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a b s t r a c t

The damage of first wall material in fusion reactor due to the bubbles caused by plasma has been studied
by introducing a relation between the von Mises equivalent stress and the temperature field. The lo-
cations and shapes of the bubbles and the synergetic effect between the different bubbles under steady
operational conditions have been studied using the finite elements method. Under transient heat loads,
plastic deformations have been found to occur, and are significantly enhanced by the presence of the
bubbles. The calculated concentration locations of von Mises equivalent stress are well consistent with
the observed crack positions of the tungsten surface in many test experiments. Our simulations show
that the damage of the bubbles is not severe enough to lead to catastrophic failure of the tungsten armor;
however, it can cause local and gradual detachment of tungsten surface, which provides a reasonable
explanation for the observed pits and rough or hairy surface morphology etc. Considering the transient
heat loads, the lower bound of the security thickness of the tungsten tile is estimated to be greater than
2 mm.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tungsten has the highest melting point, a good thermal con-
ductivity and a low sputtering rate, and hence has been chosen as a
plasma facing material for the first wall and diverter in the Inter-
national Thermonuclear Experimental Reactor (ITER) project [1e7].
As a plasma facing material, tungsten is exposed to extremely high
fluxes of high energy particles such as helium (He) and hydrogen
(H), which leads to the formation of gas bubbles and severe dam-
ages at the surface, and thus the reduction of the life span of the
materials [8e11]. Many voids or bubbles at the length scale of tens
of micrometers in tungsten have already been observed in some
test experiments [12,13]. Many theoretical studies examined the
nucleation and growth mechanism of the bubbles in tungsten [14].
Liu et al. [15] considered the microscopic vacancy trapping mech-
anism for the formation of H bubble in W by investigating the
energetics of H-vacancy interaction and the kinetics of H segrega-
tion with first-principles method. You et al. [16] studied the influ-
ence of hydrogen- or helium-atom clustering on the vacancy
by Elsevier Korea LLC. This is an
evolution in tungstenwith calculations based on density functional
theory (DFT). The role of the helium-atom clustering problem in
inducing the blistering in tungstenwas studied by Henriksson et al.
[17,18] using molecular dynamics (MD) method. Juslin et al. [19]
developed new tungsten-helium interatomic potentials to simulate
the He bubble formation and to determine the formation energies,
the ground state positions of He point defects and the self-
interstitial atoms in tungsten. However, the model bubbles used
in these theoretical simulations are much smaller in size than the
actual bubbles observed in the test experiments.

Recently, the gas bubble and crack problems have also been
studied by using the finite elements method on a macro-scale
[20e22], which focus on the early stage of the blister-formation
process due to the high pressure of gas thereby explaining a part
of the experimental phenomena. In all these simulations, the
thermal stress caused by the plasma and other high energy parti-
cles such as neutrons is neglected. These simplifying approxima-
tions result in inconsistency between the simulated results and the
experimentally observed facts concerning the cracking of the
bubbles and their coalescence [21,23,24]. To remedy this situation,
it is necessary to evaluate tungsten as a first wall material by taking
the effect of thermal stress into consideration. On the basis of the
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finite elements method, we carried out our theoretical studies on
the gas bubble problem of tungsten under steady operational
conditions and transient heat loads using a new thermal-stress
coupled model. In the following we report the results of our
analysis.
2. Models and calculation methods

2.1. Models

A tungsten tile on the first wall is normally designed to have a
thin slab shape, which has a dimension of tens of millimeters in
length and width, and about several millimeters in thickness. In
some test experiments, both round and ellipsoidal bubbles with
sizes of a few to tens of micrometers have been observed to locate
in the interior or near the surface of the tungsten sample [12,13].
Taking into account these results, a thin cuboid model with a size of
50 � 50 � 2 mm3 was built for all simulations (see Fig. 1).
Throughout this work, a Cartesian coordinate system with the
origin chosen at the center of the model is used (Fig. 1). The damage
effects caused by gas bubbles are then studied under steady oper-
ational and transient heat loads conditions.

