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a b s t r a c t

Recrystallization and thermal shock fatigue resistance behavior of nanoscale ZrC dispersion strengthened
bulk tungsten alloys (W-0.5 wt% ZrC, WZrC) as potential candidates for plasma-facing components were
investigated. By employing heat treatments with isochronal experiments, the evolution of the tungsten
grain size/orientation, second phase particle distribution, thermal conductivity and mechanical prop-
erties were systematically studied. The effects of edge-localized mode like transient heat events on the
as-rolled and recrystallized WZrC were investigated carefully. Pulses from an electron beam with du-
rations of 1 ms were used to simulate the transient heat loading in fusion devices. The cracking
thresholds, cracking mechanisms and recrystallization under repetitive (100 shots) transient heat loads
were investigated. Results indicate that the cracking threshold of all the WZrC samples is 220e330 MW/
m2 (corresponding to a heat load parameter F ¼ 7.0e10.4 MJ/m2s1/2) at room temperature and the heat
bombardment induced recrystallization occurs at a heat parameter of 10.4 MJ/m2s1/2.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten is selected as the prime candidate for plasma facing
components (PFCs) for the divertor in the magnetic confinement
nuclear fusion reactors of the International Thermonuclear Exper-
imental Reactor (ITER), due to its melting temperature of 3410 �C,
high thermal conductivity, high neutron load capacity, low tritium
retention and low sputtering yield [1e5]. These superior properties
all together are considered to have major impact on the component
lifetime. In spite of these advantages, the selection of tungsten
materials as PFCs is quite demanding, because the PFCs will be
directly exposed to extreme conditions in the fusion plasma, such
als Physics, Institute of Solid
hui 230031, China.
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as high levels of neutron irradiation (3e30 dpa year�1) [6], a high
heat flux (HHF) of energetic particles [7], electromagnetic radiation,
sputtering erosion and some severe events or scenarios like plasma
disruptions, edge localized modes (ELMs) and vertical displace-
ment events (VDEs). Especially in the VDEs, a heat flux of
10e100 MW/m2 with duration of milliseconds to several hundred
milliseconds was predicted [8]. The high energy stored in short
periods on W materials leads to simultaneously high stress and
surface temperatures which will alter the microstructure of tung-
sten materials by recrystallization and grain growth. Typically,
recrystallization in Wmaterials leads to the formation of new grain
boundaries (GBs) with random orientations [9]. These random GBs
in the unstable high-energy state are very susceptible to cracking
and thus prone to fracture as referred to as recrystallization
embrittlement. The recrystallization embrittlement causes signifi-
cant degradation of material properties like a loss in mechanical
strength [10], a decrease in fracture toughness [11] and an increase
in the ductile-to-brittle-transition temperature (DBTT) [12].

Recently, some dispersion strengthened tungsten materials
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Fig. 1. A schematic diagram of experimental procedures.
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have been developed and attracted more attention. For example,
the small sizedW-1.1%TiC fabricated by the grain boundary sliding-
based microstructural modification (GSMM) exhibits very high
fracture strength up to about 4.4 GPa and appreciable flexural
ductility at room temperature (RT) [13]. However, the inferior
fabrication efficiency as well as the small size of this GSMM W-TiC
product would limit the engineering application as PFCs or diver-
tors. In recent works, an interface designed bulk W-0.5 wt%ZrC
alloy with hybrid microstructures was developed, which contains
refined equiaxed sub-grains, elongated mother grains and well-
dispersed nanoparticles [14]. This bulk W-ZrC alloy exhibits
excellent mechanical properties, including a flexural strength of
2.5 GPa, a strain of 3% at RT and the DBTT of about 100 �C. In
addition, it could sustain 3.3 MJ/m2 thermal load without any
cracks during single shot high heat flux tests with a pulse length of
5 ms using an electron beam [15]. But the recrystallization behavior
and especially the thermal shock fatigue resistance of this ZrC
dispersion strengthened W material have not been investigated,
despite the importance of these parameters as mentioned above.
Moreover, even less investigation of the particle distribution, me-
chanical properties and especially the corresponding thermal
shock/fatigue resistance of these materials at different recrystalli-
zation levels (initial state, recovery state, partially recrystallized
and fully recrystallized states) has been performed so far. However,
these varied states should not be negligible for the lifetime and
reliability of nuclear fusion reactor components, because the per-
formance of different grades of tungsten under transient heat loads
is strongly related to microstructures such as grain size, grain
orientation and second phase particle distribution [16,17]. So it's
quite important to study the performance of bulk W-ZrC alloys at
different recrystallization states under ELM-like transient heat
events.

In this work, the recrystallization behaviors and thermal shock
fatigue resistance (during ELM-like transient heat events) of rolled
bulk W-0.5 wt%ZrC alloy plates were systematically studied. Con-
ventional heat treatments with isochronal experiments were
applied to determine the recrystallization temperature and achieve
the various recrystallized samples. The evolution of the tungsten
grain size, grain orientation, second phase particles distribution,
thermal conductivity and mechanical properties after recrystalli-
zation have been studied carefully. In addition, an electron beam
with duration of 1 ms were applied to simulate the transient heat
loading in fusion devices. The crack formation, patterns as well as
the dynamic recrystallization and grain growth behaviors under
the extreme condition of repetitive high stress and temperature
during the electron beam loading were specifically investigated
and analyzed.

