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Abstract

The thermo-mechanical response of plasma facing materials (PFMs) to heat loads from the fusion plasma is one of
the crucial issues in fusion technology. In this work, a fully analytical description of the thermal stress distribution in
armour tiles of plasma facing components is presented which is expected to occur under typical high heat flux (HHF)
loads. The method of stress superposition is applied considering the temperature gradient and thermal expansion
mismatch. Several combinations of PFMs and heat sink metals are analysed and compared. In the framework of the
present theoretical model, plastic flow and the effect of residual stress can be quantitatively assessed. Possible failure

features are discussed. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction
1.1. Thermal stresses in plasma facing components

The quasi-stationary surface high heat flux (HHF)
from the fusion plasma to in-vessel components such as
first wall or divertors is a basic loading mode on plasma
facing materials (PFMs) during the normal operation of
thermonuclear reactors [1]. Typically, in fusion devices
with long plasma discharges the PFMs will be bonded to
a metallic heat sink. This heat sink is furnished with
coolant channels for the heat removal. Thus the incident
heat flux will be conducted through the thickness of the
PFM and through the interface into the heat sink
structure.

This thermal load generates secondary stresses in the
plasma facing components. Firstly, the difference in the
coefficient of thermal expansion (CTE) of the consti-
tuting materials causes a significant misfit stress espe-
cially in the region near bond interfaces between PFM
and heat sink material [1,2]. The thermal stress induced
from the mismatch of the CTEs is controlled by the
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change of temperature at the bond interface from the
stress free state [3]. Such a mismatch stress can be gen-
erated even during the manufacturing process of joints
resulting in residual stress within the joint [4]. The sub-
sequent stress from the thermal loading during opera-
tion will be superposed on this residual stress field. In
the presence of the residual stress, heating of the joint
will lead to a reduction of the misfit stress, if the plastic
flow is not dominant [5].

Secondly, the temperature gradient developing in the
PFM produces an additional thermal stress [6]. During
the start-up phase, the initial temperature evolution will
be transient and the temperature distribution will show a
steep curvilinear profile. After reaching the steady state,
the temperature profile turns into a slope which deviates
from a linear profile only depending on the temperature
dependence of thermal conductivity. The corresponding
thermal stress in the PFM increases gradually having a
similar profile as that of the temperature, if yielding has
not occurred yet. For materials having a high elastic
modulus or high CTE, this contribution can be compa-
rable to those from the misfit of the thermal expansion.

1.2. Motivation

To obtain the reliable structural integrity, the selec-
tion of the proper material combinations, an optimised
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component design and the estimation of the load limit
are required. From the mechanical point of view, the
interplay of the thermal stress of PFMs and their in-
herent resistance to mechanical failure is an essential
concern to assess the performance of the candidate
materials. To this end, a comparative analysis of the
stress state of PFCs for various relevant material com-
binations is required.

The exact computation of stress fields needs, of
course, consideration of the detailed component geom-
etry and realistic loading history. In addition, the tem-
perature dependence of material properties should not
be neglected. To meet these requirements, numerical
methods such as the finite element analysis is commonly
used, since the complicated boundary conditions and the
temperature dependent properties can hardly be handled
in a fully analytical framework.

However, a simplified analytical estimation can pro-
vide us with a comprehensive insight into the thermo-
mechanical behaviour of plasma facing materials and
components. Due to required simplification and gener-
alisation, it will be essentially semi-quantitative. In any
case, such an analytical approach could be effectively
applied to the materials screening procedure prior to a
detailed structural design which may require an exten-
sive computational effort. Such analytical solutions will
show the clear correlation between the involved pa-
rameters. The purpose of this work is to provide com-
prehensive analytical tools to estimate the thermal stress
of actively cooled PFMs under fusion relevant loading
conditions.

In what follows, analytical modelling for the thermal
stress of actively cooled plasma facing components is
presented. The stress analysis is performed only for the
plasma facing armour tiles. The stress state within the
metallic heat sink will not be given here, since it depends
more strongly on a specific design configuration.

Finally, test results for several important material
combinations are presented. A possible failure mecha-
nism is discussed.

2. Some remarks on the analysis
2.1. Assumptions

In this article, the stress analysis is restricted only to
the plasma facing armour tiles, though the reaction force
of the substrate is, of course, included in the analysis.

The PFMs for the armour tile are assumed to be
linear-elastic whereas the metals for the heat sink sub-
strate be elastic and perfect-plastic.