The heat conduction process is described by the energy con-
servation equation [25],

rCp
vT
vt

¼VðkVTÞ þ Q (1)

where r, Cp and k are the density, the specific heat and the thermal
conductivity of a material, respectively. Q in Eq. (1) represents the
heat generation rate per volume. The volumetric heating in the first
wall of the ITER working conditions is designed to be e 15 MW/m3

[26], which is used throughout this work. Eq. (1) can be solved
under different boundary conditions corresponding to the actual
situations.
2.2. Boundary conditions

In this work, we use two types of boundary conditions, which
amount to a source of heat on the surface caused by the plasma
irradiations (or neutron wall load) and by a cooling device. The
boundary condition for the plasma irradiations is described by

nð�kVTÞ¼ � q0 atz¼1mm (2)

where q0 (in units of W/m2) is the value of heat flow from the
plasma, the minus sign indicates the inward heat flow direction,
and n is the outward normal vector of the top surface. For the
Fig. 1. A schematic diagram of the model used for simulating a tungsten tile (solid
lines) together with a cooling base shown as tubes (dotted lines).
steady working condition, q0 ¼ 1.0 MW/m2 is chosen, which is
slightly larger than the designed technological value of the ITER
[3,26]. The boundary condition for the cooling device is described
by

nð�kVTÞ¼hðTs � TextÞatz¼ � 1mm (3)

where h is the heat transfer coefficient (in W/m2K), Ts is the surface
temperature of the tungsten tile, and Text is the temperature (K) of
the coolant. For the other four small boundary surfaces, the heat-
insulating condition (i.e., q0 ¼ 0) is assumed in Eq. (2). This is a
good approximation because the tungsten tiles are separated from
each other by ditches and because they have a very small surface
area. Besides, the inner surfaces of the bubble are assumed as
insulated boundaries as the gas conductivity inside the bubble is
considerably low compared with tungsten. With these boundary
conditions, Eq. (1) can be solved to obtain the scalar temperature
field T(r,t) in our model. The time dependence disappears for the
steady state case. The parameters for the coolant used in this work
are Text ¼ 100 �C as given in the ITER standard [26], and
h ¼ 3000 W/m2K used in earlier studies [27]. In addition, the bot-
tom side of the tungsten tile model is assumed to be fixed, which
implies the following boundary condition for the displacement in
solving the stress-strain constitutive equations,

uzjz¼�1mm ¼0 (4)

where uz is the z-direction component of the displacement vector
u, while the others are assumed to be free.
2.3. The von mises (vMES) criterion and the maximum vMES
problem under thermal load

The von Mises equivalent stress (vMES) se is defined as follows,

se ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2

X3
i;j¼1

�
sij �

1
3
ðs11 þ s22 þ s33Þ

�2vuut

¼
�
1
2

h
ðs1 � s2Þ2 þ ðs2 � s3Þ2 þ ðs3 � s1Þ2

i�1=2
(5)

where s1, s2, and s3 are the three principal stress components of
the Cauchy stress tensor. The general definition of the vMES based
on the components of the Cauchy stress tensor is simplified to Eq.
(5), because it is independent of the coordinate system. The von
Mises plasticity condition reads as follows.

se <sys for no plasticity

se � sys for plasticity (6)

where sys is a material parameter (i.e., the yield strength). The von
Mises criterion has been widely used to describe the plastic
transformation of metals. Throughout this work we will use it as a
criterion to evaluate the damage effects of bubbles to the tungsten
tile.

By definition, the vMES is a scalar field while sys is only a scalar
parameter. Thus, the judgment made using the von Mises criterion
should be pointwise. This reduces the solution of the inequality, Eq.
(6), to finding the locations where the vMES field takes maximum
values. In engineering, similar locations are often called stress
raisers, which include notch tips, slots, grooves, cracks, sharp cor-
ners, and holes [28]. The relevant phenomenon is termed the stress
concentration, referring to the Cauchy stress tensor s (quite often
its primary component si) under some simple mechanic loads. As
can be seen from Eq. (5), the maximumvMES problem is connected
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to that of the Cauchy primary stress tensor but not in a direct way.
In this work we deal with heat load very different from those used
in many classic studies [28], so we need to derive some new re-
lations to explain the obtained numerical results.

Mathematically, the stress concentration at a point means that
at least one component of a stress tensor, sijðrÞ, takes a local
maximum. The stress tensor is related to the elastic strain tensor as
follows,

fsðrÞg¼ ½D�fεelðrÞg (7)

For an isotropic material, as in the current case, the stress tensor
can be explicitly represented by using the Lam�e constants (l;mÞ as
follows [29],

sij ¼ ldij
X
k

εkk þ 2mεij i; j; k ¼ 1;2;3 (8)

Eq. (8) indicates clearly that each off-diagonal component of the
stress tensor is proportional to a unique shear component of the
strain tensor. From Eq. (8), the following equation can be estab-
lished to solve the extremal value problem of the shear component.

