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INTRODUCTION

Residual stress control plays an important role in the development of components for
high-temperature pressure vessels, and its attainment requires a coherent experimental and
modeling effort. The swage autofrettage process is known to generate favorable residual stresses
in the walls of a cylinder to enhance fatigue life (refs 1,2). However, x-ray diffraction
measurements taken from the surfaces of the polished cross sections of the cylinder deviated
from Tresca's model predictions of residual stresses for a cylinder under internal pressure and
O'Hara's finite element swage model (refs 3,4). To help interpret the reduced compressive
residual stresses observed near the bore, Chen's analytic model of a cylinder under internal
pressure included Bauschinger and strain-hardening effects (ref 5). Parker and Underwood
further compared various modeling results and disclosed that the ASME pressure vessel code
does not predict the experimentally-observed reduced compressive stresses near the bore (ref 6).
In this work, a cylinder with inner diameter (ID) of 113.8-mm, outer diameter (OD) of 304.8-
mm, and OD/ID of 2.67 was autofrettaged to give a radial expansion of 1.38-mm. X-ray residual
stress measurements were compared with a finite element model and an analytical model of a
cylinder under internal pressure taking into effect the Bauschinger factor and strain hardening.

Residual stress analyses of a shot-peened and overload multi-lug breech ring (refs 7,8),
and of a swaged perforated cylinder (refs 9-11) have been reported. A review of the results is
presented here in light of changing experimental and modeling strategies due to specimen
geometry, processing history, and expected stress distribution. A short-range stress depth profile
from the lugs of the peened breech ring was studied by successive x-ray measurements, layer-by-
layer material removal from the inside surfaces of the lug, and correction for relaxation due to
layer removal. Long-range location-dependent overload residual stresses were measured on the
cross-section slices. In the perforated cylinder, finite element modeling predicted a high gradient
stress component (ref 9). This prompted the simulation of resolution effects on stress
measurements in distributions containing high stress gradients. Optimized spatial resolution was
used to achieve improved agreement with finite element modeling results near the root of the
perforations.

Because of the limitation of x-ray penetration, residual stress measurements are generally
taken from the cross-section slices. Effects of the slicing operation are discussed by comparing
the finite element model before and after slicing. Surface material removal by electropolishing is
common in x-ray stress analysis. This is to remove effects due to machining and oxidation,
which may affect stress measurements. Li et al. (ref 12) reported that when surface roughness
approaches the depth of x-ray penetration, residual stress levels ate reduced. They examined
laser confocal microscope images of steel surfaces after mild and aggressive electropolishing and
etching processes. Their study demonstrated that rough surfaces exceeding 75% chromium x-ray
penetration depth resulted from improper processing.




X-RAY EXPERIMENTAL TECHNIQUES

Our residual stress measurements were performed on a Q-tilt stress analyzer using the
[211] reflection from 4340 steel at 156.41° two-theta. Chromium radiation and a position-
sensitive proportional counter were used for stress analysis. Cross-sectional slices of 25 to 38-
mm thicknesses were cut from the 120-mm cylinder after the swage operation. The slices were
machine-polished, and 125 to 250 pm material was removed from the surface by
electropolishing. The electropolishing procedure was performed using 50% of HsPO,, 25 %
H,S504, and 25% H,0 solution in a large flow-through tank at Watervliet Arsenal. An alternative
material removal method using 85% H,0, 7 to 10% hydrogen fluoride (HF), and 15% hydrogen
peroxide etch was tested. This method of material removal had been suggested earlier by the
consortium of the National Center for Manufacturing Sciences (NCMS) to measure stresses in
predictive heat-treatment studies of automotive gear (ref 13). For measurements of depth
profiles, such as in the lugs of the shot-peened breech, an additional reference MTI bench
micrometer was used to monitor thickness of material removed. -

EXPERIMENTAL RESIDUAL STRESS IN A 120-MM M256 SWAGE
AUTOFRETTAGED CYLINDER

Figure 1a is a schematic of the swage autofrettage process. An oversized mandrel is
pushed through the interior walls of the cylinder to produce yield zones near the bore. X-ray
residual stress measurements were taken from a 25.4-mm thick slice. Figure 1b shows the stress
distribution as a function of radial distance from the bore. The figure shows hoop stresses along
the 0° direction, averaged hoop stresses from the 0°, 90°, 180°, and 270° directions, radial
stresses along 0°, and averaged radial stresses from 0° and 180°. X-ray measurements disclosed
compressive stresses near the ID, changing to tensile stresses near the OD. Reduced residual
stresses were observed near the bore. From the contour of the distribution, we conclude that the
reverse yielding zone extends from 60 to 73-mm, the plastic deformation zone from 73 to 110-
mm, and the elastic zone from 110 to 152-mm radial distances from the center of the cylinder.
The percentage overstrain extracted from the curve was approximately 70%.