2. Experimental details

2.1. Preparing materials

A schematic diagram of the experimental procedures is given in
Fig. 1. We0.5 wt%ZrC alloys (hereafter abbreviated as WZrC) were
fabricated using pure W powders with particle size of sub-
micrometer (purity>99.9% trace metals basis), and nano-sized ZrC
powders (average particle size of 47 nm, purity>99%). A TEM image
of the initial ZrC powder and the corresponding particle size dis-
tribution are shown in Fig. 2. The detailed fabrication process was
described in the earlier work [14].

2.2. Experimental setup

As a first step towards understanding the recrystallization
behavior of the rolled WZrC alloy, conventional heat treatments
with isochronal experiments were applied. The as-rolled WZrC
plates were cut into several testing specimens with different sizes
in certain directions as shown in Fig. 1. RD, TD and ND represent the
rolling direction, transverse direction and normal direction,
respectively. These specimens were polished with 2000 mesh SiC
paper and then isochronally annealed at nine temperatures
(1000 �C, 1100 �C, 1200 �C, 1300 �C, 1400 �C, 1500 �C, 1600 �C,
1700 �C and 1800 �C) for 1 h in vacuum. The heating and cooling
rates were all 10 �C/min during the heat treatments. Hereafter, the
annealed WZrC alloy is abbreviated as A-WZrC. For isochronal ex-
periments, where annealing is carried out at various temperatures
for a constant time, recrystallization is actually a microstructural
transformation as a function of the changed annealing temperature
(Ta). So the quantitative metallography analysis (the fraction of
recrystallization) was adopted to describe the recrystallization
states. In order to study the effect of recrystallization on the per-
formance of WZrC alloys, the Vickers micro-hardness, tensile
strength, thermal conductivity and especially the thermal shock
fatigue resistance of these annealed specimens were also
investigated.

Before Vickers micro-hardness tests, the annealed specimens
cut from RDeND and RDeTD surfaces were electrolytically pol-
ished in 2% sodium hydroxide aqueous solution at RT with a pol-
ishing voltage of 18 V and a current density about 3 mA/mm2, to
obtain the mirror-polished and stress-free surfaces. These polished
specimens were then subjected to Vickers micro-hardness testing
at RT with a load of 200 g and a dwell time of 15 s.

For tensile testing, the WZrC plates were cut into dog-bone
specimens with a cross-section of 1.5 � 0.75 mm2 and a working
length of 5 mm, and then mechanically polished to remove the
cutting-induced scratches and other defects. The as-rolled and
annealed tensile specimens were all along the rolling direction. The
tensile tests were carried out using an Instron-5967 machine using
a constant speed of 0.06 mm/min at various temperatures from RT
to 500 �C.

The thermal conductivity (g) was calculated from the thermal
diffusivity (a), density (r) and specific heat (Cp) according to the
relation g ¼ aCpr. The a was determined using the laser flash



Fig. 2. A TEM image of (a) the initial ZrC powder and the statistical result showing (b) the corresponding particle size distribution.
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diffusivity system (LFA457 Micro flash, NETZSCH). The Cp was
measured by a thermal analyzing apparatus (Dupont 1090B, USA).
The density rwasmeasured by the Archimedes methods. The room
temperature properties are listed in Table 1.

High heat flux tests were performed on the RD-TD surface using
the electron beam device EMSe60 (60 kW Electron-beamMaterial-
test Scenario) at Southwestern Institute of Physics, China. This
device provides an electron beamwith amaximumpower of 60 kW
[18]. The acceleration voltage of electron beam is in the range of
90e150 kV. The maximum electron current is 400 mA. In this
experiment, a Gaussian shaped electron beam with a focused
diameter of approximately 1 mm (FWHM) and an acceleration
voltage of 120 kV was used. The beam was scanned across the
surface (scanning area 4 � 4 mm2) with a frequency of 31 kHz in x-
direction and 40 kHz in y-direction, respectively. The used ab-
sorption coefficient for tungsten was ~0.55, which corresponds to
the value obtained by means of Monte-Carlo simulations [19], and
is in agreement with the reported experimental data [20]. Ac-
cording to the previous works [15], the threshold power density for
melting of rolled W-ZrC alloys was estimated to be around
0.88 GW/m2 for 5 ms. Therefore, in this study, two different
absorbed power densities (APD, 0.22 and 0.33 GW/m2), well below
the melting threshold, were selected to investigate the cracking
regime and dynamic recrystallization of the as-rolled and recrys-
tallized WZrC alloys by multiple shots up to 100 with a single pulse
duration of 1 ms. Heat loads were applied using the heat load
parameter F, which was directly proportional to the surface power
load multiplied by the square root of the pulse duration. The cor-
responding heat parameters were 7.0 MJ/m2s1/2 (0.22 GW/m2) and
10.4 MJ/m2s1/2 (0.33 GW/m2), respectively. The based temperature
(T0) of the bulk specimens for thermal shock tests was kept con-
stant at RT. The inter-pulse time was 3 s to allow a complete
cooldown of the specimens to RT after each individual pulse.

