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ABSTRACT

Distortion during machining of a nickel-base superalloy turbine disk employing a combination of residual stress measurement
and finite element analysis techniques has been presented. The ring-core method offers the most practical technique for
determining the residual stress field in nickel-base forgings. Nonlinear finite element modeling of the quenching stresses, which
relies on assumptions of the material and quenching process, is not necessary. The measured residual stress fields, determined
by the ring-core method, can simply be applied to the elastic finite element model of the forging, and an optimal machining
procedure can be determined.

1. INTRODUCTION

Distortion during machining can result in high scrap rates and increased manufacturing costs. Distortion
results from either the introduction or the elimination of residual stresses during manufacture. Distortion
caused by re-equilibration after removal of stressed material during machining is more difficult to avoid,
and is the primary cause of scrap in precision components.

Heat treatment required to develop desired mechanical properties would generally produce residual
stress distributions. During machining, the distortion of a part depends upon the geometry, order of
removal, and stress state in the material removed. If the change of shape, which occurs, is not
accommodated, the part may be scrapped during machining. Measurement of the initial residual stress
distribution and the use of finite element modeling allow the development of machining procedures,
which minimize distortion.

Turbine disks are manufactured from Nickel-base alloy by forging. Distortion occurs as a result of
removing stressed material from the forging. The heat treatment of Nickel based superalloy forgings
generally requires a quenching operation to obtain the desired mechanical properties. Quenching
produces residual stresses that exist throughout a large percentage of the forging. The turbine disk re-
equilibrate and distort as each layer of stressed material is machined away. The direction and magnitude
of the distortion is dependent upon not only the magnitude and sign of the stress in the material being
removed, but also the geometry of the component being machined. There are several other
manufacturing processes generally used in the production of turbine disks that create stresses such as
turning and shot peening. Turning and shot peening stresses, which exist in a shallow layer of near
surface material, are higher in magnitude than quenching stresses.

This paper presents the development of finite element models to minimize distortion during machining
of a turbine disk. The quenched forging technique is employed to manufacture the disk. It is made up of
nickel-base superalloy. The residual stresses which are measured in the forging, either by mechanical or
diffraction methods are simulated using a finite element model of the forging. The finite element model
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This paper presents the development of finite element models to minimize distortion during machining of a turbine
disk. The quenched forging technique is employed to manufacture the disk. It is made up of nickel-base superalloy.
The residual stresses which are measured in the forging, either by mechanical or diffraction methods are simulated
using a finite element model of the forging. The finite element model allows the machining sequence to be optimized.
The optimization method presented eliminates the need to calculate the quenching residual stresses, theoretically, using
nonlinear finite element methods.

2. RESIDUAL STRESSES IN NICKEL - BASE TURBINE DISK

Both x-ray and ring-core techniques have been employed to quantify the residual stresses in forged nickel-base disks.
The results obtained by x-ray diffraction on a superalloy nickel-base disk are shown in Fig.1. The near surface
compression is a result of a shot peening or grit blasting operation. The stresses below nominally 1 mm are due to the
forging heat treat. The quenching stresses are tensile, ranging between 0 and +200 MPa.

The principal residual stress data obtained by the ring core method on an Inconel 718 disk forging are shown in Fig.2.
Both the maximum and minimum principal stresses are in compression ranging from 0 to -400 MPa. The results
demonstrate that quenching stresses can be either compressive or tensile, depending upon the heat treat parameters.
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Fig.1 (a) X-ray residual stress distribution in Ni-base alloy
disk indicating near surface compression due to shot
peening and surface tension due to the heat treatment. (b)
X-ray diffraction percent cold work results exhibiting near
surface cold working due to the shot peening process.

Fig.2 (a) Ring-core principal residual stress distribution in a
Ni-base alloy disk showing compression from the surface to
nominally 1.5 mm resulting from the heat treatment process.
(b) Direction of maximum principal stress taken
counterclockwise positive from the circumferential direction

Typical turning and shot peening residual stress distributions, obtained by XRD methods [1, 2], on nickel-base material
are shown in Fig.3. The turning process generally produces tension near the surface and compression below. The
magnitude and shape of the turning residual stress distribution depend on such variables as the cutting tool geometry
and the feed and speed of the turning process. The shot peening distribution, also shown in Fig.3, is indicative of what
a typical shot peening process can develop. Generally, a shot peening distribution will reach maximum compression
below the surface. The shape of the shot peening distribution depends on such variables as the intensity of the peening,
coverage, shot size, and material properties of the component being peened. The depth of residual stress for both the
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turning and shot peening is on the order of 0.25 mm, a much shallower depth of stressed material than is produced by
heat treatment.
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Fig.3 (a) X-ray diffraction residual stress data obtained on a turned and shot peened nickel-base alloy
component showing typical near surface tension produced by turning operation and compression produced
by shot peening process. (b) X-ray diffraction percent cold work results showing cold working as high as 38%
for the turning operation and 12% for the shot peening process.

3. FINITE ELEMENT ANALYSIS

A finite element model of a disk forging was built in order to determine the displacements of the disk forging during
machining. The model was comprised of nominally 700 first-order axisymmetric elements simulating a hypothetical,
but typical, forging. The mesh was generated manually to coincide with the machining passes. The entire envelope of
material to be removed was nominally 5 mm thick around the entire final disk geometry. Each row of elements was
nominally 1 mm thick to simulate a machining process, which removes 1 mm of material per pass. The model is shown
in Fig.4. Generally, high production forgings will be a near net shape in order to minimize machining time and material
waste. The gray shaded elements indicate the material, which will be removed in various sequences to simulate
machining the final disk geometry.

