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Abstract
The failure mechanism of plasma-facing components (PFCs) under extreme plasma conditions
relevant for fusion reactors were investigated. Here, edge-localized mode (ELM)-like transient
thermal shock irradiation experiments were performed on tungsten and molybdenum using
compressed plasma flow, and combined with thermal–mechanical analysis by means of finite
element simulations to discuss the grain structure evolution, cracking behavior and variations of
hardness. When ELM-like thermal shock irradiation was sufficient to melt tungsten and
molybdenum, a submicron-sized cellular sub-grain structure was created on their surface due to
the high temperature gradient of the molten layer under the effect of Bénard–Marangoni
instability. Rapid directional solidification from the bottom of the molten layer to the surface
induced the formation of columnar grains dominated by the <200> orientation. While the
formation of cellular sub-grains increased hardness, the thermal effect of irradiation and the
formation of columnar grains led to softening. The high thermal stress induced by the ELM-like
thermal shock produced macro-cracks and micro-cracks on the surface of tungsten and only
micro-cracks on the surface of molybdenum. Macro-cracks were generated due to the intrinsic
brittleness of tungsten. As a result of stress evolution, longitudinal macro-cracks extending
perpendicular to the surface experienced transverse transformation within the material.
Micro-cracks formed due to the embrittlement of the re-solidification zone, and their width
increased with the melting depth. These results help us to understand failure mechanisms in
PFCs under extreme operating conditions and are valuable for developing future fusion reactors.
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1. Introduction

High-power edge-localized mode (ELM) bombardment is
one of the greatest lifetime and performance challenges for
plasma-facing materials (PFMs) in future fusion reactors,
whose transient power densities can exceed 1 GWm−2 [1–3].
Tungsten is intended to be used as a first-wall PFM of ITER,
for example as a divertor, due to its high melting point, high
thermal conductivity and low sputtering yield [3–5]. Molyb-
denum has the advantage of a high melting point as well as
high reflectivity retention after sputtering, and is regarded as
a candidate for the first mirror PFM [6–8]. It is important
to study the irradiation damage mechanisms of tungsten and
molybdenum under ELM-like transient thermal shock.

Materials are subjected to strong heat and high temperat-
ure gradients during the process of ELM thermal shock irra-
diation. Strong thermal effects can lead to material recrystal-
lization, melting and even ablation, while high temperature
gradients can bring about high thermal stress and induce crack-
ing, either of which can affect the mechanical properties of
the PFM and thus shorten the service life [3]. When ELM-
like thermal shock irradiation is sufficient to melt the material,
the re-solidified layer tends to form a columnar grain structure
[9–11]. A submicron-sized cellular sub-grain structure is also
frequently seen on the surface of materials after ELM-like
thermal shock irradiation [10, 12–20]. However, researchers
are not unanimous in their interpretation of the formation of
the cellular sub-grain structure. Makhlay et al [14] sugges-
ted that this formation process might be related to the high-
speed quenching of the surface layer. Li et al [20] argued that
this was the result of the accumulation of dislocations induced
by high plastic deformation of the surface. Shymanski et al
[12] suggested that the separation of light impurities (like car-
bon or oxygen) in the material before crystallization could
lead to the disturbances of free surface and consequent cre-
ation of such a structure. Although Qu et al [13] were unable
to determine the cause of the formation of the cellular sub-
grain structure, they suggested that its size might be related to
the viscosity of the molten material. After irradiation, macro-
cracks and micro-cracks appear on the tungsten surface [19,
21]. Macro-cracks occur due to the intrinsic brittleness of the
material, while micro-cracks are related to the melting and re-
solidification process [13]. Besides the ductile-to-brittle trans-
ition temperature (DBTT) of the material [22], the heat flux
factor of the thermal shock irradiation [23], the base temper-
ature of the material during irradiation [24, 25] and the pro-
cessing history of thematerial [26] are the key factors affecting
macro-crack generation. Moreover, longitudinal macro-cracks
extending perpendicular to the surfacemay undergo transverse
transformation within the material [27, 28].

A pulsed plasma [13, 21, 29], high-power electron beam
[26, 30] and strong laser [31, 32] are commonly used for the

experimental study of ELM-like thermal shocks due to the lim-
itation of the amount of experimental equipment available for
large-scale fusion reactions. Previous experiments showed that
the materials exhibited similar damage behavior and damage
thresholds for different thermal loading techniques [17, 33,
34], all of which have good reliability in testing the transi-
ent thermal shock resistance of materials. In terms of simu-
lation, the finite element method, based on the heat conduc-
tion equation and the theory of elasto-plastic mechanics, is
capable of reconstructing the distributions of temperature and
thermal stress quickly and accurately, and is often used in
the thermal–mechanical analysis of materials in the process
of thermal shock irradiation [23, 35, 36]. The combination of
ELM-like thermal shock irradiation experiments and finite ele-
ment method simulation is very helpful for understanding the
mechanism of generation and evolution of irradiation damage.