The instantaneous thermal stress of PFMs will be
significantly influenced by the local plastic flow of the
metallic substrate beneath the bond interface, if it oc-
curs. The extent of the influence of this stress relaxation

on the misfit stress in the armour tile will surely be
dominated by the flow stress of the substrate. The plastic
yielding of the metallic substrate is taken into account
for the analysis. In Section 7, results of the elasto-plastic
analysis are compared with those of a linear-elastic one.
Such systems can directly be applied to joint compo-
nents consisting of brittle armour tiles and metallic heat
sink substrates.

Since the purpose of this article is not to predict exact
temperature or stress values but to present an analytical
scheme for a reasonable estimation of thermal stresses of
PFMs, the simplification of boundary condition and
load case is made without losing the essential feature of
loading characteristics of surface-heat-flux loaded PFCs
of fusion reactors. In the same sense, the temperature
dependence of the material properties (both thermal and
mechanical) is neglected for the sake of brevity. All re-
sults presented in this work are obtained for the steady
state. Furthermore, the temperature field in the heat sink
substrate is assumed to be uniform, which would be a
rough approximation for materials having a relatively
small heat conductivity.

2.2. The method of stress superposition

As stated in the introduction already, there are two
sources of thermal stress, which are expected to be
generated in the actively cooled armour tiles under HHF
loading. If each case can be treated as a separate prob-
lem with proper boundary condition, the stress analysis
will be more concise and clear. According to the prin-
ciple of stress superposition, these thermal stress con-
tributions can be linearly superposed to give the
resultant total stress o*‘l"‘a', provided the armour tile
materials remain in the elastic regime [6].

The concept of the stress superposition method is
shown in Fig. 1. The model structures stand for the
symmetric half of a PFC joint. It is shown that a PFM
armour tile is bonded to the heat sink substrate which
contains a coolant channel.

A typical temperature profile in this representative
PFC geometry is plotted in the figure. Following the
aforementioned assumption that the temperature in the
heat sink is uniform being equal to 7, the substrate will
impose two kinds of mechanical constraints, that is,
against in-plane thermal expansion and bending.

Figs. 1(b) and (c) on the right-hand side show two
imaginary constituent boundary conditions which rep-
resent two possible stress sources, respectively. Fig. 1(b)
indicates the boundary condition for the stress term
ot being induced by the temperature profile building
in the armour tile under bonding constraint by the
substrate. It should be noted that the lowest temperature
starts from 0 °C instead of 7. This is due to the fact that
it is just the relative temperature difference along the
armour tile thickness that determines the thermal stress
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Fig. 1. Schematic of the stress superposition method used for the analysis. Each illustration represents the mechanical boundary
conditions with the corresponding imaginary temperature profiles. Only the symmetric half of a component cross-section is shown.

generated by the temperature gradient as long as the
substrate temperature is uniform.

Fig. 1(c) stands for the boundary condition which is
responsible for the generation of the mismatch stress
a‘f“sma“h for the interface temperature 7. Here, a uni-
form temperature field is assumed.

In short, the superposition method is summarised as

(1)
At first, the thermal stress portion ¢tHF is considered in
Section 4. The thermal stress portion glismach js dis-
cussed in Sections 5-7. The total stress ¢'°®! resulting
from the superposition of these terms is discussed in
Section 8.

total HHF 4 mismatch .

o =0

2.3. Thermal history of PFCs

When the armour tiles of PFMs are attached to an
actively cooled heat sink unit, steady state of heat flow
and a corresponding stationary temperature profile will
be established after a sufficient time period. This situa-
tion will occur during the operation of future fusion
devices with long pulse discharges. A schematic of the
temperature development of a PFC under typical fusion
operation condition is shown in Fig. 2 [5].

3. Materials

As a whole, five materials are used, that is, fine grain
graphite (FU4206) and CFC (Sepcarb N112) for PFMs
(i.e. armour tiles) whereas martensitic steel (9Cr1Mo),
vanadium alloy (V4Cr4Ti) and copper alloy (CuCrZr)
for the heat sink substrate. Hence, six material combi-
nations consisting of two PFMs and three substrate
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Fig. 2. Schematic of the temperature development in a PFC
under typical fusion operation condition. (Two temperature
curves are plotted each for the heating surface of armour tile
and for bond interface, respectively.)

materials are examined. This materials set is shown in
Table 1.

The selected material properties are listed in Tables 2
and 3. In Table 3, the martensitic steel 9Cr1Mo steel has
comparable thermal and mechanical properties to the
low activation steels being currently under development.
The reference load parameters used are given in Table 4.