2.3. Characterization

The metallography was obtained using an optical microscope
(ZEISS-AX10) after polishing and etching (10% potassium
Table 1
Room-temperature properties of the as rolled and annealed WZrC.

Materials Density (103 kg/m3) Specific heat (J/kg$K)

As rolled WZrC 19.07 131
1100 �C A-WZrC 19.08 130
1400 �C A-WZrC 19.09 130
1500 �C A-WZrC 19.1 131
1600 �C A-WZrC 19.1 130
ferricyanide with 10% sodium hydroxide aqueous solution). More
elaborated metallographic images of the thermal loaded area on
specimens were obtained using field emission scanning electron
microscopy (FESEM, SU8020 Hitachi). Electron Backscatter
Diffraction Pattern (EBSD) mappings were measured with an ac-
celeration voltage of 20 kV and collected using a CRYSTAL detector
(Oxford Instruments, Oxfordshire, UK) equipped on a Zeiss SIGMA
FESEM to characterize the microstructure of specimens after elec-
trolytic polishing in 5% sodium hydroxide aqueous solution with a
constant voltage of 11 V and a current density of 3 mA/mm2. The
EBSD images were slightly filtered through a software (HKL Tango)
to eliminate the influences of second-phase particles on tungsten
grain observations. The EBSD shows the orientation and distribu-
tion of tungsten grains and the corresponding misorientation
angle. For the isochronally annealed WZrC specimens, EBSD ex-
aminations were carried out on the RDeND surface. To further
characterize the tungsten grain size and orientation evolution after
the extreme thermal shock loads, the scanning area on the RDeTD
plane were also measured. TEM specimens were prepared by twin-
jet in a Struers Tenupol-5. The second phase particle size was sta-
tistically analyzed using quantitative metallography based on 500
particles from TEM images of the as-rolled and annealed WZrC
specimens.

3. Results and discussion

3.1. Recrystallization of the hot rolled WZrC

Thermal stability of the hot rolled bulk WZrC alloy was studied
by annealing for 1 h from 1000 to 1800 �C. The metallographic
images of the RD-ND plane before and after annealing are pre-
sented in Fig. 3. Intuitively, two different tungsten grains appeared
in the metallographic graphs: fine elongated grains (high resolu-
tion images are shown in Fig. 4(a)) with grey appearance and large
equiaxed grains with bright appearance. Almost all grains main-
tained the elongated shape when Ta was below 1300 �C. With
further increasing the Ta, the proportion and aspect ratio of these
elongated grains decreased significantly until 1600 �C, as depicted
Thermal diffusivity (10�6 m2/s) Thermal conductivity (W/m$K)

60.2 150
60.3 150
60.8 153
62.3 156
64.8 161



Fig. 3. Optical micrographs of the (a) as-rolled, (bee) annealed WZrC and (f) the recrystallization fraction versus the Ta after treatment for 1 h.
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in Fig. 3(a)e(e). On the other hand, large equiaxed grains appeared
after annealing at 1300 �C, indicating the start of recrystallization.
The fraction of large equiaxed grains increased rapidly with further
increasing Ta from 1300 �C to 1600 �C as indicated by the statistical
results in Fig. 3(f). Especially, when the Ta was up to 1600 �C, the
initial elongated tungsten grains were almost replaced by the large
equiaxed grains (Fig. 3(e)), suggesting the full recrystallization.
Defining the recrystallization temperature as the starting temper-
ature at which deformed materials undergo a microstructural
transformation like nucleation and/or grain growth, here the
recrystallization temperature of the hot rolled WZrC alloys is
1300 �C.

In order to get a more detailed view of grains and to analyze the
texture, an electron microscope with an EBSD detector was used.
Definition of colors and directions is as follows: red refers to<001>,
green <101> and blue <111>. In Fig. 4, the xey plane represents the
RDeND and the x-direction is the rolling direction. The z-direction
is the transverse direction perpendicular to the observation plane.
Definition of the GBs is as follows: tungsten grains with misori-
entation angle (q > 10�) are indicated by the black thick line and
with misorientation angle (2� < q < 10�) are indicated by the grey
thin line.

