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ABSTRACT

The residual stresses in a bonded tile/substrate structure were analyzed using both
analytical and finlte element methods.

Beam theory and 2-D elasticity solutions were compared and the latter was found to
be more accurate, due to inadequate boundary conditions used in beam theories. Agreement
between analytical elasticity and finite element solutions was favorable, but the
increased flexibility of flnite element codes makes them superior when non-linear
problems are consldered.

The response of the calculated stress states to changes in various model dimensions
and material parameters was studied parametrically. In general, dimensional changes were

found to be significant only for short, thin tilles.

1. INTRODUCTION

The attachment of ceramic or refractory armor tiles to Iin-vessel components by
brazing or diffusion bonding has been identified as a critical issue for the next
generation of fusion devices. These tlles must withstand severe thermal gradients and
eddy current-induced forces from plasma disruptions without debonding from the heat
sink. It 1s important therefore, to minimize the residual stresses that develop at the
bond Interface during cooldown from the bonding temperature. These stresses, resultling
from the mismatch In the thermal expansion coefficients of the tile and substrate, can
easily exceed the tiles' strength leading to significant yielding and/or cracking.
Careful design, however, can minimize the impact these residual stresses will have on the
rellability of the component.

The complexity of the stress distributlion caused by bonding at elevated temperatures
requires a thorough analysis for proper characterization. Previous attempts [1-4] have
used classlical beam theory to analyze the problem of uniform temperature change in a
laminate, while Ochoa and Marcano[5] modified the theory to include transverse shear
deformations. The major drawback to these analyses 1s that the boundary conditions
require only the forces on the laminates free surface to go to zero, rather than the
stresses. This leads to (lncorrect) predictions that the shear stress in the bond layer
peaks at the surface. More complete solutions are offered by Chen, Cheng, and
Gerhardt[6] and Ishai and Gali[7]. Chen, et.al., use 2-D elasticity theory and the
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variational theory of complementary energy to obtain an approximate, closed-form solution
that satisfies the proper, zero-stress boundary conditions. Ishal and Gali use finite
element methods to analyze a unique, multi-layer model, which features very thick
adhesive layers. Unfortunately, this type of model yields limited information for fuslon
applications because brazing and diffusion bonding involve very thin layers.

The following paper utilizes finite elements to compare the avallable analytical
solutions and study the effect that changes in the model dimensions and material

parameters have on the associated stress flelds.

2. COMPARISON OF SOLUTION METHODS
To facilitate comparison of the three primary methods of calculating residual

interlaminar stresses, the model analyzed by Chen, et al., will be studied. As seen 1in
figure 1, the model consists of two primary layers (tlle and substrate) of equal width
with different materlal properties. These are joined by a thin interlayer of a third
material. The elastic stress distributions due to a uniform, 100°C temperature rise will
be determined using the parameters in table 1.

As seen In figures 2 and 3, the two analytical solutions for the interlaminar stress
distributions differ markedly. The predicted normal stresses (oy) have a similar form,
but the beam theory results peak about 2.5 times higher than the 2-D elasticity results.
The shear stresses, Txys exhibit an even greater discrepancy, due to the Iincomplete
boundary conditions used in the beam theories. It should be noted that 2-D elasticity
theory [6] does indeed predict a non-zero shear stress at the interface of two dissimilar
materials, such as between the bond layer and the tile. This 1is due to the discontinuity
in the material properties. Away from such discontinuities, though, the shear stress
always vanishes at a free surface. This leads one to belleve that elasticity
calculations, which demand that this condition be met, are more reliable.

ABAQUS, a finite element code, was used to analyze the same model and the agreement
with the elasticity solution was favorable. Due to the large stress gradients near the
free surface, a relatively fine mesh was needed to obtain an accurate solution, in which
the shear stress approached zero at the end. Figure &4 shows that the finest of the
analyzed meshes predicts a peak shear stress comparable to the 2-D elasticity solution.
The major difference is in the location of this peak. This relatively minor difference
is probably due to errors in the assumed displacement patterns of each solution. It
appears, though, that finite element methods can be relied upon to give accurate results

for interlaminar stresses, provided that sufficient care ls taken In meshing the model.

3. PARAMETRIC STUDIES
The model of figure 1 was also used to study the role that it's dimensions and

material properties play in creating the complex residual stresses of figures 2 and 3.
Rather than using the properties suggested in reference [6], the bonding of graphite
tiles to a copper heat sink with a silver interlayer was analyzed.

The first parameter adjusted 1s the model length, 22. Since the stresses are
localized at the ends, one might conclude that the model could be shortened considerably
before the stress fields interact, thus altering their distribution. This 1is verified in

— 80 — N &4/4



figure 5, which shows the peak graphite stresses near the bond layer for various
length-to-thickness ratios. As seen, the total model length must be less than the
half-thicknesses before any reduction in the stress is realized. This indicates that the
tiles must be short compared to thelr thickness, if elastic stresses are of a concern.

It is also interesting to note the effect of changing the graphite layer thickness,
maintaining the model half-length (2} and copper thickness at 5 cm. As seen in figure 6,
decreasing the tile thickness can reduce Txy and Sy» but it may actually increase
ox. This anomaly 1is not predicted by beam theory and it could be significant In some
designs.

The final parameter studied was the tile modulus. As the graphite modulus was
doubled and quadrupled, gy and Txy did not increase linearly in the graphite (figure
7). This indicates that the high modulus of tungsten may not be as harmful to It's

prospects as a tile material as one might expect.

4, CONCLUSION

Residual stresses due to brazing or diffusion bonding can significantly impact
component design. Because of the complexity of the stress distributions, beam theory
solutions inadequately model the problem and 2-D elasticity calculations are too lengthy
for any but the simplest problems. Therefore, finite element methods were found to be
the best tool for computing interlaminar stresses, especlally when temperature dependent
properties and plastic deformations are included. Proper choice of the mesh, though, is
critical.
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TABLE I

E; = 2.07x105 WPa v} = .25 &y = 6.5x10-5°C-!
E, = .69x105 MPa v, = .33 a, = 13.0x10-6°C-!
Eg = .30x10° HPa vy = .33 a3 = 2.5x10-%°C-!
2 =25 cm 1= T9 = 5 cm n=.1cm

TILE

BRAZE LAYER

HEAT SINK
- 2L

1) Model for residual stress analysis
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