VsijðrÞ¼ 2mVεijðrÞ; for isj (9)

For the diagonal stress component, we have the following more
complicated relation,

VsiiðrÞ¼ l
X
k

VεkkðrÞ þ 2mVεiiðrÞ (10)

These relations indicate that the stress concentration is
completely dependent on the critical point of the strain compo-
nents, though not necessarily on a specific component. The above
relations can be expressed in a more concise form, if we use a
composite function to express the definition of vMES as follows,

seðrÞ¼se
�
sijðεlmðrÞ

��
(11)

In Eq. (11), the subindex ij and lm refer to the independent
components of the Cauchy stress and elastic strain tensors,
respectively. Assume that there is only one heat load as in the
current situation. Then, before the setting in of plastic deformation,
the elastic strain depends uniquely on the thermal strain. Thus,
under the isotropic approximation, Eq. (11) can be written as
follows,

seðrÞ¼se
�
sijðεthðrÞ

��
(12)

The extremal value problem of vMES can be solved by taking the
gradient of both sides of Eq. (12) as follows,

VseðrÞ¼ vse
vsij

vsij
vεth

VεthðrÞ (13)

In Eq. (13) the Einstein summation convention for the sub-index
ij was assumed, where ij runs over the independent components of
the Cauchy stress tensor. Eq. (13) reduces the extremal value
problem of vMES to that of thermal strain. In view of Eq. (13), we
focus on the gradient of the thermal strain as shown below to
explain our results.

Vεth ¼aðTÞVT (14)

In Eq. (14) the weak temperature dependence of the expansion
coefficient a is neglected. Eq. (14) reduces the extremal value
problem of thermal strain to that of temperature. We finally arrive
at the following result,
VseðrÞ¼ vse
vsij

vsij
vεth

aðTÞVTðrÞ (15)

The above expression indicates that the extremal value of vMES
occurs at the same location as that of the temperature. Note that the
maximum value of vMES depends not only on the variation of
temperature around the extremal point but also on the local ge-
ometry. The critical condition, i.e., VTðrÞ ¼ 0, is difficult to
completely satisfy in practical situations, but can be partially
met along a specific direction, e.g., v

vz TðrÞ ¼ 0.
In this work all calculations were carried out by using the ANSYS

Workbench 12.0. A tetrahedral mesh is constructed automatically,
while the region around the bubble is refined adaptively. Shown in
Table 1 are the necessary physical parameters [30,31] used in this
work.
3. Results and discussion

3.1. Steady state operation

3.1.1. Model without bubble
To evaluate the damage effects of gas bubbles, we have first

simulated the tungsten tile without any damage under the thermal
and displacement boundary conditions (Eqs. (2) and (3)). Shown in
Fig. 2 is the calculated vMES field. The calculated maximum ther-
mal deformation, 58.34 mm, occurs at the four corners of the top
surface within the xy plane, while that along the z direction is onlye 3.3 mm. This expansion mode has a very weak z-coordinate
dependence, though the base plane is indeed a little less expanded
(58.11 mm at each corner). The seemingly very different expansion
within the xy plane and that along the z direction yet result in
nearly identical strain, i.e., 0.165%, which indicates an isotropic
expansion. It is obvious from Fig. 2 that the maximum vMES,
27.2 MPa, appears at the four corners of the base plane. As the
model has a four-fold symmetry (C4v point group symmetry), the
four edges parallel to the x and y axes are equivalent, and so are the
four corners. At each corner of the base plane, the largest compo-
nent (26.68 MPa) of the primary stress tensor is sz, while the other
two components (s45� and s�45� ) along the two perpendicular di-
agonal directions (45� and -45�) are negligibly small. According to
Eq. (5), the vMES is thus mainly contributed by the sz component
with calculated compressive character. The maximum effective
stress found at the corners is evidently a stress concentration
phenomenon, since corner is a typical stress raiser [28]. As shown
in Fig. 2, the principal stress on one edge of the basal plan parallel to
the x axis has a very weak x-coordinate dependence. The calculated
principal stresses remain almost unchanged around the value of
(9.62, 0.53, �18.0) along x-axis, where the negative sign indicates a
compressive character. With the principal stress the vMES value is
calculated to be ~24.38 MPa for each of the basal plane. Comparing
this value with that at the corners, it is clear that the stress con-
centration at an edge is not as effective as that at the corner. It
should be noted that the thermal stress produced by the heat
loading is isotropic, which is different from the cases of external
uniaxial loads.