The geometry of the joint model for the present
analysis is shown in Fig. 3. In order to take the coolant

Table 1

Materials for the PFC joints considered for this analysis
Graphite, CFC

Copper alloy, martensitic
steel, vanadium alloy

Plasma facing armour tile
Heat sink substrate
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Table 2
Selected properties of the plasma facing materials at 300 °C
[8-10]

Graphite? CFCY
Thermal conductivity 90 140
(W/m K)
Thermal diffusivity (mm?/s) 359 52
Thermal expansion 5.2x107° 1.5x107°
coefficient (K1)
Young’s modulus (GPa) 10 28
Poisson’s ratio 0.18 0.11
Nominal compressive 90 160

strength (MPa)

% Quasi-isotropic.
® In-plane direction.

channel into account, the moment of inertia has to be
calculated with which the corresponding effective
thickness of the substrate can be determined.

4. Stress induced by temperature profile under full
constraint

4.1. Thermal stress solution

Once the temperature profile has been obtained from
a foregoing thermal analysis, the thermal stress of the
armour tile for the boundary condition shown in Fig.
1(b) is determined applying the strain suppression

Table 3
Selected properties of the substrate materials® [10,11]

method where full constraint by the heat sink is assumed
[6]. This leads to

_E[T(z) - T

o) = 01.0) = -

: (2)
where E indicates the elastic modulus, v is Poisson’s
ratio, and « is the coefficient of thermal expansion. The
subscript 1 means material for the armour tile.

The stress solution given above is valid only for the
bulk region distant from the lateral free surface due to
Saint Venant’s principle. This stress component is uni-
form in the in-plane direction.

To compute a precise temperature profile 7'(z) in-
cluding the transient phase, a numerical method con-
sidering realistic boundary conditions and temperature
dependent material properties has to be applied. In this
study, we use an analytical temperature solution so that
we obtain a closed-form thermal stress solution. This
closed-form solution will yield the first approximation
but still maintaining the essential features of stress
development.

To this end, we use a simplified thermal boundary
condition. A model for thermal analysis of the armour
tile is shown in Fig. 4. The top surface is heated by a
prescribed constant, uniform heat flux Qp whereas the
bottom plane is kept at a constant temperature of Tj
given a priori. This condition suggests that active cool-
ing of the PFM tile takes place via the bond interface
into the heat sink body. The heat flow will be nearly one-
dimensional regardless of the detailed configuration of

Martensitic steel Vanadium alloy Copper alloy
Coefficient of thermal expansion 11.5x 107¢ 10 x 10-¢ 17.6 x 107¢
Young’s modulus (GPa) 188 130 115
Poisson’s ratio 0.3 0.36 0.33
Yield stress (MPa) 400 (500 °C) 262 245

@ Listed data are for temperature of 300 °C.

Table 4

Loading parameters used for this analysis

Boundary conditions Without bending, active cooling
Heat flux (Qy) 5 MW /m?

Heat load duration (¢) 10s

Interface temperature (7;) 320 °C
Thickness of the armour 10 mm
tile

Thickness of the substrate® 10000 mm

#The thickness of heat sink substrate is chosen somewhat ar-
bitrarily. With this thickness ratio, it is assumed that the me-
tallic substrate possesses a sufficiently large moment of inertia
so that thermally induced bending of the joint structure is
suppressed.

Plasma facing armour tile

( material 1) Heating surface
r
—_ 4 \ (22
H,=10 rnrrlI 4 LEN _;
4

Bond interface Free surface edge

Bulk region ‘

Heat sink substrate
( material 2)

“/\/\/\/\-‘/—\_, e

Fig. 3. Geometry of the joint model used for the present
analysis.



J.H. You, H. Bolt | Journal of Nuclear Materials 299 (2001) 9-19 13

A R

«
[ —

Fig. 4. Geometry and boundary condition for thermal analysis.

the heat sink system. Thus, the temperature profile and
the resulting thermal stress will be a function only of the
vertical position. In this work, 300 °C is assumed for Tj.
In real situations, the contact interface will experience
varying temperature during transient phase and attains a
stationary value, which will be determined by the heat
removal rate via coolant.

The pertinent analytical solution for the present
problem is [12]

r— 200/ Kt
K
2}’! + 1)H1 - (H1/2—z)
erfc
X ; |:1 TIC 2\/5
— ierf T; 3
ierfc NG +T1 (3a)
_ Qo(Hl/z—Z) 78Q0H1 i (—1)”
K Kn? (2n+1)°
x e—K(2n+l)2n2t/4H|2 sin (2” + I)TC(Hl /2 _Z) + T07
2H,

(3b)

for which the heat flux is Qp atz = —H;/2 and T = T, at
z = H, /2 being kept constant for ¢ > 0. This solution is
exactly valid only for thermal properties being inde-
pendent of temperature.

