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Abstract: Thermal fatigue behavior under various cyclic heat loading is an important concern for tungsten as armor material in

fusion devices. Surface morphology controlling experiments have been performed on polycrystalline tungsten using an ECR plasma

system and cyclic heat loading tests have been conducted upon the polished and modified samples using an electron beam apparatus.

The results indicate that the surface topography has little effect on the characteristics of damage caused by the cycle plastic

deformation during the cyclic heat loading. The micro-cracks and extrusions form in some grains after suffered 300 cyclic heat

loading, which are aligned in different directions for varying grains. In addition, the modified specimens with both different

triangular pyramid and homogeneous nanostructures were fabricated by dry etching under different conditions. The cross-section of

damage regions were analyzed and a set of schematic diagram was presented to explain the mechanism for the formation of

micro-cracks and extrusions under cyclic heat loading.
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Tungsten (W) will be used in the ITER divertor as a plasma
facing material (PFM) and in many future fusion devices
owing to its good thermal properties and low erosion rate'"”.
Tungsten armor material will be exposed to extreme
conditions of steady-state heat loading and several types of
transient heat loading during operations®’. Therefore, tungsten
would suffer a variety of cyclic heat loading and the heat
loading may lead to two kinds of damage of W materials: one
is cracks, surface melting, evaporation, etc. caused by
transient high heat flux (HHF) loads and the other is thermal
fatigue phenomenon caused by stress with different strain
rates under fluctuation of temperature, which results from
unstable heat flux'*’!. Recently, a series of HHF loads tests
have been carried out on tungsten using either an electron
beam or a pulsed laser apparatus. From these results, it is
concluded that the damage types, such as roughening, cracks
and surface melting, evolve as a function of transient heat
loads, number of pulses and temperature of the W substrate!®*!.
However, few studies focus on the thermal fatigue caused by

cyclic heat loading on the armor materials in fusion devices.
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As is known, the temperature fluctuations always exist in
ITER and future fusion devices. So the thermal fatigue should
be considered to a serious concern to the performance of
W-PFMs.

In this paper, different nanostructures have been fabricated
on the surface of tungsten substrates by dry etching under
df ferent conditions to study the impacts of different surface
morphologies on fatigue property under cyclic heat loading.
The electron beam apparatus, used to generate cyclic heat
loads, has been employed to investigate the thermal fatigue
behavior of tungsten substrates. The central maximum heat
flux is 48 MW/m” with the pulse duration of 1 s through the
cyclic heat loading.

1 Experiment

Material used in the present work was recrystallized
tungsten with a high purity (>99.9%), purchased from AT&M
Refractory Metal & Ceramics Branch (China). The test
samples were cut to 10 mmx10 mmx2 mm pieces by wire-
surface of the

electro discharge. The samples was
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electro-chemically polished to a mirror-like finish with an
arithmetic mean roughness (R,) of less than 0.1 pm in order to
obtain a well-defined reference surface. After polished, the
substrates were ultrasonically cleaned in ethanol and deionized
(DI) water and subsequently dried with nitrogen (N,) gas.

The cleaned tungsten substrates were used to fabricate the
nanostructures on the surface of the samples via two kinds of
processes. A schematic of processing steps are shown in Fig.1,
which shows deposition of thin film of nickel (Ni) on the
tungsten substrates, followed by rapid thermal annealing to
break the Ni film into nanoparticles. During the process, the
nanoparticles were formed by themselves, thus having an
advantage of relatively simple and cost-effective process.
These Ni nanoparticles were used as an etch mask to pattern
the tungsten substrates. Another process had the same dry
etching parameters without the deposition of Ni and thermal
annealing steps. According to the comparative study of the
two methods, we investigated the effect of the Ni
nanoparticles on the morphology of tungsten substrates.

To form the nanosized etch mask patterns, the Ni thin film
was deposited on the samples by a magnetron sputtering
system. The depositions were performed at a base pressure of
10~4 Pa, room temperature, 15 W of the power and 20
standard cubic centimeters (cm’/min) of pure Ar. The target-
substrate distance was 8 cm, the working pressure was 7 Pa
and the deposition time was 10 and 25 min. The samples (with
the nickel film) were annealed at 650 °C for 10 min under Ar
protectiveenvironment.

Dry etching of the samples was carried out in an electron
cyclotron resonance (ECR) plasma system with gas mixture of
CF, (8 cm’/min) and O, (5 cm’/min). In the process of plasma
etching, the working pressure was of 0.2 Pa. After the dry
etching, the remaining Ni nanoparticles were removed by
nitric acid rinse.