The above discussions suggest that the corners of the tungsten
tiles had better be rounded to reduce the stress concentration,
though it is not a big concern according to our simulations. The
compressive character of the stress field has been revealed by the
calculated largest primary stress components within the xy plane
(e.g. s45� ¼ s�45� ¼ �20.06 MPa at the center) in the top surface.
This result agrees very well with the experiments wherein the
compressive stresses are found through the XRD data [32,33].



Table 1
Physical properties of tungsten.

Symbol Value

Density r (kg/m3) 19302.7e0.23786*T-2.2448*10�5*T2

Thermal conductivity k (W/m K) 174.9274e0.1067*Tþ5.006710�5*T2-7.8349*10�9*T3

Specific heat capacity Cp (J/kg K) 128.308 þ 3.2797*10�2*T-3.4097*10�6*T2

Expansion coefficient a (10�6K�1) 6.07*10�11*T3-1.47*10�7*T2þ5.5*10�4*Tþ4.43
Young's modulus E (GPa) 397.903e2.3066*10�3*T-2.7162*10�5*T2

Tangent modulus ET (GPa) 14.5
Poisson's ratio n 0.279 þ 1.0893*10�5*T
Yield strength sys (MPa) 1384.617e1.214*Tþ3.131*10�4*T2-1.896*10�8*T3 (20 �C < T < 2500 �C)

Fig. 2. Calculated vMES (in MPa) field on a model without bubble. For clarity, the local
distribution of vMES around one corner is magnified. The color bar indicates the values
of the calculated vMES field. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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3.1.2. Simulation with a single bubble
The single bubble case was first studied with a round bubble of

diameter 10 mm and centered at (0, 0, 990) mm in the coordinate
system shown in Fig. 1, where the size of the bubble chosen is
comparable with the average value of those observed in experi-
ments (5e25 mm) [13]. The zenith of the round bubble is 5 mm
below the top surface of the model. As shown in Fig. 3, the con-
centration of the vMES occurs in three regions around the bubble
instead of the corners and edges of the no-bubble model.

The calculated values of the vMES near the zenith, the equator
and the nadir of the bubble are around 35.4, 31.1 and 33.7 MPa,
respectively, while that at each corner of the base plane is 18.8 MPa.
This indicates that in the current case a bubble is a stronger stress
Fig. 3. (a) The calculated vMES distribution in part of the tungsten tile model, the local
distribution around the bubble is magnified for clarity. (b) A sheet with a hole at the
center, the biaxial external compressive loads are shown by arrows, while SA and SB
represent the stress tangential to the equatorial and zenith point of the bubble,
respectively.
concentrator than a corner. This follows more directly from the
calculated largest primary stress components (~�40.6, ~ �39.3,
~ �26.8, for the zenith, the nadir and the equatorial regions,
respectively). All these dominating components lie in the xy plane
and show compressive character, while the z-component is about
1/8 (compressive) and 1/3 (tensile) of them for the pole and
equatorial regions, respectively. Such a difference between the xy-
plane and the z-axial components reflects the C4v geometrical
symmetry of the model (see Fig. 1) and the boundary conditions.
The calculated largest primary stress components reveal a very
different stress concentration character in comparison with some
analytic results obtained for uniaxial or biaxial loading. For uniaxial
case, it is understandable because the loadingmode is too different.
On the other hand, as our model can approximately be considered
as a two dimensional one for its geometrical size (see Fig. 1) it
seems to be comprehensible by resorting to the biaxial loading
model [34]. However, according to the biaxial loading model the
tangent stress component at the poles and the equator are both 2S
with S being the loading stress in the x and y directions, respec-
tively. With this model if one assumes two effective compressive
loads as shown in Fig. 3b, the two nearly identical compressive
stresses in the two pole regions can be explained. Nevertheless, the
compressive tangent component at the equator (smaller in
magnitude) remains unsolved. This disagreement reveals the
essential difference between a thermal stress and a simple external
mechanic loads. To understand these phenomena, we need to
resort to Eq. (15).