In this study, pure tungsten and pure molybdenum were
irradiated using a compressed plasma flow (CPF) with differ-
ent energy densities, and the evolutions of temperature and
thermal stress/strain of the materials in time and space dur-
ing irradiation were simulated by the finite element method.
Combining the results of experiments and simulation, the
grain structure evolution, cracking behavior and hardness
changes of tungsten and molybdenum under ELM-like tran-
sient thermal shock are discussed.

2. Methods of experiments and simulation

Commercial rolled plates of pure tungsten and pure
molybdenum (purity >99.99%) from Advanced Tech-
nology & Materials Co., Ltd (AT&M) with a size of
10 mm× 10 mm× 2 mmwere used as experimental samples.
Table 1 shows the physical properties of tungsten and molyb-
denum at room temperature (RT) (density ρ, specific heat
capacity C, thermal conductivity λ, Young’s modulus E,
Poisson’s ratio υ, thermal expansion coefficient α and yield
strength σs) as well as their latent heats of fusion (L), melting
point (Tm), recrystallization temperature (T r) and the DBTT,
which were obtained from the Material Properties Database
(MPDB) software and [37, 38]. Prior to irradiation, tungsten
andmolybdenumwere polished to a mirror finish using silicon
carbide paper and diamond paste.

All tungsten and molybdenum samples were treated by
compressed nitrogen plasma flow at RT. All irradiation exper-
iments were performed with three pulses, and the pulse dura-
tion and interval were approximately 100 µs and 20 s, respect-
ively. The experiments were performed in a ‘residual gas’
mode in which a pre-evacuated vacuum chamber (with the
main material being stainless steel) was filled with the work-
ing gas (nitrogen) up to a pressure of about 400 Pa. A CPF of
6–10 cm in length with a diameter of 1 cm in the maximum
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Table 1. Physical properties of tungsten and molybdenum at room temperature and their L, Tm, T r and DBTT.

Material
ρ

(g cm−3)
C

(J (kg K)−1)
λ

(W (m K)−1)
E

(GPa) υ
α

(K−1)
σs

(MPa)
L

(J g−1)
Tm

(K)
T r

(K)
DBTT
(K)

W 19.25 132 173 411 0.28 4.5 × 10−6 1305 284.3 3695 1478 673
Mo 10.28 251 138 329 0.31 4.8 × 10−6 546 390.4 2896 1158 413

compression zone was formed in the output of the discharge
device. The range of the plasma velocity in the CPF was (4–
7) × 106 cm s−1, the concentration of the charged particles in
the compression zone was (5–10)× 1017 cm−3 and the plasma
temperature was 1–3 eV [12, 39]. The samples were placed
behind the compression region and attached to the holder by
a special conductive adhesive. The energy density (ε) can be
changed by altering the distance between the electrode and the
sample surface. CPF irradiation experiments were performed
at distances of about 16, 12 and 8 cm, respectively. Based
on experimental results and prior experience [12, 40], energy
densities of the above irradiation were estimated to be about
20, 50 and 80 J cm−2, and the corresponding power densities
were about 2, 5 and 8 GW m−2.

The evolution of temperature, stress and strain with time
and space in tungsten andmolybdenum during CPF irradiation
was simulated by the finite element method using Abaqus soft-
ware. A three-dimensional deformable finite element model
was established based on the actual size of sample, as shown
in figure A1(a) in the appendix. The analysis type was set to
temperature–displacement coupling (transient). For the heat
load, since the nitrogen plasma with an energy of only 1–3 eV
was injected at a depth of less than 1 nm, i.e. concentrated on
the surface of the material, it was assumed that the distribu-
tion of heat flow in space was uniformly deposited on the two-
dimensional surface. The distribution of heat flow with time
was obtained by normalizing the typical current–time curve of
CPF irradiation [39], as shown in figure A1(b). Since the heat
flowwas uniformly distributed on the surface, the heat transfer
in x and y directions could be neglected andmore attention was
paid to the thermal–mechanical analysis in the depth (z) direc-
tion. Based on this, the mesh was divided into 21× 21× 200,
sparse in the x and y directions and dense in the z direction.
The initial condition used in the calculation was T0 = 298 K
(RT). Since the irradiation was performed in a vacuum cham-
ber, the boundary condition for the surface and four sides was
set to adiabatic and the boundary condition for the bottom of
the sample was set to thermal convection at RT to simulate
the heat dissipation from the actual sample to the holder. The
temperature-dependent thermal parameters (ρ(T), C(T), λ(T))
and mechanical parameters (E(T), υ(T), α(T), σs(T)) of tung-
sten andmolybdenum as input in the finite elementmodel were
taken from theMPDB software, as shown in figures A1(c)–(e).