Substituting the temperature solution (3a), (3b) into
the stress solution (2) yields

gradient _ Eyo QO (Hl /2 - Z) 8Q0H1
0] (2) = - -
1-— Vi K Kn?
« N —k(2n+1)7n2t/4H?
Z (2n+1
L2t 1);(;11 /2 - z):| @
1

In Eq. (4), the constant interface temperature 7 is not
included anymore. Hence, in order to utilise the ana-
lytical stress solution for ¢/™F, one does not need to

know the interface temperature a priori.

Table 5
Maximum thermal stress values of armour tiles for several
PFMs induced by temperature profile in them

Armour tile Stress by temperature Surface

materials profile in armour tile, temperature (°C)
oiHF (MPa)

Graphite 0* 856
-35°

CFC 0? 657
-16°

Active cooling, heat flux: 5 MW /m?, HHF load duration: 10 s,
thickness: 10 mm.

#Stress at the interface of the armour tile.

®Stress at the heated surface of the armour tile.

4.2. Results for several PFMs

Results for the stress ¢f™HF are listed in Table 5. The
stress portion ¢tF of the graphite tile is much smaller
than CFC due to its low elastic modulus despite the
much higher peak temperature. Since the applied con-
straint is the suppression of a thermal expansion, the
stresses are compressive. The stress distributions reflect
the temperature profiles proportionally.

5. Stress by mismatch of thermal strain — elastic case

Since the duplex joint structure consisting of different
materials has been one of the most preferred design
concepts for PFCs, thermal stress arising from the misfit
of differential thermal expansion of member materials is
of fundamental importance. Actually, this stress con-
tribution can be still more significant than that of the
temperature gradient. In addition, the residual stress is
also to be considered which stems from the joining
process of the component. Since the residual stress is
generated by cooling from the processing temperature,
the subsequent heating can result in stress reduction
depending on the stress free temperature. The high
strain energy coupled with instantaneous residual stress
often leads to cracking of the bond interface. Hence, the
precise prediction of the residual stress state of the in-
terface is important for the assessment of component
integrity.

In this section, this mismatch stress is discussed
considering both the PFMs and the substrate as linear-
elastic, subject to the premise that bonding is conducted
at a certain elevated temperature. A theoretical tool is
introduced with which the actual stress is obtained for a
given temperature difference between the stress free state
and the instantaneous state (e.g. room temperature or
operational temperature of the interface). The thickness
of the armour tile is assumed to be 10 mm and that of
substrate, 10000 mm.
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5.1. Mismatch thermal stress in armour tile

The simple analytical solution given by Hsueh and
Evans [7], which is based on the method of Timoshenko
[2], describes the thermal stress distribution along the
thickness of joint materials. This solution is valid only
for the bulk region distant from the free surface edge of
the bond interface, since the assumption of the Bernoulli
beam theory was applied to this solution [2].

In the schematic representation of joint model given
in Fig. 3, the bulk — and the free surface edge region are
denoted, respectively.

The mismatch thermal stress in the armour tile can be
described by

OTE™ (2) = E{[5] + (2 — 0)AT]
+E (- 11) /0", (5)

in which the vertical co-ordinate z has the value, Z = 0 at
the interface and Z = H; at the heating surface. The in-
dividual parameters are given by

o Ei(u — o) AT H;

el 1 BV i ) 6
“ T (B H, 1 B (©)

o EiH — B3 7
" 2(E{H, + E3H,)’
_ E*H} + E32H + 2EE3H  Hy (2H] + 2H3 + 3H, H, )
6ETE§H1H2(H| +H2)(O€1 — OCz)AT ’
(8)

where the subscripts 1 and 2 denote the PFM and the
substrate, H; the thickness of each material, AT the in-
stantaneous temperature difference from the stress free
state, g a characteristic constant, ¢, the position of the
neutral axis and p is the radius of curvature of the joint,
respectively. The effective moduli E; take either E; for
plane stress condition or E;/(1 —v;) for plane strain
condition.

The maximum stress of PFM is located at the ma-
terial interface and is found to be

el

fems 1 Z(E*Il JrE*[z) 1 .
mismatch 1 2 *
o =—|——"—""—"+=-EH 9
max ) HI(HI ”2) 21 L ( )

where the moment of inertia /; of the individual layers is
given by I, = H?/12.

The bulk interfacial stress is directly proportional to
the misfit of the CTEs and AT . It depends weakly on the
mismatch of the elastic modulus.

The resultant mismatch stress will be dependent on
the stress free temperature. If the temperature of the
stress free state lies below the instantaneous temperature
of the interface, then the sign of the stress will change.
The interface stress as well as the surface stress depends
only on the thickness ratio of the layers. As a natural

consequence, if the thickness ratio is fixed, the thickness
itself does not affect the absolute stress level but just the
gradient of it.

