fracture surface;
(b) Irradiated with single shot; (c) Irradiated with 10 shots
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stress, which led to crack in the ODS W sample, as
shown in Fig. 3(c).

The microscopy observation of carbide dispersion
strengthened W with ultra fine grain size (about 0.5 pum)
presents the cracking and boiling bubbles on the surface
exposed to the high heat flux (Fig. 4). The dispersion
particle is ZrC with a high melting point. With single
shot, only few microcracks with a width of 0.2 um were
found. When the number of shots increased to 10, a
network of fine cracks with a width of 0.25 pm formed,
which is less than that of the commercial W and the
sintered W. This demonstrates that the CDS W sample
has a very good thermal shock resistance. Moreover,
there is no obvious melting on the surface after
irradiating with single shot or multiple shots. But some
bubbles can also be found on the loading surface with
single shot, which should be due to the impurity
introduced by the fabrication process. Figure 5 shows the
elemental map distribution measured by EDS before and
after high heat loading. For the original sample, it is
obvious that the ZrC phases distribute in the W matrix
homogenously, but obvious oxygen is also found which
may be introduced during MA and sintering process. The
element of oxygen is always accompanied with
elemental Zr. Combined with the result of XRD, it is
believed that the impurity phase is ZrO,. Obviously, the
impurity of oxide will decrease the melting point of the
CDS W. With single shot, this oxide phase will melt and
form the bubbles. From Fig. 5(b) we can see that obvious
segregation occurred for Zr and O with single shot due to
the melting of ZrO,.

W (B Zr
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Fig. 4 SEM images of CDS W surfaces: (a) Fracture surface;
(b) Irradiated with single shot; (c) Irradiated with 15 shots
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Fig. 5 Elemental map distribution of CDS W surface before and after exposure to heat flux of 160 MW/(m*s "%): (a) Original; (b)
Irradiated with single shot; (c) Irradiated with 15 shots
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4 Conclusions

1) The effects of ion beam irradiation on the surface
damage of different grades of UFG W, and commercial
W were studied under high thermal flux simulated by
high-intensity pulsed ion beam with a heat flux as high
as 160 MW/(m>s ).

2) Initial results indicated that the performance of W
after high heat flux test was mainly related to the
microstructure and the second phase. Compared with the
commercial W, the ODS W sample showed inferior
thermal shock response, due to the low melting point
second phase of Ti and Y,0;, which results in the surface
melting, boiling bubbles and cracking. While the CDS W
sample showed better thermal shock response than
commercial W.
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