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ABSTRACT: In order to modelize residual stresses due to thermo-mechanical process
like thermal treatment, very sophistcated calculations must be performed. However, for
the presnt case, we propose a very simplified modelization to study the influences of
main parameters of the bimetallic junction, geometry and materials properties

1. INTRODUCTION

Reglementary codes for nuclear power plants do not take into account residual stres-
ses for design. However, some particular attention is now done to these stresses, as some
particular defects on main parts of plants were attributed to them. These defects have
evolution under combined loading and residual stress field.

The origin of residual stress and strain fields is various. Manufacturing involves spe-
cial treatments in order to reduce residual stresses. Very often,these treatments are based
on thermal effects. Morever, many weld parts exist. All these phenomenons introduce
residual stresses, which must be considered in mechanical analysis .

Complete numerical calculations of such processes can be done, but are expensive in
terms of amount of time spent by engineers. Difficulties of this approach come also from
the knowledge of all the thermal and mechanical characteristics of materials.

In order to obtain values to introduce in design and maintenance analysis, simplified
approaches must be used. Such approaches allow parametric studies.

To present etficiency of our way, one example is presented in this paper; it concernsi
the junction of two tubes made with plastically different materials submitted to a ther-
mal unstressing.

A very simple model is employed, and a comparison with experimental measure-
ments is done.

2. BIMETALLIC JUNCTION: PHYSICAL PROBLEM

To link main large parts of a PWR, tubes made with austenic steel are used. The other
components are mainly made with ferritic steel. The junction beetween them are reali-
zed by welding, but, in order to supress the stresses induced by the technics, the junction
is elevated at high temperature (about 600°C), then slowly cooled. Normally, this opera-
tion is performed to reduced the initial stresses.
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But, as the thermal expansion coefficients of the materials differ, the treatment indu-
ces also residual stress and strain fileds.

The main result needed by the engineers is the stress filed at the outer surface of the
tube near the interface and its evolution along the depth on a few part of the total thic-
kness. Bui[1] has studied a very closed problem under the hypothesis of elasticity: a the-
mal shock on a tube along its length. He has shown that the classical shell theories
cannot be used even when the tube is thin, because three dimensionnal effects exits at
the free surface of the tube. The figure 2 gives illustration of this important result of Bui.

In our case, there are two important differences with the preceeding theoritical study:
the thickness of the tubes can be such as shell theories can be used, and plasticity must
occur during the process. For these reasons we perform numerical calculations, as we
cannot obtain an analytical solution. These calculations are done with a finite element
code, including thermal effects, and elastoplastic behaviour (EDF Code Aster).
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Figure 1

Figure 2

3. SIMPLIFIED MODEL

Hypothesis
- Initial state: At high temperature, the plastic flow is such as there are no residual stres-
ses;
- Loading: loading is resumed at a homogeneous thermal loading.
- Mechanical properties: no varation of mechanical properties is taken into account for
both materials, behaviour is elasto-plastic, with Von Mises criterion and linear kinematic
hardening, and only characteritics at room temperature are needed.
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Basic geometrical model (figure 3)
To study the influence of parameters such the ratio thickness / radius, ratio of the yield
limits, and hardening modulus, a very simple geometry is used: the interface bounding
the materials is normal to the axis of the tube.

[ _Material Lir Material 2|

Figure 3

We study a cylinder which the axis of symmetry is Oz, bounded by the two planes
z=+H, z=-H, the internal radius is Ri, the external radius is Re. The plane z=0 is the
interface beetween the two materials.

Special attention is done to the discretization with finite elements, with very small ele-
ments in the neighborough of the interface. We do it because the ‘thorn’ singularity
obtained under the hypothesis of elasticity is localized in a small volume near the inter-
face, and this effect, modified, must be expected also under the hypothesis of elasto-
plasticity

Behaviour of the materials:

Both materials are isotropic elasto-plastic, but when identical elastic properties
(Young modulus and Poisson ratio). They differ in their plastic prorties (Yield limits,
hardening modulus) and in their thermal expansion coefficients. They obey to Von
Mises criterion and normality rule for plastic flow.

Loading path:

An homogeneous change of temperature is considered (from high temperature to
room temperature). This loading induces thermal strain which have not equal values in
each material.

4. RESULTS

Plasticity occurs near the interface in the lowest yiled limit material, which represents
the austenitic steel. Various effects can be study with this model. Among them we tred
to observe the effect of
- value of the hardening modulus,

- yield limit,
- geometry.

Typical values for real structures for yield limit vary beetween 200 and 500 MPa.

Young modulus for steel is 200 000 MPA, Poisson ratio is 0.3. Hardening modulus can
be expected beetween 0 and 10% of the Young modulus. Thermal expansion coefficient
for ferritic steel is lower than for austenitic steel. Their values are 1 to 2 10-5/°C, and
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their difference is 2 to 10 10-6 /C. Typical values of used temperature is 500 to 600 °C.
Geometry of the pipes of PWR changes in a large scale. They have inner radius from
80 mm to 400 mm, and the ratio thickness / mean radius varies beetween 0.15 and 0.30.
The values of the main parameters for each case are given in the next tables. Typical
evolution of non-zero components of the residual stress field at the external surface of the
cylinder, along the interface and are given on the figures 4 to 7. Classically, for the
knowledge of the main effect of such configurations, the result is characterized by the
greatest value of tensile stress
at the surface; in the metallucigal post-analysis, this value determine the apparition of a
corrosion defect. We summarize, for each calculus, in the associated tabe, these values.