The classical solution for the mismatch stress fields
will break down in the vicinity of the traction free sur-
face. There often occurs, but not necessarily, singular
stress concentration near the free surface edge of the
interface. This multi-axial singular stress fields which are
bounded normally in a small region are often the cause
of material failure. In a global scale, the in-plane ther-
mal stress component at the free surface distant from the
interface should vanish (normal stress component must
be null at the traction free surface). Thus, the mismatch
thermal stress occurring in the neighbourhood of the
free surface but distant from the singular stress fields
must be weaker than that of the bulk region.

6. Stress by mismatch of thermal strain — plastic case

In case of a ductile heat sink substrate, plastic flow
can take place during the joining process or subsequent
heat loading. The plastic flow initiates at the bond in-
terface of the substrate. The concomitant stress redis-
tribution caused by the plastic relaxation can be
estimated through incremental stress updating. Once the
metallic part begins to yield, the mismatch stress of
PFMs in the armour tile cannot increase in proportion.
As a result, the stress evolution of PFMs will be allevi-
ated in comparison to the elastic case.

In this section, a plastic stress solution for a bond
joint is introduced which was developed by Hsueh and
Evans [7]. As in the previous sections, the mismatch
stress only of the armour tile is treated. It is usual that
the plastic deformation is localised in the neighbour-
hood of the interface. Such a partial-plastic condition
requires the determination of the yielding front.

In principle, the plastic yielding can occur either
during the cooling process following bonding or during
subsequent thermal loading, depending on the temper-
ature difference during the thermal sequence. In this
work, we assume that the yielding occurs only during
the cooling process and that the metallic substrate re-
mains in the elastic range during the following thermal
loading. This premise may reasonably represent the
actual thermo-mechanical history experienced by a
PFC, since the temperature at the joint interface during
HHF loading is much lower than the stress free tem-
perature. In addition, the existence of the residual stress
field suppresses the yield significantly during subsequent
thermal loading.

To compute the resultant mismatch stress, we apply
the superposition method again. The resultant mismatch
stress of the armour at any instant of HHF loading can
be obtained by adding the residual stress after cooling
and the secondary stress upon re-heating as follows:
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mismatch ___residual reheating
01 pl =01y T O (10)

6.1. Residual mismatch thermal stress in an armour tile
with substrate yielding

In case of partial-plastic yielding of the substrate, the
residual mismatch thermal stress in the armour tile can
be described by

ST E) = £ [+ (o — )T
+E (2— tfj‘)/p”‘? (11)

in which the vertical co-ordinate Z has the same con-
vention as in Section 5 and AT, is the temperature
change on cooling.

For large work hardening rate (H, — oo), the indi-
vidual parameters are given by

pl _

1 EH, (H\ + 2h,) — E3H,(H> — 2h,) Lo

07 2pl E:H, + E3H, E;’
(12)
tpl = M (13)
" 2(E;H, + E3Hy)’
o E{*H} + E2H + 2E{E3H  Hy (2H] +2H3 + 3H  H,)

6ETE§H1H2(H1 +H2)(O€1 — Oﬁz)An ’
(14)
hy={[Ey*H} + Ey’Hy + 2E; EyH  H, (2H} 4 2H;
+3H\H,)]o,+E|E; [E{H} + E;Hy Hy (3H, +4H,)]
X (OCZ — O(l)ATC}/6ETE;2H1Hz(H1 +H2)(O(2 — OCI)AT;:,
(15)

where £, is the position of the yield front, i.e., the elastic/
plastic boundary, and for perfect plasticity (H, — 0),
1 ETH (Hl + 2hy) - £ (HZ B hy)2

ol 16
K E{H, + E5 (Hy — h,) ’ (16)

O EH - B <H22 - hﬁ)
pl _ ©
" 2 E{Hi+E;(H, —h,)’

2
ppl _ l EEZ(HZ — hy) — E|E3H, (Hl + Zhy)
2 (ETHI + Esz)O'y + ETEZHI (0(2 — Otl)ATC ’

(18)

[EyHY + Ey*Hy + 2E,EyH H, (2H] + 2H; + 3H 1) |0,
+ (20, (EiH\ + E3Hy) — 3(E3H; — E{HY) | Eshlo,
= E{E5 (0 — o) AT [ H, (EH} + 3E;H5 Hy + 4E5HS )
+ 6E5 Hy Hahy(H, + Hy) — EyH b (2hy, + 3H, ).
(19)

In Eq. (19), the yield front 4, in a perfect-plastic sub-
strate is determined by solving this polynomial equation.