The thermal fatigue experiments were conducted upon the
polished type A sample and the modified type B samples in
the electron beam apparatus with 8 kV rated voltage. The
polished and the modified specimens were mounted on a carbon

Ni

ﬂ Annealing

ﬂ Dry etching

Fig.1 Schematic of the nanostructure fabrication process: depositing

Ni film on tungsten substrate, thermal annealing and dry etching

cruc ble placed on a water-cooled Cu block. The thermal
fatigue tests were conducted out with 300 pulsers at an
absorbed power density of 48 MW/m” with a duration of 1 s
followed by a 11 s interval to cool the loaded area to the base
temperature.

The surface morphology of the substrates was observed by
an S-4800 scanning electron microscope (SEM) using a field
emission microscope with an operating voltage of 15 kV. The
subsurface cross-section information after cyclic heat loading
tests was obtained by focused ion beam (FIB) technology and
imaging (SEM). In addition to SEM, electron backscatter
df fraction (EBSD) was used to correlate the crystallographic
orientation of grains to the surface morphology induced via
cyclic heat loading.

2 Results and Discussion

2.1 Characteristics of nanostructure

The tilted-view SEM images in Fig.2 show different grain
surface morphology of polycrystalline tungsten substrates
modified by ECR plasma etching for 60 min. Owing to the
anisotropic etching of polycrystalline tungsten, the whole
tungsten surface is covered with triangular pyramid nano-
structures with different orientations that are strongly affected
by crystallographic orientation of the grains. Based on this fact,
grain orientations could be determined using etch patterns’. It
is similar to the way of preparation of pyramid structure on the
silicon surface by anisotropic etching in NaOH solution. Unlike
monocrystal silicon, the grains of tungsten substrates have

different orientations, so the triangular pyramid nanostructures
are various, as shown in Fig.2.

Fig.3 shows the tilted-view SEM images of morphologies
of the nanostructures on tungsten substrates fabricated by
ECR plasma etching for 60 min with different deposited time

Fig.2 SEM images (23°-tilted oblique view) of the surface morpho-
logies modified by ECR plasma etching, which represent
three grains of different crystal orientations (a, b and c¢) in

one tungsten sample
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Fig.3 SEM images (23°-tilted oblique view) of surface morpho-

logies of tungsten substrates modified by ECR plasma etching
with different deposited time of Ni assisting: (a) 10 min,
(¢) 25 min, (b, d) is higher magnification of grains E and F

shown in Fig.3a and Fig.3c, respectively

of Ni film assisting (10 min and 25 min). In these images,
residual nickel nanoparticles have been removed by nitric acid
rinse, and only tungsten nanostructures created out of the
tungsten substrates are imaged. The images in Fig.3 show that
the nanostructures fabricated on the tungsten surface are very
uniform and not affected by the crystallographic orientation of
the grains, especially with thicker Ni film assisting. Clearly,
very different structures form by dry etching with Ni mask
patterns. The images in Fig.3b and 3d illustrate that the
characterization of the nanostructures fabricated is strongly
affected by the thickness of Ni films. The average period
between adjacent nanostructures becomes larger and the
average diameter of nanostructures increases when the Ni film
thickness increases. Compared with the images in Fig.2 and
Fig.3, we can assume that the thermally annealed Ni
nanoparticles play a decisive role in controlling the final
characterization of the nanostructures on tungsten substrates.
The reason for the formation of the uniform nanostructures
is the existence of Ni nanoparticles uniformly distributed over
the tungsten surface obtained by thermal annealing process.
This process occurs because the surface energy of the Ni film
is larger than that of the interface and the underlying substrate
when thermally heated, so the metal film collect into
nanoparticles on the substrate surface to minimize its energy,
like the mechanism of Ostwald ripening!'®'"). These Ni
nanoparticles are used as etch mask patterns in the process of
ECR plasma etching. Meanwhile, CF, and O, plasma are
responsible for the etching of exposed tungsten substrates.
With the etching process, the nickel mask also gets etched
slowly, resulting in the uneven etching of the tungsten surface.
In the end, the island-like nanostructures are formed onto the

tungsten substrates. So the critical factor for fabricating the
uniform nanostructures is the formation of large-scale
nanosized etch mask patterns.

2.2 Thermal fatigue behavior

Finally, cyclic heat loading tests were conducted upon the
polished type A and modified type B samples, with the
transient heat flux loads at 48 MW/m”. Fig.4 presents SEM
images of the surface morphologies of type A and type B
samples, which were exposed by 300 cyclic heat loading. In
the case of the experiment, the cyclic heat loading rapidly
increases and reaches about 48 MW/m” for 1 s as the electron
beam irradiation starts. Subsequently, the heat loading rapidly
decreases to zero and remains for 11 s. At the same time, the
surface temperature of tungsten samples orders periodically
alter with the change of heat loading.