Table A : Effect of yield limits

Geometry Inner Radius Outer Radius
400 mm 467 mm
Material 1 Material 2
Thermal expansion 1.10-5/°C 2.10-57°C
Young Modulus 2. 10+45MPa 2. 10+5 MPa
Change of temperature -500°C -500 °C
Both Perfectly Plastic
Yield limits case A 400 MPa 200 MPa
casc B 400 MPa 300 MPa
case C 400 MPa 400 MPa
Maximum of Ggg case A 400 MPa
(hoop strees) case B 470 MPa
case C 425 MPa
Table B : Effect of hardening modulus
Geometry Inner Radius Outer Radius
400 mm 467 mm
Material 1 Material 2
Thermal expansion 1.10-5/°C 2.10-5/°C
Young Modulus 2. 10+5MPa 2. 10+5MPa
Change of temperature -500°C -500°C
Yield limits 400 MPa 200 MPa
Hardening case A 0 MPa 0 MPa
Modulus case B 2. 10+4 MPa 2. 10+4 MPa
Maximum of Ggg case A 400 MPa
(hoop stress) case B 500 MPa
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Table C : Effect of thermal expansion coefficient

Geometry Inner Radius Outer Radius
400 mm 467 mm
Material 1 Material 2
Both Perfectly Plastic
Yield limits 400 MPa 200 MPa
Young Modulus 2. 10+5MPa 2. 10+5 MPa
Change of temperature -500 °C -500 °C
Thermal expansion  case A 1.010-5/°C 2.10-5/°C
case B 1.310-5/°C 2.10-5/°C
case C 1. 610-5/°C 2.10-5/°C
Maximum of Ggg case A 400 MPa
(hoop strees) case B 360 MPa
case C 260 MPa

In that case, the maximum is reducing with the difference of coefficients of thermal

expansion, as we expect it, to disappear when difference disappear too in the materials.

Table D : Effect of dimensions

Material 1 Material 2

Yield limits 412 MPa 195 MPa
Young Modulus 2.06 10+5 MPa 1.95 10+5 MPa
Hardening modulus 800 MPa 1200 MPa
Change of temperature -590 °C -590 °C
Thermal expansion 1.110-5/°C 1.6 10-5/°C
Geometry Ratio H/R Inner Radius Outer Radius
case A 0.15 400 mm 467 mm
case B 0.25 176 mm 226 mm
case C 0.23 66 mm 106 mm
case D 0.30 78 mm 105 mm
Maximum of Ogg case A 410 MPa
(hoop strees) case B 395 MPa

case C 390 MPa

case D 380 MPa

239




F035-6

e .
t

R __ Austepite
L , Figure 4:
'[ Evolution of axial stresses

along external surface

AN S

Figure 5: — - 1
Evolution of hoop stresses rv\ | -
along external surface ORI Srcnsaicanne \__’%__:__1

\ ] Figure 6:
\ ) Evolution of axial stresses

L ] along depth (ferritic side)

Figure 7:
Evolution of axialstresses

along depth (austenitic side) . /f - \

———

240



F035-7

This short parametric work can be concluded as it follows:
- even if plastic strain can be large (but no more than 10%), the influence of hardening
modulus can be negligected;
- the main parameters driving the peak values of the maximum of the hoop stress at the
outer surface of the cylinder are the yield limits and the difference beetween the thermal
strains;
-the few calculations on various geometries lead to a not important effect of mean radius
and thickness on the values of the stress tensor at the outer surface.

4. COMPARISON WITH EXPERIMENTAL MEASUREMENTS

A modified geometry was used in order to improve the modelization, comparing
numerical results and X-ray diffractometry measurements of residual stresses. In that
case, the interface, which is not normal to the surface in the real junction, was geometri-
cally represented with its real angle with the surface. The computations were done with
the same hypothesis. The figures 8 and 9 show the comparison beetween the numerical
and experimental results for axial and hoop components of residual stresses, for the true
geometry of a bimetallic junction, at the end of the thermal process and for the work tem-
perature . The evolution of the stresses with the depth is very fast. The decreasing is
similar with the one observed in purely elastic solution.
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Figure 8: Axial stresses Figure 9: Hoop stresses

Values at the outer surface: Simulations Continuous lines
Measurements: Points
Higher absolute values for room temperature, lower for work temperature(320C)
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5. CONCLUSION

This simple model allows us to study the influence of various parameters which can
be important to determine the level of the residual stresses in a bi-metallic junction.

Morever, this model was compared with a reasonable accuray to experimental results.

With a numerical model we can access also to all the fields inside the cylinder. It can
be usefull to study the effect of of crack. In that case, engineering methods can be ame
liorated introducing the initial strain field coming for initial state, in order to calculate the
evolution of the residudal stress fileds when the crack propagate.
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