6.2. Secondary mismatch thermal stress in armour tiles
upon re-heating with HHF load

Having assumed that plastic yielding is suppressed
during re-heating, the secondary mismatch thermal
stress in the armour tile that develop during re-heating
can be computed using the elastic solution, Egs. (5)—(8)
replacing AT with AT;, where AT, is the temperature
change at the bond interface on re-heating having a
positive value

e (2) =E;[e) + (0o — oy)AT,| + E; (2 - t:1> /p°.
(20)

7. Results of mismatch stress of armour tiles

A series of calculations is presented in this section,
for a specific temperature history in order to make a
comparison between the elastic and elasto-plastic model.
For all calculations, it is assumed that the joint com-
ponents are cooled from an arbitrary stress free tem-
perature of 620 °C to a reference temperature (room
temperature). Subsequently, they are subjected to fur-
ther HHF load (this subsequent HHF loading is termed
as re-heating in the following) with increasing interface
temperature up to the steady-state value of 320 °C. The
assumed temperature values both for the stress free state
and the steady state are taken from the data for a typical
brazed plasma facing component under normal opera-
tion [13].

In the elastic analysis, the determining quantity is the
temperature difference AT between the stress free state
and the steady state, which is 300 °C in the present case.
For elasto-plastic analysis, the temperature decrease on
cooling (AT.) and the increase on re-heating (AT;) are
—600 and 300 °C, respectively. The yield stresses of the
substrate materials are taken from Table 3.

The results for plane strain condition are summarised
in Table 6. The mismatch stress values are given both for
the heating surface of the armour tile and for the in-
terface on the armour side. In this table, three stress
states are presented, that is, residual stress ¢/ from
the elastic calculation, residual stress 7 from the
elasto-plastic estimation and the subsequent mismatch
stress a'l“j:j]m““h in steady state on re-heating, which was
obtained using ¢},

The results show that the graphite tile experiences a
considerably smaller mismatch stress than the CFC tile.
This is mainly due to the low stiffness and small CTE
misfit of graphite for metallic heat sinks. Nevertheless,
the strength margin for graphite tile seems to be not
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Table 6

Mismatch thermal stresses of the armour tiles bonded to various heat sink substrate materials

Joints Residual stress Residual stress Mismatch HHF stress
Heat sink Armour tile (elastic) (elasto-plastic) (elasto-plastic)

Copper alloy Graphite =90 -90* —45°
—-90° -90b —45b
CFC -304¢ -3042 —1522
-304° -304° —152°
Martensitic steel Graphite —46° —46* 234
—46° —46P -23b
CFC —188¢ —188% —942
-188° -188° —94bg
Vanadium alloy Graphite -35 —35¢ -18°
-35° -35b -18°
CFC —-160° -160* -80°
-160° -160° -80P

Both the residual stresses at room temperature and thermal stress in the steady state during the subsequent HHF re-heating are listed.
Interface temperature on re-heating: 320 °C, temperature change on cooling: —600 °C.

2Stress at the interface of the armour tile.
®Stress at the heated surface of the armour tile.

sufficient. The stress for the graphite—copper joint al-
ready reached the mean compressive strength of graph-
ite (90 MPa). For the graphite tiles of other joints, which
show lower residual stresses than 90 MPa, statistical
failure prediction is necessary using the Weibull pa-
rameter.

The CFC-copper joint experiences a more significant
residual stress than any other joints. Residual stresses of
the CFC tiles for all joints exceeded the mean com-
pressive strength of Sepcarb N112 (160 MPa).

On the other hand, the compressive residual stress
states have a beneficial aspect, since spontaneous dy-
namic fracture is suppressed. Instead, brittle damage will
be accumulated under repeated compression.

Another important feature is that no plastic relax-
ation is predicted for all joints. The mismatch stress
occurring in the metallic substrate is much lower than
that in the armour tile, since the substrate was assumed
to have a much larger dimension than the armour tile.
Hence, the stresses do not exceed the elastic limit. Re-
markable plastic stress relaxation will occur, if the sub-
strate thickness is reduced. Then, the substrate stress can
be high enough to exceed the yield stress. Such a case
can probably occur in the practice of manufacturing,
since the substrate thickness of a component module for
bonding process will be normally much smaller than that
of in-vessel PFC structures. An essential limitation of
the present procedure to compute the plastic relaxation
on cooling is that the temperature dependence of the
yield strength cannot be taken into account. To solve
this restriction, an incremental algorithm may be ap-
plied.

The mismatch stresses are uniform in the whole tile
thickness which indicates that the bending is completely

suppressed. The change of mismatch stress in the ar-
mour tiles during the re-heating stage can be determined
from the difference between (5™ and o™ . A
common feature is that the relaxation of the mismatch
stress is proportional to temperature increase, as can be
readily expected.