In Fig. 4a, the temperature gradients along two lines in the di-
rection of x-axis are shown together with their corresponding
temperature distributions (see inset). It is clear that the critical
points with v

vx TðrÞjx¼0 ¼ 0 occurs for the lines (x, y¼ 0, z¼ p), 995�
p� 1000mmwhich are parallel to x axis but are located at different
positions (z ¼ p) from the zenith of the bubble up to the surface of
the model. This result gives a numerical verification for Eq. (15) and
thus well explains the vMES concentration around the zenith of a
bubble shown in Fig. 3a.

The peak values of the temperature at the critical points (x ¼ 0,
y ¼ 0, z ¼ p) explain also the compressive character of the corre-
sponding primary stress components, because the neighboring
points tend to resist the expansion at the critical point. Shown in
Fig. 4b are similar results for two lines along the z-axis but at
different distances to the equatorial point for comparison. Fig. 4b
shows that v

vz TðrÞjz¼990s0 for y¼ 0 and for x¼ 5 and 15 mm. In fact,
this equatorial point is only an inflection point as shown in the
inset. Similarly, we have also studied v

vx TðrÞjx¼5 with z ¼ 990 and
y ¼ 0, which shows no criticality at the equatorial point. These
results indicate that a weaker stress concentration can happen at
the equatorial point in comparison with that around the zenith
point. This is consistent with that revealed by the calculated pri-
mary stress components at the relevant points and the vMES in
Fig. 3a. In addition, the calculated peak values of the temperature
distribution at the equatorial point along the x and y direction



Fig. 4. (a) Temperature distribution and its gradient along two lines (x, y ¼ 0, z ¼ 995)
and (x, y ¼ 0, z ¼ 1000) mm near the top of the bubble (see inset). (b) Temperature
distribution and its gradient along two lines (x ¼ 5, y ¼ 0, z) and (x ¼ 15, y ¼ 0, z) near
the equatorial point of the bubble (see inset). No critical point is found in this case.

Fig. 5. (a) The dependence of the maximum vMES on the distance between the bubble
zenith and the top surface of the tungsten tile model. (b) The temperature distribution
along the lines (x, y ¼ 0, z ¼ 999.99, 999, 995, 990, 985) and the corresponding
temperature gradients along the x direction.
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(though marginally different) explain the compressive character of
the primary stress components (sx¼ �2.1, sy ¼ �26.8). In the z
direction, as can be seen from the inset of Fig. 4b, the upper and the
lower points induce tensile and compressive stresses, respectively,
which together with the constraining force arising from the fixed
boundary condition for the bottom surface complicate the analysis.
Our simulation indicates that the upper point governs the situation,
which leads to a tensile primary stress component sz ¼ 8.0.

3.1.3. The effect of the bubble location
In the former sectionwe have discussed the results of one single

bubble located inside the tungsten tile. In the actual situations, a
bubble may locate at different distances to the top surface of the
model, which is expected to produce different stress concentrations
and thus causing different damages to a tungsten tile. To assess this
effect, we have simulated the one bubble problem at different
distances to the top surface of the model. In Fig. 5a, the vMES at the
zenith is shown as a function of d, the distance between the bubble
zenith and the top surface.

As already shown in the last section (d¼ 5), the vMES attains the
maximumvalue at the zenith for each case. As shown in Fig. 5a, the
maximum value increases with the bubble approaching the top
surface. The stress concentration as represented indirectly by vMES
can be well explained by the similar arguments as used in the last
section. As shown in Fig. 5b, the critical point of the temperature
gradient lies exactly at the zenith of the bubble in each case. With
the zenith approaching the top surface, the peak value of the
temperature becomes more prominent so that the magnitude of
the temperature gradient around the critical point becomes larger
and larger. Our simulations indicate that the zenith of a bubble
would be the weakest region where cracks or holes may develop.
This has been unanimously confirmed by recent experiments
[35e37] and MD simulations [38e40], which showed the rupture
of bubbles near the surface.