For type A sample, micro-cracks and extrusions are
observed on the surface with the cyclic heat loading, as shown
in Fig.4a and 4b. In addition, micro-cracks along the grain
boundaries form, where the bonding energy is weaker than
that of other places. The directions of micro-cracks and
extrusions differ from one grain to another, depending on the
crystallographic orientation of the grains. The characteristics
of the surface morphologies are similar to the results obtained
in Ref. [12]. The author discussed that the morphologies are
considered to be due to the repetitive anisotropic deformation
and thermal fatigue by cyclic heat loading. However, the
formation of the morphologies is not clearly explained.

The samples of type B have been fabricated with
nanostructures on the surface before the cyclic heat loading
tests. As the SEM images shown in Fig.4c and 4d, the charac-
teristics of the surface morphologies, such as micro-cracks and
extrusions, are similar to the results obtained on type A sample
surface. Through the comparison between type A and type B,
the surface morphology has little effect on the characteristics
of micro-cracks and extrusions. The lines of micro-cracks vary
from one grain to another, which reflects the close relationship
between the morphology and crystallographic orientation of
the grains. The formation of these directional micro-cracks
and extrusions on surface might be caused by the shear or
deformation along a certain slip plane of grain. In addition, the
nanostructures fabricated by dry etching have deformed
seriously after exposed by 300 cyclic heat loading shots
(Fig.4e and 4f). The deformation is mainly due to the partial
melting of the nanostructures caused by temperature rise
during cyclic heat loading.

2.3 Mechanism of formation

The morphology of extrusions was also obtained in Ref.
[13], which was called scale-like structures. However, the
formation of the scale-like structures was not clearly explained.
In order to get a meaningful and precise explanation of the
mechanism for formation, the FIB cross-section of the
micro-cracks and extrusions on type A sample surfaces were
examined and depicted in Fig.5. Due to the effect of FIB
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Fig.4 SEM images of surface morphologies after exposed to 300 cyclic heat loading: (a, b) different origins of type A sample;

(c~e) different origins of type B sample; (f) higher magnification of square area in Fig.4e

processing, there is no useful information to ascertain the
mechanism, as shown in Fig.5a and 5b. Therefore, the cross-
section was treated by etching solution (0.5 g K;[Fe(CN)g]:
0.5 g NaOH:100 mL H,0) for 20 min to eliminate the effects.
After treatment, parallel lines arranged in a certain direction
appear on the cross-section. The parallel lines correspond to
the micro-cracks and extrusions on surface, and the lines of
the two surfaces are connected to form a surface, which is a

lattice plane. Based on the results above it can be stated that
the micro-cracks and extrusions should be caused by the cycle
plastic deformation, or in other words cyclic slip. The
formation process of micro-cracks and extrusions could be
explained by a schematic diagram in Fig.6"". During thermal
fatigue tests, a cyclic switching-over of the process of heat
loading and interval will subject the sample alternately to
extrusion and tension stresses. As a consequence, cyclic stress

Fig.5 FIB cross-sectional SEM images of the different damage regions on type A sample after exposed to 300 cyclic heat loading: (a, b) original

cross-section surface; (c, d) after etching
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3 Conclusions

%Slip step ¥ Intrusion .
i S o 1) The surface topography has little effect on the
: /N a: : : characteristics of damage caused by the cycle plastic
i Slip plane P i deformation during the cylic heat loading.
|

2) It is relevant to the distribution of shear stress on
crystallographic slip planes of grain, which depend on the

crystallographic orientation of the grains.
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In addition, micro-cracks and extrusions are only generated
in some grains at the tungsten surface, because the shear stress
on crystallographic slip planes differs from grain to grain,
strongly depending on crystallographic orientation of the
grains. In some grains, Schmidt factor (affected by
crystallographic orientation) is relatively large and the slip
system is most likely to occur.

SHRMII=HI R EABIAAEEER TRIPIRFERE

T o5 E O FBM, bal, KREM, O
e TR2E, b 100124)

B OE: EENRASKRE T REMEHE S AR AT R B AT 0 AN R R, KA TRk (ECR) 485 THA R
GEAE 2 AR TN HEAT TSR RS2, AR5 SR T AN ROCAT BAT — 8 R I TE SRR it T AR P SR 45 RRY], RIJESINAE
PEFR AN R A G IR BB PEAL TR B B R SEMAAR /D, 7E 300 IRIEFRFRAAT T S ok th TE A T e G R B 85, BN IFEAR
[F] Aok HH 45 B T APATHES o BeAh, R4 i 55 8 T AR Z0 e B R T 46 T AN IR AR HEIR AT ST I 9K &5 o %t
03 DS BEAT T 207 9748 Hh T AEPR SRR N 1K T i R R s

REEIA: B TESUES] MRERERAT Bk

RN £ 58, 55, 1990 4F4E, it Jbnt Tk K2 BEREE 5 TR BE, dbat 100124, HLiE: 010-67396274, E-mail: 1072180735@qq.com