8. Total thermal stress during plasma operation

For the assessment of the failure mechanism, the
total resultant stress has to be estimated by superposi-
tion of all stress contributions. The final results of the
resultant total thermal stress of the armour tiles are
summarised in Table 7. The values are obtained by
summation of the results in Table 5 with those in
Table 6.

During HHF loading the heated surface undergoes
higher compression stress than interface region. In most
cases, the stresses in the whole tile domain are relieved
on HHF loading. However, in the armour tiles of the
graphite-steel and the graphite-vanadium joints, stres-
ses at the heated surface increase during HHF loading.
Interface stresses decrease during HHF loading in all
joints. Hence, interfacial failure will occur during the
cooling phase. Surface damage can be relieved or en-
hanced on re-heating depending on the material com-
binations. In all joints, the armour tile experiences a
cyclic thermal stress variation during a HHF loading
cycle. Therefore, repeated re-heating can lead to a fa-
tigue failure of the tile even for the case of low peak
stress. Stress gradient in the armour tiles of all joints
originates solely from ¢/™MF, since no actual bending is
generated by mismatch stress. It has to be noted that all
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Table 7
Resultant total thermal stresses at the heated surface and at the interface of the armour tile in steady state of the HHF re-heating
Joints Residual stress (elasto-plastic) Total HHF stress (elasto-plastic)
Heat sink Armour tile
Copper alloy Graphite -90* —45*
-90° -80°
CFC -304* —-152°
-304° -168°
Martensitic steel Graphite - 46* -23°
—46° -58b
CFC —188* -942
-188° -110°
Vanadium alloy Graphite —35¢ -18*
-35° -53b
CFC -160* -80°
-160° -96°

For comparison, the residual stresses are also given. Effective temperature change on cooling: —600 °C, interface temperature on

re-heasting: 320 °C, HHF load: 5 MW /m?.
2Stress at the interface of the armour tile.
®Stress at the heated surface of the armour tile.

results presented here are based on the specific thermal
history which was employed as an example.

9. Concluding remarks

In this article, a comprehensive analytical model was
presented for the assessment of thermal stress of armour
tiles of plasma facing components under HHF load. It
was assumed that a 10 mm thick plasma facing armour
tile is bonded to a thick heat sink substrate at a certain
process temperature (620 °C). It was further assumed
that this joint is cooled to room temperature and sub-
sequently subjected to a high heat flux load (5 MW /m?)
imposed onto the armour tile surface. Active cooling is
considered. These premises approximate the real loading
scenario experienced by a plasma facing component
under fusion operation.

The resultant thermal stresses were formulated in a
closed-form solution. To achieve it, it was supposed that
the resultant thermal stress consists of three constituting
stress contributions each having different origins. These
three stress terms are: residual mismatch stress from
bonding process, mismatch stress by re-heating upon
high heat flux loading and thermal stress by the tem-
perature profile in the tile during HHF loading, re-
spectively. The method of stress superposition was
applied to obtain the total resultant thermal stress from
these individual stress portions. Emphasis is put on the
modelling capability of the plastic relaxation of metallic
substrate. It was supposed that plastic yielding can occur
only during the cooling process.

Stress analysis was performed for joints with six
different material combinations which are of technical

importance in fusion engineering. The predicted stress
response of the armour tiles showed a trend which was
consistent with physical interpretation. It was shown
that no plastic deformation occurs during the cooling
process, if the thickness of the heat sink structure is
much larger than that of the tiles. However, plastic re-
laxation may be important when the substrate of the
component module for the bonding process has a much
smaller thickness than the actual in-vessel built-in sub-
strate.

The results of this comparative study can provide us
with a criterion on materials screening and an under-
standing of the stress generation and failure mechanism.
The present analytical procedure enables us to perform a
simple estimation of thermal stress for plasma facing
components without employing any sophisticated nu-
merical tool.
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Appendix A.

Sometimes it may be interesting to separate the
thermal stress ¢!™F in components again. For this, it is
worthwhile to scrutinise the imaginary boundary con-
dition of Fig. 1(b) in detail. The stress ¢iF for this
boundary condition can be divided into two contribu-

tions considering the following additive superposition:
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Fig. 5. Schematic of two virtual boundary conditions for constituent stress portions which are superposed to produce thermal stress
due to temperature profile in armour tiles under full strain suppression.

dient T-T,
gHE = giradient 1 O'E o),

(A1)

adient - . .
The second term ¢f™™™ indicates the stress induced

purely by the relative temperature gradient in the ar-
mour tile whereas the third term JETﬁTU) is the stress due
to the bonding constraint against in-plane expansion of
the tile which is caused by the average temperature dif-
ference between the armour tile (T) and the heat sink
(To).

