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ABSTRACT  

This paper further explores the primary slice removal technique for planar mapping of multiple 
components of residual stress, describing application to specimens with a range of alloy, geometry, and 
stress distribution. Primary slice release (PSR) mapping is a combination of contour and slitting 
measurements that relies on decomposing the stress in a specimen into the stress remaining in a thin 
slice and the stress released when the slice is removed from a larger body. An initial contour method 
measurement determines a map of the out-of-plane stress on a plane of interest. Subsequently, removal 
of thin slices and a series of slitting measurements determines a map of one or both in-plane stress 
components. Four PSR biaxial mapping measurements were performed using an aluminum T-section, a 
stainless steel plate with a dissimilar metal slot-filled weld, a titanium plate with an electron beam 
slot-filled weld, and a nickel disk forging. Each PSR mapping measurement described herein has one (or 
more) complementary validation measurement to confirm the technique. Uncertainty estimates are 
included for both the PSR mapping measurements and the validation measurements. Agreement was 
found between the PSR mapping measurements and validation measurements showing that PSR 
mapping is a viable technique for measuring residual stress fields.  

Keywords: Residual stress, measurement, primary slice release, contour method, slitting 

1. INTRODUCTION 

A wide variety of experimental techniques are available to determine residual stress, and technique 

selection is an important consideration for engineering work. Any residual stress measurement technique 

provides only a subset of the full stress tensor over a limited spatial volume on a given specimen [1]. 

Very few measurement techniques can determine a 2D map of multiple components of residual stress on 

a plane through the workpiece. Neutron diffraction and high-energy X-ray diffraction are capable of 

measuring maps of multiple components of bulk residual stress. Both diffraction techniques are viable 
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for many specimen types, but measurements can be difficult for parts of large size, or for materials with 

large grains or high levels of microstructural texture. A superposition of multiple techniques can also be 

used to map multiple stress components; however this can be challenging, and requires a diverse skill 

set.  

The use of the contour method [2] in conjunction with other methods has proven fruitful, since the 

contour method provides a complete 2D map of the residual stress component normal to a plane of 

interest. In recent work, a second measurement technique is used to map a second stress component on 

the same plane, using a series of repeated point or line measurements. The first example of using the 

contour method and another method (hole drilling and x-ray diffraction) was provided in [3], and that 

approach was subsequently applied to a girth welded mock-up [4], as well as several additional 

specimen types [5, 6, 7, 8]. Another biaxial mapping approach combined the contour method with 

incremental slitting [9] and is called primary slice removal (PSR) mapping. An advantage of PSR 

mapping is that the in-plane stress can be mapped with relatively few measurements and additionally 

PSR mapping takes advantage of the high precision offered by slitting [10,11,12]. PSR mapping was 

first demonstrated on a quenched aluminum extrusion [9] and was subsequently applied to map biaxial 

residual stresses in a stainless steel welded plate [13] and a complex nuclear power plant nozzle mockup 

containing a dissimilar metal weld [14]. PSR mapping was recently applied to measure three orthogonal 

residual stress components in a quenched aluminum bar and was validated with complementary 

measurements by neutron diffraction [15]. 

The primary objective of the present study is to assess the PSR mapping approach in specimens that 

encompass a range of key industrial alloy, geometry, and stress distribution. This work therefore 

complements the prior publications that laid out in detail the PSR mapping technique [9] or described its 

application to specific problems [13,14,15].  
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2. METHODS 

PSR mapping measurements were performed on four different specimen types: an aluminum T-

section, a stainless steel plate with a dissimilar metal (DM) slot-filled weld, a titanium plate with an 

electron beam (EB) slot-filled weld, and a nickel alloy forging. Validation was performed by comparing 

results of PSR mapping to complementary measurements. The following is a description of the methods 

used for these experiments.  