The SE-II mode of a scanning electron microscope (SEM;
Zeiss SUPRA 55) was used to observe the surface and cross-
sectional morphology. The method of making cross-sectional
samples was as follows: firstly, the surfaces of two samples
were glued together, then a rough cross-section was cut out
using a low-speed saw and finally a smooth cross-section was

generated by polishing. The electron backscattering diffrac-
tion (EBSD) mode of the SEM was used to identify the grain
maps. The phase structure before and after irradiation was
studied by the θ−2θ coupled scan mode of x-ray diffraction
(XRD; D8Discover) with Cu Kα radiation. The hardness vari-
ations of the surface were measured by a micro-nano-indenter
(FISCHERSOPEHM2000) with an indentation depth of 2 µm
and a loading time of 30 s.

3. Experimental results

Figure 1 shows the surface SEM images of tungsten and
molybdenum before and after CPF irradiation. For tungsten,
no significant damage was observed on the surface after irra-
diation at an energy density of 20 J cm−2. Macro-cracks were
produced on the surface of the tungsten irradiated at 50 J cm−2.
When the energy density increased to 80 J cm−2, melting
waves and a cellular sub-grain structure appeared on the sur-
face, and micro-cracks were generated in addition to macro-
cracks. For molybdenum, the effect of irradiation at an energy
density of 20 J cm−2 on the surface morphology was not sig-
nificant. Melting waves, micro-cracks and a cellular sub-grain
structure were produced on the surface at energy densities of
50 and 80 J cm−2. No macro-cracks were observed on the
molybdenum surface for any of the irradiation parameters. The
measurements of crack width and cellular sub-grain size on
tungsten and molybdenum surfaces after CPF irradiation are
summarized in table 2. For the same material, the crack width
and cellular sub-grain size increased with increasing energy
density; for the same energy density, the micro-crack width of
tungsten was smaller than that of molybdenum, but their cel-
lular sub-grain size was similar.

In order to further investigate crack evolution, the crack
cross-sectional morphologies of tungsten and molybdenum
were observed after irradiation at energy densities of 50 and
80 J cm−2, as shown in figure 2. For tungsten, two types of
macro-cracks including perpendicular to the surface direction
(longitudinal) and parallel to the surface direction (transverse)
were observed after irradiation at energy densities of 50 and
80 J cm−2. Longitudinal macro-cracks with a depth of about
100–120 µm extended from the surface to the interior, and the
majority of transverse macro-cracks were concentrated in the
depth range of about 100–150 µm. Interestingly, all longitud-
inal and transverse cracks connected to each other and the con-
nection points were usually located at the end of the longitud-
inal cracks, which implied that the transverse cracks extended
from the longitudinal cracks. The micro-crack depth of tung-
sten was about 4 µm when the energy density was 80 J cm−2.
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Figure 1. The surface SEM images of tungsten and molybdenum before and after CPF irradiation: (a) W pristine, (b) W 20 J cm−2,
(c) W 50 J cm−2, (d) W 80 J cm−2, (e) Mo pristine, (f ) Mo 20 J cm−2, (g) Mo 50 J cm−2, (h) Mo 80 J cm−2.

Table 2. Crack width and cellular sub-grain size.

Material
ε

(J cm−2)
Macro-crack
width (µm)

Micro-crack
width (µm)

Cellular sub-grain
size (µm)

W 50 3.61 ± 0.33
80 7.75 ± 1.30 0.70 ± 0.12 0.34 ± 0.09

Mo 50 0.20 ± 0.03 0.18 ± 0.04
80 1.15 ± 0.22 0.33 ± 0.06
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Figure 2. Cross-sectional SEM images of tungsten and molybdenum after irradiation at energy densities of 50 and 80 J cm−2:
(a) W 50 J cm−2, (b) W 80 J cm−2, (c) Mo 50 J cm−2, (d) Mo 80 J cm−2.

Figure 3. Cross-sectional EBSD images of tungsten and molybdenum after irradiation at energy densities of 50 and 80 J cm−2:
(a) W 50 J cm−2, (b) W 80 J cm−2, (c) Mo 50 J cm−2, (d) Mo 80 J cm−2.

For molybdenum irradiated at an energy density of 50 J cm−2

although micro-cracks appeared on the surface the depth was
too small to be observed. The micro-crack depth of molyb-
denum was about 15 µmwhen the energy density increased to
80 J cm−2.

