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Abstract. Functionally graded materials (FGMs) have the potential to
reduce high stress concentrations near material interfaces.In the ITER divertor
monoblock, this may be achieved by replacing the distinct W-Cu interface by
an FGM, which gradually changes the coefficient of thermal expansion (CTE)
from copper to tungsten. To assess the full potential of FGMs in improving the
thermal and mechanical behavior, a first proof-of-principle study is performed
in this paper to numerically optimize the tungsten volume fraction distribution
of a W-Cu FGM based ITER monoblock for minimal thermal stresses using a
simple thermal conduction model. We show that the optimizer can ensure that
the temperature remains below the recrystallization temperature of tungsten and
that it minimizes the chosen cost function, based on the fractional margin between
the local temperature and melting temperature, in a computationally efficient
way. Furthermore, the resulting design has a lower Von Mises stress measure at
the original position of the W-Cu interface. However, a new material interface is
introduced, which results in an additional undesired stress concentration. Future
work should therefore aim at integrating a complete stress evaluation in the
optimization method.
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1. Introduction

One of the major challenges on the road towards
economically viable fusion energy is coping with the
large peak heat load impinging on the divertor target,
and the corresponding elevated material temperature
profiles and thermal stresses [1-5]. For ITER, the
divertor target will be composed of monoblocks,
which are beam-shaped tungsten blocks fixed on a
CuCrZr cooling tube with a Cu interlayer [2, 6].
However, this design has several disadvantages. First,
stress concentrations are likely to establish near the
material interfaces, since the CTE of tungsten is
roughly four times smaller than that of copper.
Second, due to the rather low thermal conductivity of
tungsten, elevated temperatures are found at the top
of the monoblock, which approach the recrystallization
temperature, T,.. =~ 1200 °C. At this temperature,
the mechanical properties of tungsten might severely
deteriorate. Finally, at the bottom of the monoblock,
the temperature might be below 200°C at which the
ductile-to-brittle transition temperature (DBTT) of
tungsten is reached. All these phenomena lead to
accelerated crack growth and hence a decrease in
divertor physical lifetime.

To overcome the issue of CTE mismatch, W-
Cu functionally graded materials (FGMs) are being
studied as an option to avoid the macroscopic material
interface by smoothly varying the volume fraction of
W in the monoblock [7,8]. The following question
then arises: what is the best possible distribution
of the tungsten volume fraction to minimize the
stresses and hence increase divertor lifetime? This
question can be answered by making use of numerical
optimization techniques, which have already been
applied successfully to optimize the target shape and
magnetic configuration to reduce the peak heat load
[9-12].

The aim of this paper is twofold: first, showing the
potential of FGMs to reduce the maximal temperature
in the monoblock, while simultaneously decreasing the
stress concentrations at the original W-Cu interface.
Secondly, we demonstrate how powerful the adjoint-
based optimization strategy is as a design tool. In
the remainder of this paper, we will first elaborate the
model for the monoblock in section 2 and afterwards
explain the optimization rationale in section 3. In
section 4, the optimization strategy is used to optimize
the tungsten volume fraction in the domain for a
desired local temperature to melt temperature ratio,
while constraining the maximum temperature to the
recrystallization temperature of tungsten. Finally,
the temperature distribution and Von Mises stress
distribution in the optimized design are compared to
those of the ITER reference case.

2. A suitable divertor target model including
FGMs

The thermal behavior of the monoblock is modeled
by the steady state heat conduction equation and
adequate boundary conditions, denoted respectively by
cq and cx:

co(ww,T) =V - (k(ww, T)VT) =0, (1)
Cg(ww,T) =0. (2)

It is assumed here that the heat conduction is isotropic
and no volumetric heat sources (e.g. heat originating
from impinging neutrons) are present. The dependence
of the model equations and heat conduction coefficient,
K, on the tungsten volume fraction, wy, and on the
state variables, in this case only the temperature T,
expressed in [K], is explicitly stated. The following
boundary conditions are imposed: at the plasma facing
surface, a constant heat load of 10 l\fn\év is applied. The
sides of the monoblock are assumed to be adiabatic
and the cooling duct heat transfer is modeled by
a correlation for subcooled boiling convective heat
transport by water at 100°C. These equations are
solved using an in-house Finite Volume code for the
2D temperature distribution in the monoblock.