2.1. Primary slice removal (PSR) mapping 

PSR mapping is a measurement approach that combines the contour method and slitting to determine 

multiple components of residual stress [ NOTEREF _Ref476135323 \h 9]. The measurement determines 

the stress field at a given measurement plane, in the original specimen configuration. The basic steps for 

PSR mapping measurements are shown in Figure 1. First, the contour method is used to measure the 

residual stress normal to a plane of interest, near to the mid-length of the specimen. Next, a thin slice (or 

multiple slices) adjacent to the contour method measurement plane is removed. During slice removal, 

the residual stress will change by an amount called the PSR stress. The stress remaining in the removed 

thin slice, referred to as the slice stress, is determined using a series of slitting measurements. By 

invoking elastic superposition, the stress in the original configuration is expressed as the sum of the slice 

stress (remaining in the removed thin slice) and the PSR stress (the stress released when the slice is 

removed from the body). Previous work [9, 16] has shown that three orthogonal components of the PSR 

stress can be computed in a supplementary stress analysis that uses as input the out-of-plane stress 

determined from the contour method measurement. A fuller description of PSR mapping was provide 

earlier [ NOTEREF _Ref476135323 \h 9].  

2.1.1. Contour method measurements 

The contour method is a residual stress measurement technique invented by Prime [2]. A contour 

method measurement cuts a workpiece along a given measurement plane. Residual stress release causes 
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the cut surfaces to deform in a manner analogous to the pre-cut residual stress field. The cut surface 

profiles can be measured, and their negative (mirror image) applied as a displacement boundary 

condition in an elastic stress analysis of the cut part, which determines the residual stress normal to the 

cutting plane. Prime and DeWald [17] describe the theory, experimental steps, and best practices for the 

contour method. 

The contour method measurements for each PSR mapping measurement followed nominally the 

same procedure. For each contour method measurement, the specimen was cut in two using a wire 

electric discharge machine (EDM) while the specimen was rigidly clamped to the EDM frame. 

Following cutting, the profile of each of the two opposing cut faces was measured with a laser scanning 

profilometer to determine the surface height normal to the cut plane as a function of in-plane position. 

Surface height data were taken on a grid of points with spacing between 100 and 200 μm in two 

orthogonal in-plane directions. The data for the two cut surface profiles were then aligned, averaged on a 

common grid, and the average was fit to a smooth bivariate analytical function. The residual stress 

release on each measurement plane was found by applying the negative of the smoothed surface profile 

as a boundary condition on the cut face of a linear elastic finite element model of the cut part. Each 

model used the corresponding elastic material properties given in Table 1.  

2.1.2. Primary slice removal stress 

The PSR stress, which is the stress released from the slice as it is extracted from the body, is 

determined using a supplemental finite element analysis [9]. The analysis uses a model of the slice and 

applies the out-of-plane stress (measured with the contour method) as a traction boundary condition on 

the face of the slice. The resulting stress after equilibrium gives the PSR stress. Further validation for the 

PSR method is provided in [5] and [14].  
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2.1.3. Slitting measurements 

Slitting was used to determine the stress remaining in the removed slices. Each slitting measurement 

incrementally cut a slit into the slice. During cutting, strain was recorded using a bonded strain gage on 

the back face of the slitting measurement plane. The strain versus cut depth data in conjunction with an 

elastic inverse (compliance matrix) is used to calculate the stress released while cutting the incremental 

slit. A unique compliance matrix that reflected the geometry of slice while it was being slit was used for 

each measurement. The stress calculation procedure reduces the effect of noise in the strain data with 

Tikhonov regularization [18]. Hill [19] provided a useful summary of the slitting method, including 

details of theory and application. 

2.1.4. Uncertainty estimation 

The uncertainty for the contour method measurements was estimated using the approach developed 

in [20] and further evaluated in [21]. The contour method uncertainty estimate consists of two random 

uncertainty sources and they are the uncertainty due to noise in the displacement surfaces 

(“displacement error”) and the uncertainty arising from smoothing of the displacement surfaces (“model 

error”). The displacement error is estimated using a Monte Carlo approach by finding the standard 

deviation of the differences in stress resulting from applying normally distributed noise to the measured 

surface and the model error was found by taking the standard deviation of stresses computed using 

different levels of smoothing. 

The uncertainty in the slitting measurements was calculated using the difference between the 

smoothed strain and measured strain (or alternately with an assumed, omnipresent value of 2 με) in the 

stress calculation procedure. 