Figure 3 shows the cross-sectional EBSD images of tung-
sten and molybdenum after irradiation at energy densities of

50 and 80 J cm−2, and the cross-sectional grain maps and the
grain orientation information in the direction normal to the
surface can be seen. The region far away from the surface
can be considered as the grain maps of unirradiated tungsten
and molybdenum, which were composed of grains elongated
parallel to the surface direction, and these were the typical
grain maps of the rolled plates. No significant changes were
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Figure 4. XRD patterns of (a) tungsten and (b) molybdenum before and after CPF irradiation.

observed in the grain maps of tungsten and molybdenum sur-
faces after irradiation at an energy density of 50 J cm−2. When
the energy density increased to 80 J cm−2, columnar grains
formed on the surfaces of both tungsten and molybdenum, and
the thicknesses of the columnar grain layers were about 6 µm
and 20 µm, respectively. For grain orientation, it can be seen
from figures 3(a) and (b) that the grain orientation of tungsten
was dominated by the <110> orientation after irradiation at
50 J cm−2 energy density, while at 80 J cm−2 energy density,
the grain orientation became dominated by <100>. Molyb-
denum was dominated by the<100> orientation after both 50
and 80 J cm−2 irradiation. Moreover, in figures 3(b) and (d),
the irradiation-induced columnar grains seemed to be domin-
ated by the<100> orientation, especially inmolybdenum. For
further verification, the orientation changes were measured
usingXRD to exclude occasional cases due to the limited num-
ber of columnar grains measured by EBSD. Figure 4 shows
the XRD patterns of tungsten and molybdenum before and
after CPF irradiation. After irradiation at 20 and 50 J cm−2,
the (110) peak intensity of tungsten was the highest, which
was the same as for pristine tungsten.When the energy density
increased to 80 J cm−2, the highest peak shifted to (200). For
molybdenum, the intensity of the (200) peak was highest both
before and after irradiation. The transmission rate of x-rays in
the material can be expressed as

I
I0

= e−
µmρd
sinθ , (1)

where µm is the mass absorption coefficient, ρ is the density,
d is the depth and θ is the incident angle. The mass absorption
coefficient of Cu Kα x-rays in molybdenum is 164 cm2 g−1,
and the intensity of the x-rays decays to less than 1% after pen-
etrating to a depth of 20 µm, according to equation (1). Com-
bined with the columnar grain layer thickness in figure 3, it
can be assumed that the XRD results for molybdenum were
mainly due to the diffraction of columnar grains when the
energy density was 80 J cm−2. In summary, columnar grains

dominated by the <200> orientation (in the same direction
as <100>) were created in tungsten and molybdenum after
80 J cm−2 irradiation.

Figure 5 shows the nano-hardness and its rate of change
with depth for tungsten and molybdenum before and after
CPF irradiation. For tungsten, the effect of irradiation at an
energy density of 20 J cm−2 on hardness was not obvious;
after 50 J cm−2 irradiation, softening occurred in the depth
range within 2 µm; when the energy density increased to
80 J cm−2, tungsten hardened where the depth was less than
0.7 µmwhile it softened in the region deeper than 0.7 µm. The
molybdenum irradiated at 20 J cm−2 softened in the superfi-
cial area and then gradually approached the pristine state as
the depth increased. After irradiation at energy densities of 50
and 80 J cm−2, molybdenum hardened and then softened with
increasing depth, with demarcation depths of about 0.3µmand
0.7 µm for the hardened and softened regions, respectively.
Compared with molybdenum, tungsten showed a smaller rate
of change for hardness.

4. Thermal–mechanical simulation and discussion

Due to its strong heat and high power density, CPF irradi-
ation is capable of depositing a large amount of energy on a
material surface in a short period of time, and such transient
thermal shock can cause serious damage to the material. After
irradiation, melting waves, columnar grains, cellular sub-grain
structure and cracks were observed on both tungsten and
molybdenum surfaces. Macro-cracks and micro-cracks were
present in tungsten, while only micro-cracks were present in
molybdenum. The nano-hardness of the tungsten and molyb-
denum surfaces was also affected by CPF irradiation.

4.1. Thermal simulation of CPF irradiation

The evolution of the temperature of tungsten and molybdenum
with time and space during CPF irradiation was analyzed by
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Figure 5. The nano-hardness and its rate of change with depth for (a) tungsten and (b) molybdenum before and after CPF irradiation.

Figure 6. (a) The maximum temperature and (b) melting depth of tungsten and molybdenum with energy density.

the finite element method. The maximum temperatures (Tmax)
and melting depths (Dm) that can be reached for tungsten
and molybdenum during the entire CPF irradiation process at
different energy densities were calculated as shown in figure 6.
Both Tmax and Dm increased with increasing energy density.
The Tmax of tungsten and molybdenum can reach their Tm at
energy densities of ∼61 J cm−2 and ∼46 J cm−2, respect-
ively. Under irradiation of 20, 50 and 80 J cm−2, the temperat-
ure ranges of Tmax in tungsten and molybdenum are indicated
by the blue arrows in figure 6(a): at 20 J cm−2, the Tmax of
tungsten was less than its T r, while the Tmax of molybdenum
was between T r and Tm; at 50 J cm−2, the Tmax of tungsten
was between T r and Tm, while the Tmax of molybdenum was
slightly larger than Tm; at 80 J cm−2, the Tmax of both tungsten
and molybdenum was larger than their Tm.