The heat conduction coefficient is taken from
experimental data for a melt-injected W-Cu FGM
from [13] to have a realistic representation of the
expected FGM thermal behavior. Due to lack of
available data, other material parameters , such as the
Young’s modulus, Poisson ratio, melting temperature,
and CTE, are assumed to be given by a linear mixture
model:

aram = wwow + (1 — ww)acy, (3)

where ay and «ac, are the material parameters of
pure tungsten or copper, respectively, and wyy is the
tungsten volume fraction.

3. Introducing an efficient optimization
methodology

3.1. Formulation of the optimization problem

Ideally, we would like to adjust the tungsten
volume fraction in the domain such that local stress
concentrations are effectively reduced to a minimum,
while at the same time keeping the temperature above
the DBTT and below the recrystallization temperature
of tungsten. This problem statement can be cast
into an optimization problem where a cost function,
J(¢,T), is minimized by searching for the optimal
values of the design variable ¢. The cost function is an
indication for the performance of the design and should
therefore correspond to some measure of the stresses,
for example the Von Mises stress distribution in the
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monoblock. However, this requires solving the 3D
stress distribution in the monoblock and may become
computationally expensive. Therefore, another cost
function is proposed which is cheap to evaluate, but
still leads to local stress concentration reduction. Here,
we opt to optimize the local temperature to melting
temperature ratio, Tlm, where T}, is calculated using
the linear mixture rule, and both temperatures are
expressed in [K]. In the remainder of this paper, this
is also referred to as the temperature ratio. Since
thermal stresses are at first instance proportional to the
difference between local and stress free temperature,
it is reasoned that this should lead to local stress
reduction. Induced stresses related to temperature
and CTE gradients are not directly taken into account,
but it is reasoned that by reducing the overall relative
temperature, the temperature profile and as such the
stresses are smoothed out as well.

The design variable will be the spatial distribution
of the tungsten volume fraction in the functionally
graded material, i.e. ¢ = wy, on the design domain,
24, which is a part of the monoblock domain, 2. After
discretizing the domain, the tungsten fraction in each
cell of {24 becomes a design variable. This approach
allows for maximal design freedom, yet might result
in designs which are not easy realizable with current
manufacturing techniques.

Besides minimizing the cost function, it is also
possible to impose constraints. In our case, the
first obvious constraint is that the design variables
and temperature should satisfy the model equations,
(¢, T) = 0, under which we understand both
the heat conduction equation ¢ = 0 and the
boundary conditions ¢y = 0. Further, the tungsten
volume fraction should be positive and bounded by
one, and the temperature should remain below the
recrystallization temperature of tungsten. To reduce
complexity, the DBTT constraint and the actual upper
temperature limit of copper are not yet imposed. Note
that the model equations can be solved and substituted
directly for each choice of design parameters (tungsten
distribution), leading to the reduced cost function,
J(¢). Written succinctly, this gives the following
optimization problem:

< T(¢)

(@) T>2dw'

on €.

. 1
m¢1n J(o) = 5)\/9
st. 0<o<1,

T(QS) S Trec

To stress that the model equations have already
been solved, the dependence of the temperature on the
design parameters is explicitly stated. For the cost
function, it was chosen to optimize the L2-norm of
Tl — 7, normalized with a constant prefactor A, since

it is well known that the L2-norm leads to penalizing

large peaks in the cost function value and will hence
lead more quickly to local temperature ratio and hence
stress reduction. 7 represents the desired temperature
ratio and should be chosen beforehand. This choice
will be further clarified in section 4.