It could be clearly seen in Fig. 4(a), that the mother-grains were
elongated along the rolling direction and about 15 mm in length and
4 mm in width, corresponding to an aspect ratio of about 3.8. The
elongated mother-grains in the rolled WZrC alloy were composed
of fine equiaxed sub-grains. The inverse-pole figure of the as-rolled
sample shows that in most areas the rolling direction is parallel to
the [101] direction, suggesting a strong [101] texture. The EBSD
result of 1400 �C A-WZrC is shown in Fig. 4(b). Some large equiaxed
grains with size ranging from 7 to 50 mmhave been observed which
suggest that partial recrystallization and grain growth occurred
during 1400 �C annealing. In addition, the grain orientation mainly
maintained [101] direction parallel to the rolling direction, except
for a weak [113] texture parallel to the y direction (ND). Further
increasing the Ta to 1600 �C, the rolled WZrC alloys underwent
drastic recrystallization and grain growth, resulting in large
amounts of coarsening grains (7e80 mm) by exhausting initial
elongated tungsten grains. In addition, an obvious [001] texture
were developed along the normal direction, as shown in Fig. 4(c).
In this work, only grains with misorientation angles q > 2� were

measured. In this case the average tungsten grain sizes were
calculated as ~1.41 mm (in the as-rolled WZrC), ~3.92 mm (in the
1400 �C/1 h annealedWZrC) and ~11.7 mm (in the 1600 �C A-WZrC),
as shown in Fig. 5(a)e(c), respectively. It can be seen that about 83%
grains are less than 3.5 mm in the as-rolled WZrC specimen (as
shown in Fig. 5(a)). However, only 20% grains are less than 3.5 mm in
the 1400 �C A-WZrC because of the partial recrystallization and
grain growth (Fig. 5(b)). In the 1600 �C A-WZrC, the size of all grains
ranges from 7 to 80 mm (Fig. 5(c)), as a result of the full recrystal-
lization. The statistical distributions of the grain misorientation
angle before and after recrystallization are shown in Fig. 5(d). As
indicated by the black line in Fig. 5(d), the grains with low
misorientation angle (2� to 10�) are dominant in the as-rolled
WZrC. In the 1400 �C A-WZrC, there is a bimodal misorientation
distribution which contains two main parts: one is the remained
low angle part and another is the relatively high angle part near 50�

as depicted by the red dotted line in Fig. 5(d). This newly developed
high angle part came from the recrystallized large grains. After full
recrystallization in the 1600 �C A-WZrC, the distribution of grain
misorientation obeys the Mackenzie curve based on the random
distribution of grain orientation.

Further TEM analysis gives more detailed information on the
evolution of microstructures and second phase particle distribu-
tions as shown in Fig. 6. In the as-rolledWZrC, the size distributions
of the particles (nano ZrC particles) shown in Fig. 6(a) (right panel)
indicate that ZrC particles have an average size of 51 nm and a size
range from 10 to 160 nm. Lots of tangled dislocations in tungsten
grain interior or near the GBs were observed in the as-rolled WZrC
as indicated by the blue arrows in Fig. 6(a) (left panel). It is well
known that deformation energy is stored in materials mainly in the
form of dislocations [21,22]. The stored energy in the deformed
WZrC alloy could be released in three main processes: recovery,
recrystallization, and grain coarsening. Typically, recovery pro-
cesses involve the rearrangement of dislocations to lower their
energy like dislocations of opposite sign climbing towards one
another [21]. In the 1300 �C A-WZrC, the dislocation density was
decreased in comparison with the as-rolled one as shown in



Fig. 4. EBSD Characterization of the (a) as rolled, (b) 1400 �C/1 h and (c) 1600 �C/1 h annealed WZrC alloys.
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Fig. 6(b) (left panel), which resulted from the recovery process. On
the other hand, the ZrC particle distribution in the 1300 �C/1 h
annealed sample kept the same with the unannealed one: the size
range from 20 to 150 nm and the average size about 53 nm. As
indicated by the above metallography and EBSD analysis, the rolled
WZrC underwent recrystallization and grain growth during
1400 �C/1 h and 1600 �C/1 h annealing. Actually, recrystallization is
the formation and migration of high angle grain boundaries driven
by the stored energy [23]. This grain boundary migration during
recrystallization may drive the second phase particle migration and



Fig. 5. The tungsten grain size distributions in the (a) as rolled, (b) 1400 �C/1 h and (c) 1600 �C/1 h annealed WZrC alloys and (d) the misorientation distribution before and after
recrystallization.
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thus cause particle aggregation and coarsening as indicated by the
red circle line in Fig. 6(c) and (d). So the average particle size
increased to 64 nm and 66 nm in the 1400 �C A-WZrC and 1600 �C
A-WZrC, respectively. Especially, in the case of 1600 �C/1 h
annealed sample, full recrystallization and rapid grain coarsening
further increased the grain boundary migration and the expense of
initial small grains, resulting in almost all large grains and coars-
ened second particles (~180 nm) within the tungsten grain as
indicated by the blue arrows in Fig. 6(d).
3.2. Mechanical properties before/after recrystallization