Due to the drastic changes in physical properties before and
after melting, the variation of Tmax with energy density was

Table 3. Fitting results for maximum temperature and melting
depth of tungsten and molybdenum as a function of energy density.

Material ε (J cm−2) Tmax (K) Dm (µm)

W 5–60 243 + 57ε −35.6 + 0.6ε
65–90 658 + 48ε

Mo 5–45 266 + 57ε −32.2 + 0.7ε
50–90 860 + 43ε

approximately bilinear, with Tm as the demarcation temper-
ature. The melting depth varied approximately linearly with
energy density. The results of the linear fitting are shown in
table 3. Interestingly, the Tmax of tungsten and molybdenum
were almost equal at energy densities of 45 J cm−2 and below,
while the Tmax of tungsten was significantly larger than that of
molybdenum when the energy density was above 50 J cm−2.
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Figure 7. Evolution of temperature with time and space during CPF irradiation: (a) W 20 J cm−2, (b) W 50 J cm−2, (c) W 80 J cm−2,
(d) Mo 20 J cm−2, (e) Mo 50 J cm−2, (f ) Mo 80 J cm−2.

Since the heat flow distributed uniformly on surface, T(z,t)
can be described by the following non-stationary heat transfer
equation [41] when considering only the temperature evolu-
tion in the depth (z) direction:

ρ(T)C(T)
∂T(z, t)

∂t
−λ(T)

∂2T(z, t)
∂z2

= P(z, t)−
∂Eph

∂t
, (2)

P(z, t) = ε · d(z) · f(t) , (3)

Eph = Lρ(T)h(T−Tm) , (4)

h(T) =

{
1,T= 0
0,T ̸= 0

(5)

where ρ(T),C(T), λ(T) and L have been described in section 2.
ε is the energy density and P(z,t) is the heat source term, which
was equal under the same energy density. d(z) and f (t) are both
normalized functions, corresponding to the distribution func-
tions of the heat flow with depth and time, respectively. Eph

is the term related to the latent heat of fusion. For tungsten
and molybdenum, when the energy density was 45 J cm−2

and below, the Tmax of both metals was less than Tm, thus the
effect of latent heat of fusion could be neglected. According
to equation (2), the temperature difference between tungsten
and molybdenum derived from the difference in their density,
specific heat and thermal conductivity. Due to the very short
duration of heat flow under transient thermal shock irradiation,
the effect of heat conduction on the heating efficiency was

relatively small, meaning that the efficiency depended mainly
on the product of density and specific heat. According to
table 1, the products of density and specific heat of tungsten
and molybdenum are almost equal, so they were similar in
heating efficiency as well as Tmax for irradiation at the same
energy density.When the energy density was above 50 J cm−2,
Tmax ofmolybdenumwas less than that of tungsten. The reason
is that molybdenum, with a lower Tm, melted before tungsten,
and the subsequent solid–liquid transition process absorbed a
large amount of heat, which reduced heating efficiency.

Figure 7 shows the evolution of temperature with time and
space for CPF irradiation at energy densities of 20, 50 and
80 J cm−2. A large amount of energy was deposited on the
material surface within one pulse, causing a rapid increase in
surface temperature with a maximum heating rate of about
107–108 K s−1; subsequently, heat was transferred to the
interior of the material and the surface temperature decreased
quickly with a maximum cooling rate of about 107 K s−1. With
the increase of depth, the temperature decreased monotonic-
ally, and the maximum temperature gradient was up to the
order of 108 K m−1. Table 4 summarizes the calculated max-
imum temperature, melting depth, maximum heating/cool-
ing rate and maximum temperature gradient for tungsten and
molybdenum irradiated at three energy densities. The melting
depth of tungsten irradiated at 80 J cm−2 was up to 10 µm,
and the melting depth of molybdenum irradiated at 50 and
80 J cm−2 was about 2 and 23 µm, respectively. Due to the
exotherm of solidification, the temperature of tungsten and
molybdenum showed a cooling retardation zone near Tm, and
this zone became more apparent when the melting depth was
larger, as shown in figures 7(c), (e) and (f ).
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Table 4. Calculated results for the temperature fields of tungsten and molybdenum during CPF irradiation.

Material
ε

(J cm−2)
Tmax

(K)
Dm

(µm)
Maximum heating
rate, 106 (K s−1)

Maximum cooling
rate, 106 (K s−1)

Maximum temperature
gradient, 106 (K m−1)

W 20 1369 22.1 7.3 20.8
50 3100 58.9 18.4 63.6
80 4512 10 96.8 48.8 130.1

Mo 20 1396 22.6 7.4 22.3
50 3003 2 59.3 26.6 68.3
80 4279 23 96.8 24.6 121.4

4.2. Melting waves, columnar grains and cellular sub-grains

A melting wave is a special surface characteristic induced by
the rapid solidification of the molten layer when the mass
migration is driven by a force parallel to the surface direc-
tion. There were two driving forces for surficial mass migra-
tion under CPF irradiation [13]: on the one hand, the molten
surfacewas affected by gravity due to fact that the tungsten and
molybdenum were perpendicular to the ground; on the other
hand, the molten surface was also affected by the plasma pres-
sure difference because the actual plasma distribution was not
completely uniform on the surface.