3.2. The adjoint approach: a cost-efficient way for
gradient calculation

To solve the aforementioned optimization problem
efficiently, a gradient-based optimization algorithm will
be used. To this end, the gradient of the reduced cost
function and of the constraints are required to update
the design, i.e. the tungsten fraction in each cell. An
intuitive way to do this is by making use of finite-
difference approximation to evaluate the gradient.
However, with this approach, one has to perturb
a design variable, recalculate the cost function (or
constraint) for the perturbed design, and compare this
to the original cost function. This should be repeated
for every design variable. Therefore, this approach
is computationally expensive: for each cost function
calculation, the model equations should be solved.
This in particular becomes prohibitively expensive for
a large number of design variables, which in our case
is in the order of 10* — 10°.

It is clear that an alternative strategy for gradient
calculation is needed. The adjoint approach provides a
solution: it allows to calculate the gradient directly for
all design variables through the solution of the so-called
adjoint equations, which are a set of equations similar
to and derived from the (linearized) model equations,
and the cost and constraint functions. This renders
the cost of the gradient calculation independent of the
number of design variables. Instead, it now scales
with the number of cost and state-dependent constraint
functions to be evaluated. The reader is referred to [9]
for a detailed explanation and derivation.

3.3. Dealing with the temperature constraint

As briefly mentioned before, the gradient of the
constraint with respect to the design variables is
required as well.  This is trivial for the bound
constraints on the design variable, but hard for the
maximal temperature constraint. The first difficulty
is that this constraint is defined on the entire domain,
leading for the discretized setting to a constraint for
each cell. The problem lies again in the gradient
calculation: for each constraint, a gradient should be
calculated, which would lead to a number of gradient
calculations equal to the amount of cells. Even with the
adjoint approach, this becomes incredibly expensive
because for each constraint, a new set of adjoint
equations would have to be solved.
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To circumvent this issue, the state constraint could
be reformulated equivalently as maxq T < T..., which
is just a single constraint. However, the max-operator
is non-differentiable, so it has to be replaced by an
approximate differentiable functional. This approach
is called constraint aggregation (see [14]). There are
different choices for the aggregation functional of which
the Kreisselmeier-Steinhauser (KS) functional, hig, is
the most popular choice [15]. The constraint is now
reformulated as follows:

1 1

hxs = —log — / exp(pg)dw < 0, (4)
P a Jq

where g = TL and p and « are parameters that

can be tuned to let the functional approach the real
maxq T < T,.. constraint.

4. Optimization of the tungsten volume
fraction distribution in an ITER like
monoblock

In this section, the tungsten composition of a
monoblock with ITER like geometry, taken from [16],
is optimized and compared to the baseline ITER
monoblock performance. To avoid designs which
would be subject to severe erosion effects that are
not modeled, a top layer of 3 mm thickness of pure
tungsten is kept.  Additionally, the cooling duct
composition is held fixed as CuCrZr. To aim for
reduced temperatures, while trying to remain above
the DBTT without imposing it as a hard constraint, 7
is chosen to be 0.25. The melting temperature will
be computed using the linear mixture rule as well,
although microscopically, the copper phase of the FGM
might already melt at temperatures lower than the
computed melting temperature. These issues will be
discussed further in this section. The optimization
is performed on a grid with 40000 cells and took
approximately 3 hours to complete 100 optimization
steps on a Dell Latitude E5570 with Intel i7 processor
(4 x 2.6 GHz) and 16 GB DDR4 RAM.

Figure 1(a) shows the tungsten fraction in the
optimized case. For reference: the tungsten fraction
for the ITER case is given in figure 1(b). There is
a clear gradient layer formed beneath the tungsten
surface layers. This result can be explained as follows:
to reach a uniform temperature to melt temperature
ratio, the optimizer can either increase the tungsten
fraction to obtain a higher melting temperature, yet
lower thermal conduction coefficient, or decrease it for
the opposite effect. At the top, it is impossible to
lower the temperature significantly without lowering
the temperature at the bottom too much. Therefore,
the optimizer chooses to increase the tungsten fraction
there locally. At the bottom, it decreases the tungsten

fraction to obtain a lower melting temperature and
hence reaching the desired ratio as good as possible.