The Vickers micro-hardness of the as-rolled WZrC is 510 HV for
RD-ND plane and 506 HV for RD-TD plane, respectively. The
isotropic hardness may result from the equiaxed sub-grain geom-
etry in the as-rolled WZrC. It is well known that the hardness is
closely related to the microstructure, therefore the recrystallization
behavior can be further reflected by the evolution of hardness with
Ta. From the plotting shown in Fig. 7, two characteristic tempera-
tures of 1300 �C and 1600 �C divide this curve into three stages
including i) the recovery stage for 1000 �C < Ta < 1300 �C, ii) the
partial recrystallization stage for 1300 �C < Ta < 1600 �C and iii) the
full recrystallization and grain growth stage for Ta > 1600 �C. In the
recovery stage, the hardness of annealed WZrC samples is about
490 HV which is just 4% lower than that of the as-rolled one. And
this value changes slowly with increasing the Ta (<1300 �C), which
mainly comes from the stable structure as indicated by the above
EBSD/TEM analysis and depicted by the sketch map in Fig. 7 (upper
left). However, in the partial recrystallization stage, the hardness
decreases abruptly with increasing Ta from 1300 �C to 1600 �C
which comes from the explosive increasing number of recrystal-
lized large grains and reduction of fine sub-grains (as shown in
Fig. 3(f)), as depicted by the sketch map in Fig. 7 (upper middle).
After the full recrystallization at 1600 �C, the hardness reaches a
minimum value of about 400 HV and keeps constant with
increasing the Ta to 1700 �C or 1800 �C, which is 21% smaller than
that of the initial value. The corresponding sketch map of grain
structures after full recrystallization is shown in Fig. 7 upper right.
Recrystallization induced degradation of strengthen and ductile

to brittle transition (referred to a higher DBTT) is a very important
issue for the candidate first wall materials. Fig. 8 shows the
annealing temperature dependence of tensile engineering
stressestrain curves of rolledWZrC alloys. It can be seen that all the
WZrC samples show typical brittle fracture at RT but a detectable
plastic deformation at 100 �C, indicating a ductile to brittle tran-
sition in the range from RT to 100 �C. Defining the DBTT as the
lowest temperature at which a sample undergoes a minimum
elongation >0 without failure [24], here the DBTT of all the WZrC
samples studied are about 100 �C. This DBTT value is lower than
that of the pure tungsten (400 �C) specified by ITER [25] and some
reported tungstenmaterials like rolled pureW (~200 �C from the 3-
point bend test) [26], hot forged We2Y2O3 (~200 �C from the 3-
point bend test) [27], swaged/rolled W-1.0La2O3 (~700 �C from
the Charpy impact test) [28] and forged/rolled We0.2TiC (~165 �C
from the 3-point bend test) [29]. In addition, the tensile elongations
(from 100 �C to 500 �C) of samples at different stages such as re-
covery, partial recrystallization and even full recrystallization have
all been increased compared with the as-rolled one (as shown in
Figs. 8 and 9(b)), suggesting an improved plasticity. The unchanged
DBTT combining with the increased plasticity implies an improved
ductility induced by recrystallization. This is surprising because,
normally, recrystallization leads to embrittlement due to the for-
mation of random grain boundaries with high energy which are
very susceptible to cracking and are prone to fracture. The forma-
tion of these weak boundaries was frequently attributed to the
segregation and re-precipitation of gaseous interstitial elements of
oxygen and/or nitrogen which are insoluble in the W matrix [9].
However, in the case of our ZrC dispersion strengthened W mate-
rials, it has been confirmed that active element Zr, decomposed
from ZrC, could capture impurity oxygen in tungsten and form
stable ZrOx particles during sintering [14], which would undoubt-
edly reduce the detrimental oxygen concentration in GBs and thus
mitigate recrystallization embrittlement.

In order to clearly present the evolution of tensile properties



Fig. 6. TEM images showing the microstructure and dispersed particles (left) and statistical results showing the corresponding particle size distribution (right) in the (a) as rolled,
(b) 1300 �C/1 h, (c) 1400 �C/1 h and (d) 1600 �C/1 h annealed WZrC alloys.
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Fig. 7. Vickers micro-hardness and tungsten grain structure (sketch maps) evolutions
after annealing for 1 h at temperatures between 1000 and 1800 �C. The horizontal
dotted lines indicate the hardness of the as-rolled WZrC before annealing. I) the re-
covery stage, II) the partial recrystallization stage and III) the full recrystallization and
grain growth stage.

Fig. 8. Tensile behaviors of the as rolled, 1000 �C/1 h (recovery), 1400 �C/1 h (partial
recrystallization) and 1600 �C/1 h (full recrystallization) annealed WZrC alloys at
temperatures between RT and 500 �C.