It is generally believed that columnar grains are the com-
mon grain organization after directional solidification treat-
ment, formed by heterogeneous nucleation and epitaxial
growth. According to the results of temperature field calcula-
tion, the temperature distribution in the parallel surface direc-
tion was approximately uniform, and its temperature gradient
was much smaller than that in the vertical surface direction
(∼108 K m−1) during CPF irradiation. The rapid directional
solidification from the bottom of the molten layer toward the
material surface induced the formation of columnar grains.
Under the competitive growth mechanism, columnar grains
tended to grow along the maximum heat extraction direction
(i.e. the steepest temperature gradient) [42]. For crystals of
cubic structure, columnar grains prefer to grow in the <100>
orientation (in the same direction as <200>) [43]. As a res-
ult, a columnar grain structure dominated by the <200> ori-
entation was generated after irradiation. The thickness of the
columnar grain layer in tungsten and molybdenum irradiated
with a CPF of 80 J cm−2 was about 6 µm and 20 µm, respect-
ively, smaller than the calculated melting depths (10 µm and
23 µm), probably due to errors in the calculations, such as
errors between the actual material properties and those entered
in the simulations. For molybdenum irradiated at 50 J cm−2,
no obvious columnar grains were observed, which could be
due to the melting depth being too small to form columnar
grains.

According to the temperature field calculations, the tem-
perature gradient within the molten layer reached as high as
∼108 K m−1 during CPF irradiation, generated a huge sur-
face tension gradient that drove the inevitable occurrence of
strong thermocapillary convection (also known as Marangoni
convection) and flow instability. Based on the theoretical
model of thermocapillary convection, when convection and
instability of the molten layer occurred only in the vertical

direction, the flow pattern took the hexagonal cellular form
under the action of the so-called Bénard–Marangoni instability
[44–46]. In the case of simultaneous instability in the ver-
tical and parallel directions, the competing results of the two
determined the flow pattern: when the vertical direction dom-
inated, the flow pattern showed a cellular structure; when
the parallel direction dominated, the flow pattern exhibited
a coiled/striped structure [47, 48]. For CPF irradiation, the
temperature gradient in the direction of the parallel surface
was too small to reach the instability condition, while the
temperature gradient in the direction of the vertical surface
was as high as ∼108 K m−1, leading to significant instabil-
ity. As a result, convection with a hexagonal structure prob-
ably generated in the instable molten layer by the Bénard–
Marangoni instability, and was superimposed on the solidified
grain surfaces of tungsten and molybdenum, forming a unique
cellular sub-grain structure. Moreover, due to the variations
of the fluid flow condition and the molten layer oscillation,
the ideal hexagonal structures usually lost geometric stabil-
ity and eventually transformed to a cellular sub-grain struc-
ture with a mixture of hexagonal, pentagonal and quadrilateral
shapes on the surface of tungsten and molybdenum after CPF
irradiation [49]. In fact, this cellular sub-grain structure is also
very common in high-energy beam material processing and
rapid solidification, for example selective laser melting [48,
50, 51], welding [52] and directional solidification [53]. These
technologies have similar characteristics in limiting grain
growth.

4.3. Mechanical simulation and cracking behavior

Based on temperature field simulations, the stress and strain
fields of tungsten and molybdenum during CPF irradiation
were investigated by the finite element method with the aim of
better understanding the emergence and extension of cracks.
Tungsten and molybdenum at an irradiation energy density of
50 J cm−2 were chosen for the cracking study in the finite ele-
ment simulation in order to exclude the influence of columnar
grains on the calculation results.

Analysis of the transverse stress Sxx and transverse plastic
strain PExx is necessary to understand the formation of lon-
gitudinal cracks. Figure 8 shows the time evolution of surface
temperature, stress and plastic strain for tungsten and molyb-
denum at 50 J cm−2 irradiation. According to the evolution
curve, the heating–cooling process can be divided into five
stages [22, 23]. ¬ Compressive stress rising stage, where the
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Figure 8. The time evolution of surface temperature, stress and plastic strain for (a) tungsten and (b) molybdenum at 50 J cm−2 irradiation.