115 mm

Fig.4 Finite element model of forging
P z 1 geometry with gray elements indicating

= z ks material to be removed, and white
elements signifying the final disk
geometry.

The residual stress field, measured empirically, was induced in the disk model through a series of fictitious loads. The
loads were adjusted to accurately imitate the measured stresses. Two loading conditions were employed to provide a
symmetric and non-symmetric stress field in the envelope material. The simulated symmetric stress field is shown in
Fig.5, and the non-symmetric stress field is shown in Fig.6. The compressive symmetric stress field shown was
imposed on both the top and bottom sides of the disk model. The residual stresses shown are the radial residual
stresses, which exist in the 5 mm of envelope to be removed from the finite element model. The magnitude of the finite
element model stress distribution was chosen to correspond to the measured distribution.
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Fig.5 Simulated compressive residual stress distribution Fig.6 Simulated compressive/tensile residual stress field

applied to top and bottom envelope material to achieve induced in envelope material to produce non-symmetric

symmetric stress field in disk finite element model. stress field in disk finite element model.

Initially a worse case sequence of machining steps was modeled to show the maximum distortion, which could exist.
The worse case sequence consisted of removing all of the material from the topside of the forging before removing all
of the material from the bottom side. The machining sequence is shown in Fig.7. Machining steps 1 through 7 remove
the entire topside, followed by steps 8 through 14, which remove the entire bottom side of the forging. The
displacements were monitored at the nodal point at the rim of the finished disk shown in Fig.7. The worse case
machining sequence was investigated for both the symmetric and non-symmetric cases.

An optimum machining sequence was examined for both the symmetric and non-symmetric case. The displacements
were measured and optimized to minimize deflection at the nodal point shown in Fig.7. This was the nodal point
chosen for the present analysis, although the distortion at any or several positions could easily be monitored. In order to
simulate material removal in the disk model, the stiffness of each element machined away was set equal to zero.
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Fig.7 Machining sequence applied to FE model for worse Fig. 8 Finite element determined axial and radial
case distortion (top material machined away followed by displacements for symmetric residual stress field using
bottom material) applied to both the symmetric and non- worse case machining sequence, showing a maximum
symmetric stress conditions. axial displacement of nominally 1.75 mm.
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4. RESULTS AND DISCUSSION

The plot of axial and radial displacement of the disk rim as a function of the machining passes for the symmetric
residual stress field is shown in Fig.8. The displacements reach a maximum value of nominally 1.75 mm in the axial
direction and -0.2 mm in the radial direction. The final disk geometry returned to the original position due to the
symmetry of the initial residual stress field in the forging.

The optimized sequence of material removal for the symmetric residual stress field is shown in Fig.9. It is apparent that
for a symmetric stress field and component geometry the optimal sequence would contain a machining pass on the top
of the forging followed by a machining pass on the bottom of the forging. Optimum sequences for more complex
residual stress distributions and geometries will not generally be apparent without a finite element solution. The total
amount of distortion would be a function of the depth of material being removed. The displacements for each
machining sequence are shown Fig.10. This optimal sequence yielded a maximum radial displacement of nominally -
0.15 mm and a maximum axial displacement of approximately 0.23 mm. Machining steps 7 and 9 yielded the largest
distortion. The distortion could be decreased even more if a depth of less than 1 mm is used.

MO TORED

H Fig. 9 Optimized machining sequence
AXIAL applied to FE model for symmetric stress
= state, where a 1 mm layer of material is
; removed from each side of the forging in
i —lI| a number of stages to minimize distortion.
VS =
RADIAL

The plot of axial and radial displacement as a function of material removed for the worse case machining sequence for
the non-symmetric residual stress field is shown in Fig.11. The radial and axial displacements continue to increase in
value as the material is removed. The maximum radial displacement is on the order of -0.9 mm, while the maximum
axial displacement is on the order of +2.75 mm.

The results indicate that an optimized machining sequence, in the sense of minimizing the total distortion, is not
necessarily possible in a non-symmetric stress field. The forging will distort in the same direction, when compression
exists on one side of the forging and tension on the other, regardless of whether the material at the top or bottom of the
disk is removed. It would, therefore, be desirable that the forging contain a symmetric or near symmetric stress field in
order to minimize the overall distortion.

5. CONCLUSIONS

Distortion during machining of a nickel-base superalloy turbine disk employing a combination of residual stress

measurement and finite element analysis techniques has been presented. Several specific conclusions of the

optimization method are:

1. The ring-core method offers the most practical technique for determining the residual stress field in nickel-base
forgings. The method provides principal residual stress determination in the envelope of material to be machined
away in the manufacture of the disk
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2. Nonlinear finite element modeling of the quenching stresses, which relies on assumptions of the material and
quenching process, is not necessary. The ring-core method directly measures the residual stresses actually created
by heat treatment and quenching without destroying the forging.

3. The measured residual stress fields, determined by the ring-core method, can simply be applied to the elastic finite
element model of the forging; and an optimal machining procedure can be determined.

4. In a symmetric residual stress condition the distortion due to machining can be analyzed and minimized. It is,
therefore, advantageous to produce a forging with a symmetric or near symmetric residual stress field.
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Fig. 10 Finite element determined axial and radial Fig. 11 Axial and radial displacements for non-
displacements for symmetric stress condition, using symmetric residual stress field employing worse
the optimized machining sequence, showing axial case machining sequence, illustrating distortion
displacements no larger than 0.25 mm. of over 2.5 mm in the axial direction.
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