Fig. 9. The UTS (a) and elongation (b) of the as rolled and annealed WZrC alloys at
different temperatures, note that values of the reported pure W [30] are present for
comparison.
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with the Ta, the ultimate tensile strength (UTS) and total elongation
(TE) are shown as a function of test temperature in Fig. 9, where the
result of rolled pure W [30] is also presented for comparison. It can
be clearly seen that at RT the UTS value of the as-rolled WZrC is
990 MPa, about 80% higher than that of rolled pure W (550 MPa)
[30]. From 100 �C to 500 �C, the UTS values of the as-rolled WZrC
are always 200MPa higher than that of the rolled pureW (as shown
in Fig. 9(a)). While for TE, the as-rolledWZrC performed better than
the rolled pure Wwhen the testing temperature was below 200 �C.
But at 300 �C, 400 �C and 500 �C, the as-rolled WZrC exhibited
limited elongations of all about 10%. This limited plasticity may
come from the high density of defects like tangled dislocations
which would introduce stress concentrations and become the
possible sites of crack initiation. After recovery treatments, espe-
cially annealed at 1000 �C, the high-temperature elongation
increased from 10% to 22%, 28% and 27% at 300 �C, 400 �C and
500 �C (as shown in Fig. 9(b)), respectively. The UTS values of the
1000 �C A-WZrC decreased slightly in comparison with the as-
rolled one, which still kept higher than 650 MPa from RT to
500 �C (as shown in Fig. 9(a)). That's to say, an appropriate recovery
annealing is important, which could effectively enhance the
toughness of the rolled WZrC alloys. However, the partial and/or
full recrystallization significantly decreased the UTS (for example at
RT, from 990 MPa to 491 MPa) as shown in Figs. 8 and 9(a), which
was mainly attributed to the weak coarsened tungsten grains.
These coarsened grains with low strength are easy to crack through
a typical transgranular fracture under a high tensile load. This
fracture type will be discussed in the following thermal shock fa-
tigue behavior section in more details.

3.3. Thermal conductivities before/after annealing treatments

The thermal conductivity is also important for first wall mate-
rials, whichwill influence the capacity of steady high thermal loads.
So it is necessary to investigate the effect of recrystallization on
thermal conductivity. Fig. 10 shows the evolution of the thermal
conductivities of the rolled WZrC alloys with annealing tempera-
ture, where the values of aWgrade fulfilling the ITER specifications



Fig. 10. Thermal conductivities of the as rolled and annealed WZrC samples, note that
values of the reported ITER-W and GSMM W-TiC [31] are also present for comparison.
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(ITER-W) and GSMM W-TiC alloy [31] are also presented for com-
parison. The thermal conductivity of the as-rolled WZrC reduced
slowly with the increasing temperature and kept larger than
120 W/m$K from RT to 500 �C, which was 44% higher than that of
the GSMMW-TiC alloy, but about 15 W/m$K lower than that of the
ITER-W. This phenomenon probably resulted from the much more
GBs, ZrC/W phase boundaries and other defects like point defects
and dislocations than those in pure W, but much less than those in
the GSMM W-TiC alloy. These defects significantly enhanced the
scattering on electrons/phonons and therefore reduced the thermal
conductivity, which on the other hand suggests that the thermal
conductivity could be increased through reducing the defects. As
can be seen in Fig. 10 and Table 1, the thermal conductivities of
annealed WZrC alloys have indeed been increased slightly with
increasing the Ta from 1100 �C to 1600 �C.
3.4. Thermal shock fatigue behavior

In order to investigate the material response to transient heat
load events, the as-rolled and recrystallized WZrC samples were all
tested by repetitive (100 shots in total) electron beam loading at RT.
Fig. 11 is a lowmagnification SEM image of the loaded surface after
100 shots with the heat parameter of 7.0 MJ/m2s1/2. No cracks and
no surface roughening were detected for both the as-rolled and
annealed samples, whichmeans thatWZrC alloys could sustain this
heat bombardment without any surface damages. When the heat
parameter was increased to 10.4 MJ/m2s1/2 (100 shots), cracks were
observed on the heat loaded sample surfaces as shown in Fig. 12.
The finite element analysis results indicated that the crack forma-
tion can be mainly attributed to thermal tensile stresses induced by
temperature gradients perpendicular to the heated surface during
the heat off [32,33]. Usually, during heating, temperature gradients
induce compressive stress and result in plastic and/or elastic
deformation as shown in Fig. 13(a). When the tensile stress
generated during the cooling stage is larger than the tensile
strength of the WZrC alloy, the cracks will form, as shown in
Fig. 13(b). For the as-rolled specimens, five main cracks propagated
straightly through the loaded area with a direction parallel to the
RD as shown in Fig. 12(a). After recovery annealing at 1000 �C or
1300 �C, the cracks were still in the straight form but have lower
cracking densities compared to the as-rolled one (as shown in
Fig. 12(b) and (c)). The reduced cracking density may came from the
improved toughness as well as the decreased residue stresses in the
recovery-annealed WZrC as discussed in the above microstructure
and mechanical sections. In the case of partially recrystallized
sample (1400 �C annealed), dendritic cracking appeared as shown
in Fig. 12(d), which indicated the existence of different cracking
propagation way between the 1400 �C A-WZrC and the as-rolled or
recovery-annealed specimens.With increasing the recrystallization
fraction, such as for the 1500 �C A-WZrC sample, the dendritic
cracks increased and constructed a dense crack network covering
the entire electron beam loaded area (as shown in Fig. 12(e)), which
implied that the cracking propagation was closely related to
recrystallized grains. For the fully recrystallized WZrC sample
(Fig. 12(f)), more dense crack networks were observed. But the
sides (cracks) of this network looked more homogeneous and
circumferential.