On figure 1(c) and 1(d), the temperature profile
of the optimized and reference case is plotted,
respectively. The surface temperature is reduced by
roughly 200°C in comparison to the ITER design
due to the reduction of the tungsten fraction beneath
the top layer, hence proving that the optimized
temperature profile is well below the recrystallization
temperature and that introducing the FGM leads to a
significantly lower overall temperature profile. At the
bottom, the temperature retains values of the order
of the DBTT of tungsten and lower, which might
lead to unwanted local brittle behavior. A similar
argument holds for the copper fraction: near the top
layer, the temperature is around 800°C, coming close
to the melting temperature of copper. As stated before,
this could cause the local microscopic copper volumes
to melt. These issues could be avoided by including
temperature constraints specifically for regions where
copper or tungsten is present, which is left for future
research.

Figure 1(e) and 1(f) give the temperature ratio
for the optimized and reference design, respectively.
Comparing both figures, it is clear that the optimized
design outperforms the ITER design on this aspect.
Therefore, it is concluded that the optimization works
as expected and efficiently improves the design based
on the given cost function.

To have a measure of the stresses in the
monoblock, the Von Mises stress distribution, without
considering yield stress, is calculated in a post-
processing step:

1 2 2
ovVM = \/2[(Ux93 —oyy)” + (oyy —022)" +

(0az — 02)” + 603, + 602, + 602, ]

The stresses o;; are calculated by solving Navier’s
equation in 3D using a linear elastic and isotropic
stress-strain relationship and assuming traction-free
boundary conditions except for the bottom, which
is assumed to be fixed everywhere. Figures 1(g)
and 1(h) show the profiles of oy s for the optimized
design and ITER reference case at the plane z = 0,
respectively. The stresses at the original tungsten-
copper interface have been reduced, but this goes at the
cost of introducing a new local stress concentration at
the top layer material interface. This could be avoided
by tuning 7 to a desired value, or by introducing a new
cost function based on the actual stress. Although the
former is computationally less expensive and easier to
evaluate, the latter will not require tuning and will
target local stress concentrations directly and hence
might better exploit the potential of FGMs.



Investigating the Potential of FGMs through Numerical Minimization of Thermal Stresses 5

0.6
0.4
0.2

(a) Optimized divertor tungsten (b) ITER reference tungsten
fraction distribution.

fraction distribution.

(¢) Temperature distribution for (d) Temperature distribution
optimized design [°C]. for ITER design [°C].

(e) Tl for optimized design [%] () 7

1E8
10
8

for ITER design 7].

4
2
0

ovm for optimized design (h) oy s for ITER design [Pa).
[Pa].

Figure 1. Composition, temperature distribution, temperature
ratio and Von Mises stress measure for the optimized design (left
column) and ITER reference case (right column)

5. Conclusion

A numerical optimization strategy has been developed
to find the composition of a melt-injected W-Cu FGM
that optimizes the fractional margin of the operation
temperatures to the local melting temperatures while
respecting the maximum temperature bound. The
first results show clearly that the optimizer efficiently

improves the design by reducing the given cost
function. By imposing constraints on the temperature,
it also achieves to keep the temperature profile beneath
the recrystallization temperature.

However, the proposed cost function does not
perform satisfactory as it can be insensitive to some
local stress concentrations. Therefore, further research
should focus on including a stress evaluation and
penalization for the cost function. Ideally, this cost
function is based on an appropriate failure criterion
for the monoblock, which will most likely include some
stress measure. Furthermore, additional constraints
are needed to account in more detail for material
limits. Future efforts should amongst others aim at
accounting for the DBTT temperature of tungsten.
Moreover, a maximum temperature for copper should
be imposed to prevent melting of the copper volumes in
the FGM. This can be done by extending the constraint
aggregation methodology introduced in section 3.
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