surface temperature of tungsten and molybdenum increased
rapidly under the heating of a transient thermal load, and the
surface thermal expansion was constrained by the x/y dir-
ection, resulting in compressive stress. As the temperature
increased, the stress value increased but the yield strength
decreased until the two curves intersected, i.e. the material
began to yield. In this stage, the stress was elastic and the
plastic strain was zero. ­ Compressive stress yielding stage,
where the temperature increased until Tmax and the abso-
lute value of stress and yield strength decreased simultan-
eously. As tungsten and molybdenum yielded, plastic strain
was generated and reached a peak at Tmax. ® Compressive–
tensile stress transition stage, where the transient heat flow
vanished. The surface temperature started to decrease rap-
idly due to heat transfer to the interior of the material, and
Sxx changed from compressive stress to tensile stress. The
yield strength increased with decreasing temperature. At this
stage, the absolute value of the stress was lower than the yield
strength, so yielding paused and the plastic strain remained
constant. ¯ Tensile stress yielding stage, where the rapid
decrease of temperature caused the tensile stress to reach the
yield strength again, the material underwent plastic deforma-
tion opposite to the second stage, and the plastic strain gradu-
ally recovered. ° Tensile stress yielding stop stage, where
the cooling rate gradually decreased with time, the tensile
stress was less than the yield strength after reaching the crit-
ical point, and the tensile stress yielding stopped. Eventu-
ally, the tensile stress remained on the surfaces of the CPF-
irradiated tungsten and molybdenum, and the plastic strain
on the surfaces could not be fully restored to the unirradiated
state.

It is well known that when the temperature is higher than the
DBTT, the material shows ductile characteristics and plastic
deformation does not cause cracking, while when the tem-
perature is lower than the DBTT, the material changes from

Figure 9. Stress–temperature curves of (a) tungsten and
(b) molybdenum surfaces at 50 J cm−2 irradiation.

ductile to brittle, and even a small plastic deformation will
induce cracking [37]. Therefore, the cracking condition for
tungsten and molybdenum during CPF irradiation is that the
tensile stress value reaches the yield strength when the temper-
ature is below the DBTT [23]. Based on this, figure 9 shows
the relationship between stress and temperature, where ¬–°
correspond to the five stages of figure 8. It can be noted that
during the cooling process (stages ®–°), tungsten was still in
the tensile stress yielding stage while molybdenum entered the
tensile stress yield stopping stage when the surface temperat-
ure dropped below the DBTT. Therefore, brittleness-induced
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Figure 10. Evolution of (a) Sxx, (b) PExx, (c) dPExx/dt, (d) Szz for tungsten and (e) Sxx, ( f ) dPExx/dt for molybdenum with time and space at
50 J cm−2 irradiation.

macro-cracks were generated on the tungsten surface, while no
macro-cracks were observed on the molybdenum surface, in
agreement with the SEM results in figure 1. For micro-cracks,
the melting and re-solidification in ELM-like thermal shock
irradiation experiments led to embrittlement [3], so the DBTT
in the re-solidified zone was larger than the DBTT of the mat-
rix labeled in figure 9. Combined with the stress–temperature
curve of molybdenum, the re-solidification zone was likely to
remain in the tensile stress yielding stage when the surface
temperature dropped below the DBTT of the re-solidification
zone, implying the formation of micro-cracks. The width of
the micro-cracks increased with increasing melting depth.

Figure 10 shows the relationship of stress and strain with
depth during CPF irradiation, which is intended to analyze
the evolution of cracks extending in the depth direction.
Figure 10(a) is the variation of the transverse stress of tungsten
with time and depth at 50 J cm−2 irradiation, where positive
and negative values represent tensile and compressive stress,
respectively. The evolution map of transverse stress can be
divided into compressive and tensile stress zones: in the ini-
tial stage of irradiation, there was only compressive stress in
the tungsten, and after heat flow stopped the surface temper-
ature decreased due to directional heat extraction, leading to
the generation of tensile stress. The dividing line between the
two zones is at a depth of about 150 µm. When the stress
exceeded the yield strength, plastic strain occurred, with its
influence to a depth of about 230 µm (figure 10(b)). The
strain rate can reflect whether the material was in the yield
stage (i.e. whether the stress reached the yield strength), as
shown in figure 10(c). The orange zone is the tensile stress
yield zone, the blue zone is the compressive stress yield zone

and the black curve is the DBTT isotherm of tungsten. The
range of influence of the tensile stress yield zone was at a
depth of about 0–110 µm, while that of the compressive stress
yield zone extended to a depth of about 230 µm. According to
the criterion of crack formation, cracks formed in the tensile
stress yield zone with temperatures below the DBTT, which
is shaded in figure 10(c). As can be seen from the figure, the
cracks can easily extend longitudinally to a depth of about
110 µm. It is noteworthy that longitudinal tensile stresses were
also generated in tungsten at a depth of about 110 µm dur-
ing irradiation (red line in figure 10(d)). Since the finite ele-
ment model did not consider the local deformation generated
by the formation of longitudinal cracks, the actual longitudinal
tensile stress value was larger than the calculated value [27].
The transverse transformation of longitudinal cracks could be
induced by longitudinal tensile stress and other factors, such
as the direction of long grains parallel to the surface of the
rolled sheet, and the inertia of motion during the formation
of longitudinal cracks [27]. In addition, in the shaded zone
of crack formation in figure 10(c), it can be noticed that the
time when cracks started to form on the tungsten surface was
later than those at about 110 µm depth, which meant that the
cracks may preferentially sprout inside the material [35, 54].
Figures 10(e) and ( f ) show the evolution of transverse stress
and transverse plastic strain rate of molybdenum at 50 J cm−2