In order to further explore the mechanism of the different
cracking patterns, the loaded surfaces with cracks have been
investigated carefully. Fig. 14 presents the higher magnification of
surface damages/cracks on the as-rolled, partially and fully
recrystallized samples, where the original surface of the as-rolled
sample before heat bombardment is also present. It can be clearly
seen that the as-rolled WZrC consisted of fine equiaxed sub-grains
(<3.5 mm) as indicated by the above EBSD analysis. The SEM image
clearly exhibits that these straight cracks on the as-rolled WZrC are
primary intergranular cracks with jagged shape and crack width of
~5 mm. This cracking pattern suggests that the strength of the fine
equiaxed sub-grains is larger than that of the GBs and thus cracks
propagate along the GBs. In the case of partially recrystallized
sample (1500 �C annealed), the dendritic cracks were initiated in
the recrystallized large grains and then spread along GBs with crack
width of ~5 mm, which potentially resulted from the relatively low
strength of these recrystallized grains. For the 1600 �C A-WZrC
specimen with dense crack networks, the cracks spread along GBs
of the fully recrystallized grains with crack width of ~3.5 mm. That's
to say, the boundaries of the recrystallized grains wereweaker than
grain matrixes. So it is emphasized again that strengthening GBs is
important for enhancing the thermal shock resistance as well as the
mechanical properties.

The repetitive (100 shots) high heat flux loading on the tungsten
surface could form high stress and temperature simultaneously.
These extreme conditionsmay lead to the dynamic recrystallization
and grain growth and thus influence the thermal fatigue resistance
of the PFC. In order to study the recrystallization and grain growth
in the as-rolled and annealed WZrC alloys after the repetitive high
heat parameter of 10.4 MJ/m2s1/2 (APD, 330 MW/m2), EBSD ex-
aminations were carried out. Definition of colors and directions in
Fig. 15 is as follows: red refers to <001>, green <101> and blue
<111>. The xey plane represents the RDeTD and the x-direction is
the rolling direction. The z-direction is the normal direction out of
the observation plane. Fig. 15(a)e(c) show the EBSD results of the
as-rolled, 1400 �C and 1600 �C annealed WZrC specimens after 100
shots, respectively. Intuitively, a straight crack along the RD was
observed in the as-rolled WZrC (as shown in Fig. 15(a)), which was
consistent with the above SEM analysis. In addition, the inverse-
pole figure (Fig. 15(a) bottom panel) presents two preferred ori-
entations after repetitive thermal loads: one is the original [101]
direction parallel to the RD and the other is a newly developed
crystal orientation of [111] direction parallel to the ND. This newly
developed tungsten grain orientation suggested the occurrence of
recrystallization induced by the repetitive high stress and tem-
perature. Due to the breakdown of the single color infrared py-
rometer used for measuring the surface temperature of the samples
in electron beam test facility EMS-60, we had to theoretically
calculate the surface temperatures by using the following formula
[34,35]:



Fig. 11. Low magnification SEM images showing the loaded areas on the (a) as rolled, (b) 1000 �C/1 h, (c) 1400 �C/1 h and (d) 1600 �C/1 h annealed WZrC samples after 100 shots
with the heat flux of 7.0 MJ/m2s1/2.

Fig. 12. Surface morphologies showing cracks in the loaded areas on the as rolled and annealed WZrC samples after 100 shots with the heat flux parameter of 10.4 MJ/m2s1/2.
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Tmax ¼ T0 þ 2P
�
t
�
pgrCp

�1=2 (1)

where Tmax stands for the maximum surface temperature due to a
transient high heat load, T0 for the based temperature at RT, P for
the power density (W/m2), t for pulse duration (s), g for the thermal
conductivity (W/m$K), r for the density (kg/m3) and Cp for the
specific heat (J/(kg$K). When we took the values of Cp, g and r for
the rolled WZrC at RT (as shown in Table 1), it was found that the
threshold power density for melting of the WZrC lies around
0.82 GW/m2 for 5 ms, which is consistent with the previous work
(0.66e0.88 GW/m2) [15]. This theoretical calculation has been
indicated a valid method to simulate the maximum surface tem-
perature especially in the relatively low power density [36]. So in
this work, the maximum surface temperatures of the as-rolled
WZrC was calculated to be about 633 �C at 330 MW/m2 for
1 ms at a single shot, which is obviously below the recrystallization
temperature tested by the isochronal experiment. It could be
concluded that the recrystallization in the as-rolled WZrC was due
to the repeatedly dual acceleration of the high stress and



Fig. 13. Sketch maps showing the general mechanism of crack formation in thermal loading tests.