In actual situation, bubbles may bulge out of the tungsten sur-
face, which may be caused by high inner gas pressure inside a
bubble [20]. To simulate this situation, we construct an oblate
ellipsoid bubblewith three semi-principal axes lengths chosen as 6,
6, 4 mm and 5, 5, 3 mm for the outer and inner surface, respectively.
The c axis of the ellipsoid is chosen to be coincident with the z axis
of the tungsten tile model (Fig. 1), while its center is chosen at (0, 0,
1000). The simulations performed under the steady-state opera-
tional conditions as described in part 2 results in the vMES distri-
bution in the model as shown in Fig. 6a. The calculated maximum
vMES, 24.73 MPa, lies at the intersection between the bubble and
the tungsten surface, i.e., near the notch tip. In experiments, cracks
were found occurring on the edge of the blister after the tungsten
samples were exposed to deuteron plasma [23]. Besides, the
destruction of blisters with erosion at the boundary was observed
by SEM after the irradiation of deuterium ion fluence [41]. These
observations confirm our simulated results. The thermal stress
concentration in the current geometric structure can be explained
with similar methods as in the former sections. Shown in Fig. 6b is
the local temperature distribution of our model. It is obvious that a



Fig. 6. (a) Calculated local distribution of the vMES around a bulged bubble as
magnified from the whole simulation model. (b) Temperature distribution near the
bubble boundary and its gradient.
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large variation of the temperature gradient may develop in the
intersection region surrounding the bubble, as one can observe
from Fig. 6b. The highest temperature at the zenith of the bubble is
due to the heat insulating character of the bubble, which accu-
mulates heat from the plasma at its front surface. While the other
parts of the tungsten tile have obviously much better heat con-
ducting property and thus have a relatively lower temperature
resulting in large temperature gradient in the intersection region
(Fig. 6). Our simulations clearly indicate that the concentration
phenomenon of vMES depends crucially on the location of the
bubbles.

3.1.4. Effect of the bubble shape
In actual situations, the bubbles can take different shapes, which

may result in different damages to the tungsten tiles. To see these
differences, we have prepared three different models to simulate
the effects of the shape (Fig. 7). The radius of the spheroid bubble
(Fig. 7a) is set to be 5 mm, while the three semi-principal axes of the
two ellipsoid bubbles (Fig. 7b and c) are chosen as a ¼ b ¼ 5 and
c¼ 3 mm as well as a¼ b¼ 3 and c¼ 5 mm. Each bubble is put at the
center of the xy plane of the model with their zenith at 0.01 mm
below the surface. As can be seen from Fig. 7, themaximumvalue of
the vMES in each case occurs at the top of the bubble and is
calculated as 86.8, 61.9 and 43.4 MPa for the oblate ellipsoid,
spheroid and prolate ellipsoid bubble, respectively. The stress
concentration at the zenith of the bubble, as in the former section,
can be well explained by using temperature gradient.
Fig. 7. Local distribution of the vMES around (a) a spheroid bubble, (b) an oblate
ellipsoid bubble, and (c) a prolate ellipsoid bubble. The bubbles are magnified for
clarity.
Shown in Fig. 8 are the temperature distributions along the x
axis (see Fig.1) for the three bubble shapes. Approximately a bubble
can be considered as a heat-insulating object. Therefore, as one can
see from Fig. 8, the oblate ellipsoid in its current dimension is the
most heat insulating structure, while the spheroid is the second
and the prolate ellipsoid is the last one. As a consequence, the
temperature takes a maximum value around the zenith (x ¼ 0,
y ¼ 0, z ¼ 1000 mm) for the three bubble shapes. As the temper-
ature distribution is very similar to that in Fig. 5b, the same argu-
ment follows for the order of the vMES of the three different bubble
shapes.
3.1.5. The case of two bubbles
In the former sections, we have investigated the case of a single

bubble, which itself represents an ideal situation or the cases of
many bubbles which are sparsely distributed so that the in-
teractions between them can be neglected. In actual situations,
there can bemany bubbles whichmay be densely distributed in the
front wall material. In the following, we discuss the results simu-
lated on the simplest two-bubble problem.