All uncertainty in the PSR stress is assumed due to uncertainty from the contour method 

measurement and uncertainty in the in-plane components of the PSR stress was assumed to be 

negligible based on prior work [9], where it was found that the smooth out-of-plane stress field causes 
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an in-plane stress field robust to small-scale, random variations in the out-of-plane stress. As a result, 

uncertainty in the total in-plane stress components derives entirely from uncertainty in the slitting 

measurements and uncertainty in the total out-of-plane stress component derives entirely from 

uncertainty in the contour measurement.  

2.2. Geometry and Material 

A range of specimens was developed and PSR mapping was performed on each. The specimens and 

measurement details are described below. Complementary validation measurements are also described.  

2.2.1. Aluminum T-section 

The aluminum T-section specimen was fabricated from a bar cut from 82.5 mm (3.25 in) thick 7050-

T7451 aluminum plate. The bar had a length of 762 mm (30.0 in), a height of 82.5 mm (3.25 in), and a 

width of 82.5 mm (3.25 in). The bar was heat treated, including a quench, to induce high residual stress 

indicative of the -T74 temper. The heat treatment is described in [22] and consists of heating the bar to 

477°C (890°F) for 3 hours, quenching in room temperature water, artificial aging at 121°C (250°F) for 

8 hours followed by additional aging at 177 °C (350 °F) for 8 hours. The T-section specimen machined 

from the bar had a length of 254 mm (10.0 in), a height of 50.8 mm (2.0 in), a width of 82.55 mm 

(3.25 in), and a leg thicknesses of 6.35 mm (0.25 in), as shown in Figure 2. The PSR mapping 

measurement plane was at the specimen mid-length, 127 mm (5 in) from each end, as shown in Figure 2. 

Two 6.35 mm (0.25 in) thick, prismatic slices were removed adjacent to the measurement plane. The 

stresses remaining in the slices was determined with slitting at the measurement locations shown in 

Figure 2.  

2.2.2. Stainless steel DM welded plate 

The stainless steel dissimilar metal (DM) weld specimen was fabricated from a high-strength 316L 

stainless steel plate. The plate had a 25.4 mm (1.0 in) by 152.4 mm (6.0 in) cross-section and a length of 

1.22 m (48.0 in). A slot was machined along the entire length of the plate with a depth of 9.53 mm 
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(0.375 in), a width of 19.05 mm (0.75 in), and a 70º root angle. The slot and plate cross-section can be 

seen in Figure 3. Prior to filling the slot with weld material, the plate was constrained by welding the 

plate to an additional support plate. The weld joining the plate to the support plate was a continuous 

7.94 mm (0.313 in) fillet weld that was applied along both 1.22 m edges of the plate. The slot weld was 

made using eight passes, each continuous along the entire length of the plate using an automated welder. 

Gas tungsten arc welding (GTAW) was used to fill the slot with 0.89 mm (0.035 in) diameter A52M 

(ERNiCrFe-7A) wire. The relevant welding parameters are: 250 A current, 10.5 V voltage, and 101.6 

mm/min (4 in/min) travel speed. This specimen is similar to a stainless steel weld studied earlier [13], 

but here the nickel alloy weld metal is used to reflect DM welds found in nuclear electric pressurized 

water reactor piping. 

Following welding, the fillet welds were machined away to release the DM welded plate from the 

support plate and the ends of the DM welded plate were removed (by saw cut) to eliminate the 

inconsistent weld bead geometry at the start and stop of the weld. The remaining section was 1.02 m 

(40.0 in) long and the measurement plane was at the plate mid-length. Two 6.35 mm (0.25 in) thick 

slices were removed adjacent to the measurement plane. The slitting measurements in the slices were 

made at the locations shown in Figure 3. 