COMPARISON OF EXPERIMENTAL AND FINITE ELEMENT MODEL
OF THE 120-MM M256 AND EFFECT OF SLICING

The elastic-plastic finite element model considers the strain-hardening effect of the
material and uses the generalized plane-strain elements of the ABAQUS finite element program
(ref 14). These special elements with nonzero axial strains are useful for modeling the
autofrettage process due to swaging. We used 20 ten-node biquadratic generalized plane-strain.
quadrilateral elements and 289 nodes, taking full advantage of symmetries. We also used a
simple isotropic hardening rule with an initial yield stress of 1116 MPa and the ratio of tangent
modulus to Young's modulus, m = 0.5%. The nonlinear finite element modeling consisted of
several steps including the autofrettage process simulated by forced radial displacement and
relaxation of autofrettage. Finally, multi-point constraint equations were used to conform the
element formulation into a plane-stress condition consistent with the sliced specimens used for x-
ray biaxial stress analysis. :




Figure 1c depicts the mesh of 20-axisymmetric elements with 8-nodes each used in the
ABAQUS finite element model. Figure 1d depicts the hoop stresses during and after
autofrettage, and the effect of slicing on hoop stresses. Little stress relaxation, especially near
the bore, is predicted due to the slicing operation.

Figure 1e compares experimental stress measurements with the ABAQUS modeling
results. Predicted stresses deviated from the experimental stress distribution, especially near the
bore region. Also shown in Figure 1le are two results with and without combined Bauschinger
and hardening effects from an analytic model (ref 15), in comparison with experimental averaged
hoop stresses. Reverse yielding occurs in all cases near the bore. The finite element model
results after slicing and analytical results based on a simple isotropic hardening rule are in
excellent agreement. The results showing the combined Bauschinger and hardening effects are
based on m = 0.005, m' = 0.3, and variable f (Bauschinger effect factor) determined in the
program as a function of plastic strain. The combined Bauschinger and hardening effects cause a
larger reverse yielding zone and a smaller compressive hoop stress near the bore. Thus, a better
agreement between the modeling and measurement is achieved.

Figure 1f shows the radial residual distributions based on two finite element models, two
analytical models, and the averaged data based on x-ray diffraction. Figure 1c shows that the
slicing operation reduces compressive stresses by a maximum of 150 MPa near the bore. The
slicing effect on hoop stresses should be a fraction of the maximum deviation due to the finite
thickness of the slice. Deviation should decrease with increasing thickness of the slice.

MEASUREMENT OF OVERLOAD AND SHOT PEENING STRESSES
IN AN EX35 BREECH RING

Figure 2a shows geometry of the multi-lug breech superimposed on the finite element
mesh (refs 7,8). The breech ring is on the top showing the front (right), middle, and rear lugs.
The breech block is shown on the bottom with applied pressure acting from the right. Shot
peening of the breech ring lugs was performed at Hydro Honing Lab, and the overload operation
of the breech ring was performed at Benét labs. Shot-peen stresses on the surfaces of the lugs
were studied, as well as overload stresses on the cross sections.

Figure 2b shows the hoop and axial peening stresses in the middle lug. Figure 2c shows
the hoop and radial stress distributions along a vertical direction beneath the front and middle
lugs. X-ray results concluded that compressive stresses generated in the lugs by the two methods
were of similar magnitude, but depth of the overload stresses extended an order of magnitude
deeper than the peening stresses. The short-ranged peening stresses in the new breech design
resulted in 13,589 cycles fatigue test-to-failure. The long-ranged overload stresses resulted in
26,553 cycles-to-failure for the component (ref 8).




STRESSES IN A SWAGED PERFORATED CYLINDER AND EFFECTS OF HIGH
STRESS GRADIENTS AND SLICING

Figure 3a presents a section of the perforated cylinder with superimposed finite element
mesh (ref 11). Figure 3b presents Parker's predicted hoop stress distribution from bore to
perforation (ref 9). The high stress gradients near the root of the perforation prompted our
simulation of resolution effect using five-point averaging, which corresponded to 2.0-mm lateral
resolution. Experimental measurements were performed using an optimized collimator and slit
to improve stress results near the bore and at the perforations.

Figure 3c shows the ABAQUS stresses by applying a bore pressure of 434 MPa and
measured hoop residual stresses from bore to perforation. From the resultant stress levels, the
bore and the root of the perforation are competing locations for failure. Failure should occur at
the root of the perforation judged by the higher tensile stress levels at the root compared to the
bore. Fatigue test results verified the prediction from experimental results. In comparing
Figures 3b and 3c, the finite element model predicted much greater compressive residual stress
levels near the root of the perforation compared to experimental measurements. Inside-diameter
peening of the perforations is suggested to further improve fatigue life in this component.

Figure 3d shows the ABACUS hoop residual stress using plane-stress and generalized
plane-strain. The plane-stress results simulate the slicing operation. Hoop stress distributions
are very similar.