This relation is illustrated in Fig. 5. The boundary

condition (b) corresponds to the stress portion g™

whereas that of (c) stands for the stress portion a(IT_—T"),

respectively. In Fig. 5(b), the whole temperature profile
T — Ty is subtracted by its average value, T — T, so
that the mean temperature of this new profile is equal
to null (i.e. the first statistical moment vanishes). In
this case, there will be no net in-plane thermal ex-
pansion. Now, one obtains thermal stress only due to
the temperature inhomogeneity in the tile under
bending constraint by the substrate. In Fig. 5(c), the
relative in-plane thermal expansion of the armour tile
is characterised by the average temperature difference
T —T, (or T—Ty). Since the stress term aﬁrir“) is
produced actually by bonding constraint, it can be
estimated in an analogous manner as the mismatch
thermal stress.

The thermal stress for the boundary condition of Fig.
5(b) is calculated by [6]

o%radicnt(z) _ Ul..r(z)
_ _Eloz] [T(z) - Ty — (T(Z) - TO)}
1— V1
Eou[T(z) = T(z)]
_ — (A.2)

B | e

T(z) =— / T(z)dz, (A.3)
Hy J_u 2

where the relation T(z) — Ty(z) — [T(2) — To(2)] =

T(z) — T(z) is used and no bending of the armour tile is

assumed.

The stress solution Eq. (A.2) can be appreciated
from a different angle by considering an alternative
boundary condition which is mechanically equivalent to
Fig. 5(b). This situation is illustrated in Fig. 6. After
substituting Eq. (A.3) into Eq. (A.2) and re-arranging,
we obtain

(FTo)
l : Temperature Temperature
4 \\
g| T g
5 5
2y o
(a) (b)

Fig. 6. Schematic of two boundary conditions for thermal
stress generated purely by temperature gradient which are me-
chanically equivalent. The thermal stresses occurring in these
armour tiles are identical. (Only the symmetric half of a com-
ponent cross-section is shown.)
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radien EoT Z) 1
A = 01ul) = - 1—(v )
/2
></ EaT(z)dz. (A4)
—H, /2

This equation corresponds to the stress solution for the
boundary condition of Fig. 6(b), in which the form of
the temperature profile is identical to that of (a) differing
only by the constant average temperature 7 and the
mechanical constraint is imposed only against bending
still allowing free expansion. The last term of the solu-
tion can be interpreted as the mean value of the original
stress in Eq. (2) with the opposite sign. With this addi-
tional stress term, any in-plane external force (surface
traction) is removed.

This demonstrates the mechanical equivalence of the
two boundary conditions (a) and (b) in Fig. 6. Now, it is
clear that the stress solution, Eq. (A.2), for g% ac-
tually stands for the stress portion purely by the relative
temperature gradient without constraint against in-plane
thermal expansion.

The stress o\ "
5(c) is obtained by

) for the boundary condition of Fig.

”@:—(T—TO)Elal/(l—v1). (A.S)

Substituting Egs. (A.2), (A.5) and (2) into (A.1) verifies
that the superposition relation is satisfied.

References

[1] K. Toki, T. Garching, J. Nucl. Mater. 258-263 (1998) 74.
[2] S. Timoshenko, J. Opt. Soc. Am. 11 (1925) 233.
[3] J.H. You, J. Mater. Eng. Perform. 7 (1998) 114.
[4] J.H. You, G. Breitbach, Fus. Eng. Des. 38 (1998) 307.
[5] J.H. You, H. Bolt, R. Duwe, J. Linke, H. Nickel, J. Nucl.
Mater. 250 (1997) 184.
[6] S. Timoshenko, J.N. Goodier, Theory of Elasticity, 3rd
Ed., McGraw-Hill, New York, 1970.
[7] C.H. Hsueh, A.G. Evans, J. Am. Ceram. Soc. 68 (1985)
241.
[8] W. Delle, J. Linke, H. Nickel, E. Wallura, Spezielle
Berichte der KFA lJiilich, Jiil-Spez-401, 1987.
[9] I. Smid, M. Akiba, M. Araki, S. Suzuki, K. Satoh, JAERI
Report, Japan Atomic Energy Research Institute, JAERI-
M 93-149, 1993.
[10] ITER Material Properties Handbook, ITER Document
No. S74REL.
[11] A.F. Tavassoli, J. Nucl. Mater. 258-263 (1998) 85.
[12] H.S. Carslaw, J.C. Jaeger, Conduction of Heat in Solids,
2nd Ed., Oxford University, Oxford, 1959.
[13] R. Matera, G. Federici, ITER JCT, J. Nucl. Mater.
233-237 (1996) 17.