As a special case, we choose two identical round bubbles of the
same size as in the former section (r ¼ 5 mm). The dumbbell
structure is made at 0.01 mm under the surface as that in section
3.1.4 with the z axis passing through the midpoint of the “dumbbell
handle”, which is parallel to the x axis and perpendicular to the y
axis. To study the synergetic effects of the bubbles, we have
simulated the problem with four different distances d ¼ 0.01, 2.0,
5.0, 10.0 mm (the closest distance between the spheres). As shown
in Fig. 9a, the local maximum values of the vMES field occur at two
positions for each bubble, one at the inner-side point of the bubble
while the other at the zenith. Our simulations indicate that the
vMES at the zenith is larger than that at the side point for
d > 2.0 mm. Within our simulation range, the vMES at the zenith,
~70 MPa, is larger than that of single bubble case (i.e., ~60 MPa).
This difference obviously results from the increase in the heat
insulating region caused by one extra bubble. As can be seen from
Fig. 9b, the vMES at the side point will become larger than that at
the zenith if the two bubbles approach each other (d < ~2.0 mm). As
the stress concentration in the current case is also caused by the
heat loading on the tungsten tile, it can be explained by using
temperature gradient analyses as used in the previous sections. The
dominating vMES concentration at the side point implies that the
wall between the bubbles can easily be perforated if the two bub-
bles are too close, a phenomenon already observed in experiments
Fig. 8. Temperature distribution and its gradient along a line (x, y ¼ 0, z ¼ 1000) mm
on the top of the three bubble models.



Fig. 9. (a) The calculated local vMES (in MPa) distribution around the two bubbles. (b)
The dependence of vMES on the distance between the two inner side points of the
bubbles.

Fig. 10. (a) Temperature distribution for the model with no bubble. (b) Temperature
distribution for the model with a single bubble. (c) The time dependence of the
temperature at (0, 0, 1000) mm is shown as the dotted line for the model (a), and as the
solid line for the model (b).
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wherein the hole or channel to the neighbor bubble were found at
the bubble wall [42,43].

3.2. Transient heat loads

In addition to the steady state operation conditions, the ITER
designmust also consider the case of transient heat loads caused by
plasma disruptions, vertical displacement events as well as edge
localized modes, etc., in which the energy flux on the order of
several GW/m2 can be released within 1e10 ms [44,45] to the first
wall material. In this work, we use the following exponential
function [46] to describe the explosive energy release due to the
plasma.

q0 ¼1000 exp
�
� t
0:00434

�
(16)

where t represents the time. As the transient heat loads normally
occurs after a period of steady state operation, the initial temper-
ature field is set to be that of the steady state temperature distri-
bution for the corresponding models. Two models, one with a
single round bubble as in section 3.1.4 and the other without any
bubble, are chosen to do the simulations for the test of transient
heat loads.

3.2.1. Peak temperature distribution and plastic deformation
The explosive energy release from the plasma causes a rapid

temperature increase in the tungsten tiles, which may result in the
failure of the first wall of the fusion chamber and leads to a cata-
strophic consequence. Given a dynamic heat source as described by
Eq. (16), we have calculated the time dependent temperature field
with the boundary conditions and initial conditions described
above. As one can see from Fig. 10 a and b, the temperature dis-
tribution for the tungsten tile without bubble is more homoge-
neous than that with one bubble.

In addition, the arrival of peak temperature, ~2510 �C, for the
bubbled case is ~1 ms earlier than the arrival of ~2400 �C of the no-
bubble case. Our simulations indicate that at t ¼ ~4 ms the peak
temperature can be reached for the model with one bubble, where
the maximum temperature occurs at the top of the bubble. Fig. 10c
shows the time dependence of the temperature at (0, 0, 1000), a
position slightly above the zenith of the bubble. As can be seen from
Fig. 10c, though the half width of the temperature peak due to the
transient heat loads is rather narrow (<~15 ms), the temperature
value at the tail of the temperature peak (t ¼ 0.1 s) is still ~1100�C,
which is much higher than that of the maximum value of the
temperature (~460�C) under steady state working condition
(Figs. 5b and 6b). The temperature takes a maximum value at the
top of a bubble for the same reason as explained in the previous
sections. However, in the current case, this phenomenon becomes
more pronounced, reducing the yield strength of the tungsten.
According to the formula given in Table 1, the yield strength can be
calculated as sys(2400 �C)¼ 12.4 MPa, sys(2500 �C)¼ 10.2 MPa. On
the other hand, the vMES can be calculated at a specific time using
the method described in section 2. Then one can judge whether a
plastic deformation can occur or not by using the inequality Eq. (6).
Our simulations indicate that the vMES far exceeds sys at the peak
temperature for both the one-bubble and no-bubble models. For
example, the largest value of the vMES, se, found on the mesh
points for finite elements calculations is ~968.6 MPa and 705.4 MPa
for the one-bubble and no-bubble model at the peak temperatures,
respectively. Thus, a plastic behavior occurs in the events of tran-
sient heat loads. Shown in Fig. 11a and b are the calculated plastic
strain for the no-bubblemodel and one-bubblemodel, respectively.
It is obvious that the plastic strain in the one-bubble model is more
inhomogeneous and larger than that in the no-bubble model. In
particular, the plastic strain concentratesmainly around the bubble.
The accumulation of such a plastic deformation due to the repeated
transient heat loads may result in the cracks and finally the fracture
of the tungsten near the head of the bubbles [24]. When the
number of such bubbles increases, the amount of the exfoliated
tungsten becomes considerable. The latter is a source of the high Z
dust in the fusion chamber. In addition, with the local detachment
of the tungsten around the bubble head, separated open cavities or
coalesced bubbles can be formed betweenwhich thinwalls or hair-