Fig. 14. High magnification SEM images showing the different cracking patterns in the as rolled, 1500 �C/1 h (partially recrystallized) and 1600 �C/1 h (fully recrystallized) treated
WZrC alloys after 100 shots with the heat flux of 10.4 MJ/m2s1/2. The metallographic graphs of the as rolled WZrC before thermal shock tests are presented for comparison.
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temperature. Normally, the stress could be released through plastic
deformation like surface roughening during the heating stage if the
thermally induced compressive stresses exceed the yield strength
of the tungsten. But this surface roughness has not been observed
in the as-rolled WZrC samples after repetitive thermal loads with
the heat flux parameter of 7.0e10.4 MJ/m2s1/2, which suggests that
the stress is only consumed by elastic deformation. This behavior
also implied the high yield strength of the as-rolled WZrC alloys. In
this case, the loading stress would be accumulated in material
surfaces in the form of stored energies like dislocations. The grad-
ually increased dislocations may introduce stress concentrations
and become the possible sites of crack initiationwhichwould result
in a weak thermal fatigue resistance (100 shots, cracking threshold
220e330 MW/m2, almost the same with the performance of the
ITER-W [37]) in comparison with the reported excellent thermal
shock resistance (single shot, 660e880 MW/m2) of the as-rolled
WZrC [15]. On the other hand, the stored energy may promote
the recrystallization and thus reduce the recrystallization temper-
ature to a relatively low value during the repetitive thermal loads
[38]. The repetitive high heat flux induced recrystallization has also
been confirmed by long-pulse laser beam loading experiments in
the cold-rolled tungsten [39].
In order to further confirm the occurrence of recrystallization in
the annealed WZrC, the EBSD results of the 1400 �C and 1600 �C A-
WZrC after thermal loads are present in Fig. 15(b) and (c), respec-
tively. As shown in Fig. 15(b), some newly developed tungsten
crystals with [113] orientation parallel to the RD and parts of them
with [113] orientation parallel to the TD were observed in the
1400 �C A-WZrC, which deviated from the original preferred grain
orientation of [101] parallel to the RD. In the case of 1600 �C A-
WZrC, only a strong [001] texture along the NDwas developed from
the initial (001)[101] texture after thermal loads. That's to say, re-
petitive high heat flux loading on the tungsten surface indeed led to
the recrystallization and the preferred orientation of these recrys-
tallized grains is related to the initial state of materials.

The material damage was also investigated from the top surface
to the bulk of the flat disc shaped blocks using optical image ana-
lyses of polished and etched cross-section surfaces as shown in
Fig. 16. It can be seen that the cracking depth were all about 230 mm
for the as-rolled and annealed WZrC after 100 shots with the high
heat parameter of 10.4 MJ/m2s1/2. And in the 1400 �C A-WZrC, an
thermal influenced area (depth ~ 500 mm) with large grains
(~100 mm) was very different from the bottom area (grain size
about several microns), which should come from the



Fig. 15. EBSD Characterization of the loaded areas on the (a) as rolled, (b) 1400 �C/1 h and (c) 1600 �C/1 h annealed WZrC alloys after 100 shots with the heat flux of 10.4 MJ/m2s1/2.

Fig. 16. Optical images showing the cracking depth on the cross-section surfaces of the (a) as rolled, (b) 1400 �C/1 h and (c) 1600 �C/1 h annealed WZrC alloys after 100 shots with
the heat flux of 10.4 MJ/m2s1/2.
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recrystallization near the surface region.

4. Conclusion

This work has focused on understanding the recrystallization
behaviors as well as physics processes and underlying mechanisms
involved in thermal shock fatigue issues for W-0.5 wt%ZrC alloys
under transient heat loads. Recrystallization behaviors of the rolled
bulk WZrC alloy have been investigated using conventional heat
treatments with isochronal experiments, which indicates the
starting temperature of recrystallization for the hot rolled WZrC
alloys is 1300 �C. In addition, the evolution of the tungsten grain
size/orientation, second phase particle distribution, thermal con-
ductivity and mechanical properties after different annealing
treatments has been studied systematically. It is found that recov-
ery annealing could improve the toughness and thermal conduc-
tivity of the rolled WZrC alloys without reducing the strength or
changing the tungsten grain structure/orientation and second
phase particle distribution/size.

The effect of transient thermal loads (100 shots at RT) on the as-
rolled and annealed WZrC alloys have been investigated by
employing an electron beam test facility (EMS-60). It is found that
the cracking thresholds for the as-rolled and recrystallized WZrC
samples are 220e330 MW/m2 (F ¼ 7.0e10.4 MJ/m2s1/2) at room
temperature with 100 shots. Straight cracks with cracking width of
~5 mm and depth of ~230 mm were observed on the as-rolled and
recovery-annealed WZrC sample surfaces. While dense crack net-
works with cracking width of 3e5 mm and depth of ~230 mmwere
found on the partially and fully recrystallized WZrC sample sur-
faces. The EBSD analysis shows that the heat bombardment could
induce recrystallization on the WZrC sample surface at a heat
parameter of 10.4 MJ/m2s1/2 and the preferred orientation of these
recrystallized grains is related to the initial state of materials. It
could be concluded that this heat loading induced recrystallization
comes from the dual acceleration of the high stress and tempera-
ture. However, more plasma material interaction studies are
needed to confirm the recrystallization mechanism and identify
reliable materials for PFCs in reactor conditions.
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