irradiation, respectively. The tensile yield zone and the com-
pressive yield zone can reach larger depths of about 190 µm
and 370 µm, respectively, because the yield strength of molyb-
denum is smaller than that of tungsten. However, the DBTT of
molybdenum ismuch smaller than that of tungsten, and there is
no overlap between the zone below the DBTT and the tensile
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Table 5. Correspondence between the hardness change and the temperature range of Tmax.

Material
ε

(J cm−2) Hardness change with depth

Demarcation depth of
hardening and
softening (µm)

Temperature
range

W 20 Almost unchanged Tmax < T r

50 Softening T r < Tmax < Tm

80 Hardening first, then softening 0.7 Tmax > Tm

Mo 20 Softening first, then unchanged T r < Tmax < Tm

50 Hardening first, then softening 0.3 Tmax > Tm

80 Hardening first, then softening 0.7 Tmax > Tm

yield zone, making it difficult for macro-cracks to sprout in
molybdenum.

4.4. Hardening and softening

Table 5 shows the correspondence between the hardness
change and the temperature range of Tmax for tungsten and
molybdenum. As can be seen, when Tmax < T r, the effect of
irradiation on hardness is not obvious; when T r < Tmax < Tm,
tungsten and molybdenum softened; when Tmax > Tm, tung-
sten and molybdenum hardened first and then softened with
increasing depth. On the one hand, hardening occurred only in
the case of Tmax > Tm, indicating that hardening was related
to the re-solidification process; on the other hand, the demarc-
ation depth between hardening and softening was much smal-
ler than the thickness of the columnar grain layer, which
implied that columnar grains softened the material. Studies by
Thijs et al [55] and Qian et al [56] both pointed out that the
small-sized cellular sub-grains produced by re-solidification
increased the surface hardness of the material, which was also
probably responsible for the surface hardening of tungsten
and molybdenum after CPF irradiation. Softening occurred as
soon as Tmax > T r. The thermal effect on the recovery of the
microstructure [54] and the formation of columnar grains both
probably reduced the hardness. It can be seen that the change in
hardness after irradiation is the result of competition between
several factors.

5. Conclusions

The irradiation damage mechanisms of tungsten and molyb-
denum under ELM-like thermal shock was discussed by com-
bining CPF irradiation experiments with finite element simu-
lations. The following conclusions were obtained:

(1) When the CPF irradiation was sufficient to melt the tung-
sten and molybdenum, a melting wave was formed by the
rapid solidification of the molten layer when mass migra-
tion was driven by the force parallel to the surface direc-
tion. The rapid directional solidification of the melt from
the bottom of the molten layer toward the material surface

induced the formation of columnar grains dominated by
the <200> orientation. The high temperature gradient
during rapid solidification caused significant instability
in the molten layer and generated strong thermocapillary
convection. A structure of submicron-sized cellular sub-
grains formed on the material surface under the action of
Bénard–Marangoni instability.

(2) After CPF irradiation, macro-cracks and micro-cracks
were produced on the surface of tungsten, while only
micro-cracks were found in molybdenum. The macro-
cracks occurred due to the intrinsic brittleness of tungsten
(high DBTT) and the micro-cracks were created by the
embrittlement of the re-solidification layer. From the finite
element simulation, the crack formation zone (the region
where the temperature was less than the DBTT and the
transverse tensile stress reached the yield strength) of tung-
sten ranged from the surface to the interior with a depth
of 110 µm, and longitudinal tensile stress was generated
at the boundary of the crack formation zone. The macro-
cracks in tungsten first extended longitudinally from the
surface to the interior and then the direction of extension
changed from longitudinal to transverse as a result of stress
evolution.

(3) The change in hardness of tungsten and molybdenum after
CPF irradiation was the result of competition between
several factors: on the one hand, the thermal effect on
the recovery of the microstructure and the formation of
columnar grains decreased the hardness; on the other
hand, the formation of a submicron-sized cellular sub-
grain structure increased the hardness. When Tmax < T r,
the effect of irradiation on hardness was not obvious; when
T r < Tmax < Tm, tungsten andmolybdenum both softened;
when Tmax > Tm, tungsten andmolybdenum hardened first
and then softened with increasing depth. Compared with
molybdenum, tungsten showed a smaller rate of change of
hardness.
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Appendix. Supplementary information related to the finite element model

Figure A1. (a) Three-dimensional finite element model. (b) The distribution of heat flow with time. (c)–(e) The physical properties of
tungsten and molybdenum with temperature.
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