Fig. 11. The calculated distribution of the plastic strain on (a) the model without
bubble and (b) the model with a single bubble.
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like objects can be formed as already observed in some test ex-
periments [13,23,47].

3.2.2. The optimal thickness of a tungsten tile
Taking into account the situations of strong transient heat loads,

the thickness of the tungsten tile becomes a critical issue for the
security of the fusion reactor. To solve this problem, one needs to find
the peak temperature of the tungsten tile at various thicknesses.
With the same model and conditions as the one shown in Fig. 10a,
the simulations have been performedwith five different thicknesses.
A time step of 0.001 s is used for Eq. (16) to find the peak temper-
ature. In Fig. 12, the calculated peak temperature versus the thick-
ness is shown. The calculated data points can be well fitted with one
branch of a shifted hyperbola as shown in Fig. 12. Our simulations
indicate that when the thickness becomes smaller than 2 mm, the
peak temperature rises very rapidly (catastrophe region), which sets
a lower bound of the future design for the tungsten armor or tile. Of
course, this bound depends on the magnitude of the transient heat
loads and the cooling efficiency conditions, etc. The current standard
of the ITER design [26] and of experimental models [48] is around
2 mm. However, if one considers the various possible damages such
as that caused by Helium bubbles etc., a higher value should be used.
An earlier Monte Carlo simulation [49] gave a value of 3 mm, which
is consistent with our result. Fig. 12 indicates also that the peak
temperature deviates considerably from the hyperbola curve when
the thickness reaches ~50 mm. This is due to that the cooling effi-
ciency of the setup decreases with increasing the thickness of the
tungsten tile, a phenomenon also recognized by other researchers
[50]. As can be seen from Fig. 12, the lower bound of the peak
temperature should be larger than 2267�C, which far exceeds the
temperature of a creep deformation for tungsten as estimated by
TcreepzTm*35%z1179�C [51]. This value becomes much smaller if
shear stress exists. All these results indicate that the current design
Fig. 12. The dependence of the simulated peak temperature on the thickness of the
tungsten tile model without bubble.
parameter of 2 mm for the tungsten armor or tile is too close to the
catastrophe point.

4. Conclusions

In summary, the damage of the tungsten tile caused by the gas
bubble has been evaluated by using the von Mises criterion.
Starting from the definition of vonMises equivalent stress (vMES), a
new relation between the extremal value of vMES field and that of
the temperature field has been established for the case of unique
heat load. In comparison with the non-damaged model, the bubble
problem has been studied with respect to the bubble shape, loca-
tion to the surface and the synergetic effect between the bubbles.
The simulated vMES concentration is well explained using the
calculated temperature field and its gradient. Under transient heat
loads, plastic deformation has been found to occur and is signifi-
cantly enhanced by the presence of the bubbles, and the lower
bound of the security thickness of the tungsten tile is estimated to
be greater than 2 mm. In all the studied cases, no plastic defor-
mation has been found under steady operational conditions. Our
simulations indicate that the bubbles near the tungsten surface are
much more detrimental to the tungsten tile than those located
deep inside the material. The predicted concentration locations of
vMES agree well with the observed crack positions of the tungsten
surface in many test experiments (i.e., the adjacent region of a
bubble). Such results provide reasonable explanations for the
observed pits and the rough or hairy surface morphology etc. Our
simulations showed that the damage of the bubbles is not severe
enough to lead to catastrophic failure of the tungsten armor,
instead it is of local and gradual nature. There are more complicated
situations, which include non-regular bubble shape, concave or
non-smooth surface etc. as well as other loads such as the elec-
tromagnetic force, seismic situation etc. They should be considered
together with the heat loads. We leave these issues to our future
work.
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