SURFACE ROUGHNESS EFFECT ON STRESS MEASUREMENT

Li et al. (ref 12) have examined the effect of surface roughness on x-ray diffraction stress
measurement. In their study, steel surfaces were machined to induce roughness, and then
tempered in vacuum at 600°C for 15 hours to minimize the effect on residual stress due to

machining. They concluded that roughness reduces the stress levels when it is comparable to the
depth of x-ray penetration.

Figure 4a depicts the effect of specimen surface roughness on x-ray penetration. The top
graph shows the case when the surface roughness is less than the x-ray penetration. The bottom
shows when the surface roughness is greater than the x-ray penetration depth. When the surface
is rough, there would be more stress relaxation in the crest region, and stress concentration in the
valley region. Shadowing effect, specimen surface curvature, beam diameter, surface
inclination, and integration effect can affect x-ray stress measurements (ref 16). Fi gure 4b
depicts the ratio of x-ray-measured stresses to the implied stresses as a function of roughness.

X-ray penetration depends on the wavelength of x-ray and the diffraction angle used for
stress measurements. Table 1 gives the depth of x-ray penetration in gun steel (94.5% iron,
2.85% nickel, 1% chromium, and 0.5% molybdenum). In the table, n/p gives the mass
absorption coefficients in (cm%g), p gives density in g/cm?, and T represents the fractional
percentage of x-ray beam not being absorbed, which contributes to the diffraction peak. Using
chromium K-o radiation, and the [211] reflection from steel at 156.41° two-theta, X-ray




penetration is ~11 to 16 p for 95% penetration, and ~2 to 4 u for 50% penetration. Figure 4b
shows that when roughness exceeds 20 p, residual stress measurement by the x-ray method falls.

EFFECT OF POLISHING ON SURFACE ROUGHNESS

A laser confocal microscope was used to examine steel surfaces before and after
electropolishing and etching operations. Figure 5a gives the perspective of a steel specimen after
polishing with diamond, and removal of 25 pm of surface material using perchloric acid. The
figure shows surface roughness of 1 to 2 um. Figure 5b shows a steel specimen surface that was
aggressively etched using HF and hydrogen peroxide mixture. This figure shows extensive
surface irregularities and roughness. The polishing technique should be optimized to provide
minimum surface roughness and stress modifications for x-ray residual stress measurement.
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Table 1. X-Ray Penetration in A723 Gun Steel

Element Wwp Percentage | Mass Fraction | Atomic Weight [ Density
Iron 113.100 94.474 0.9439 55.8470 7.8700
Nickel 145.700 2.850 0.0299 58.7100 8.9100
Chromium 85.710 1.000 0.0093 51.9960 7.1900
Manganese 96.080 0.600 0.0059 54.9380 7.4700
Molybdenum | 457.400 0.500 0.0086 95.9400 10.2200
Carbon 14460 |  0.340 0.0007 12.0110 2.2700
Silicon 202.700 0.125 0.0006 28.0860 2.3300
Vanadium 75.060 0.105 0.0010 50.9414 6.0900
Phosphorus 235.500 0.004 0.0000 30.9738 1.8200
Sulfur 281.900 0.002 0.0000 32.0600 2.0900
U Total (1/cm) =917.8627 W Total (1/inch) = 2331.3712

Note: Theta (degrees): 78.201; Density (g/cm?): 7.87.
Depth (Microns)

PSI = 0 18 26 32 39 45
T =0.50 3.696 3.499 3.288 3.081 2.790 2.499
T = 0.67 5.912 5.597 5.258 4.928 4.463 3.998
T =0.95 15.974 15.122 14.209 13.316 12.059 10.803

Depth (Mils)

PSI= 0 18 26 32 39 45
T =0.50 0.146 0.138 0.129 0.121 0.110 0.098
T =0.67 0.233 0.220 0.207 0.194 0.176 0.157

L T=0.95 0.629 0.595 0.559 0.524 0.475 0.425
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Figure 1a. Swage autofrettage of a cylinder.
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Figure 1b. X-ray hoop and radial residual stress distributions.




FEA Model of 120 mm cylinder
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Figure 1c. Mesh used in the finite element model.
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Figure 1d. Hoop stresses before and after applying internal pressure.
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Figure le. Finite element and analytical models and experimental hoop stresses.
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Figure 1f. Finite element and analytical models and experimental radial stresses.
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Figure 2a. Multi-lug breech geometry and finite element mesh.
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Figure 2b. Hoop and axial shot-peening stresses in the middle lug.
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Figure 3a. A slice of the swaged perforated cylinder and finite element mesh.
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Figure 3b. Finite element hoop stress (60% overstrain) and resolution simulation.
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Figure 3c. Hoop stresses in perforated cylinder.
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Figure 3d. ABACUS hoop residual stress using
plane-stress and generalized plane-strain.
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Figure 4a. Roughness effect on x-ray penetration.
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Figure 4b. X-ray residual stress versus roughness.
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Figure 5a. Steel surface after mild electropolishing using perchloric acid
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Figure 5b. Steel surface after aggressive etching with HF and
hydrogen peroxide mixture.
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