2.2.3. Titanium electron beam welded plate 

The titanium alloy electron beam (EB) welded plate specimen was fabricated using one long 

Ti-6Al-4V plate, with similar geometry to the stainless steel DM welded plate (same cross-section and 

slot dimensions). The weld process is a typical wire-fed additive manufacturing process, but service 

parts would typically be subjected to thermal stress relief following welding. The groove was filled 

along the entire length of the plate with 8-passes of 3.18 mm (0.125 in) diameter Ti-6Al-4V wire. After 

completion of the weld, the plate was sectioned into 101.6 mm (4.0 in) long pieces, as shown in Figure 

4. The measurement plane was at the plate mid-length, as shown in Figure 4. Both the slice removal and 
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the slitting measurement locations in the titanium alloy electron beam (EB) welded plate specimen were 

identical to those for the stainless steel DM welded plate specimen, as in Figure 4b. 

2.2.4. Nickel alloy forging 

The nickel alloy (Udimet-720Li) forging specimen is representative of a small turbine disk forging 

and has a diameter of 151.20 mm (5.95 in) and a maximum height of 70.41 mm (2.77 in), as is shown in 

Figure 5. The specimen was forged and heat treated, including a quench, to achieve desired mechanical 

properties. The heat treatment consisted of pre-heating the specimens to 1080°C (1975°F), forging to the 

nominally finished shape, solution heat treating at 1105°C (2020°F), and oil quenching. The specimen 

was then stabilized at 760°C (1400°F) for 8 hours, air cooled, aged at 650°C (1200°F) for 24 hours and 

then air cooled to room temperature. Prior to measurement, the specimen was sectioned in half to leave 

two 180 degree half forgings. Strain change was measured during the sectioning operation using strain 

gages at multiple locations, and was used in an additional stress analysis to compute the stress change. 

The stress analysis consisted of applying a bending moment to the sectioned face of the specimen and 

extracting the resulting strain at the strain gage locations. The simulated strain (multiplied by a scaling 

factor) was then fit to the measured strain data. The simulated strain fit the measured strain well and the 

effect of the scaled bending moment stress distribution on the subsequent measurement plane gives the 

release stress when the specimen was sectioned. The measurement plane was at the specimen mid-width 

(shown in Figure 5) and the reported results include the stress released by sectioning.  

Three wedge shaped slices were removed adjacent to the measurement plane and were 6.35 mm 

thick at the slice mid-length. Due to the geometry of the slice, the slices were bisected with a contour 

method measurement at y = 35.2 mm (1.386 in). Reported slice stresses include the effect of this contour 

method measurement. The effect of the contour method measurement was determined using the 

approached developed by Wong and Hill [23], which consists of extracting stress release from the 
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previous contour method measurement at the location of the subsequent measurement(s). The slitting 

measurements were made at the locations shown in Figure 5b. 

2.3. Validation measurements 

Each of the four PSR mapping measurements were accompanied by an additional measurement, in a 

replicate specimen, to validate the PSR mapping approach. The validation measurements for the 

aluminum T-section, stainless steel DM welded plate, and the titanium EB welded plate were performed 

using the slitting method. The validation measurements in the nickel alloy forging used the contour 

method. Additionally, neutron diffraction validation measurements were performed in the aluminum T-

section. The validation measurements will be compared with the PSR maps. 

2.3.1. Aluminum T-section 

Validation measurements for the aluminum T-section used neutron diffraction. The neutron 

diffraction measurements were performed at the Neutron Diffraction Stress Mapping Facility (NRSF2) 

at the High-Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory. NRSF2 is a monochromatic 

beam diffractometer that uses a 1.73 Å incoming neutron wavelength.  

The neutron diffraction measurements used standard methodologies [24] and consisted of collecting 

interatomic lattice spacing data (d) in a specimen containing residual stress and lattice spacing data in a 

stress-free specimen (d0) for three orthogonal directions, and then computing strain and stress [25]. The 

specimen containing residual stress, used to measure d, was a separate, but nominally identical T-section 

specimen used in the PSR mapping measurement. The stress-free specimens, used to measure d0, 

consisted of a series of cubes with an edge length of 3.0 mm that were removed adjacent to the PSR 

mapping measurement plane. Eleven cubes were removed using wire electric discharge machining 

(EDM).  
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Measurements in the d specimens were made along one horizontal line at y = 3.175 mm (bottom 

flange mid-height) and one vertical line at x = 40.52 mm (central flange mid-width). Measurements were 

made at x = 1.52 to 79.52 mm in increments of 3.0 mm for the horizontal line and y = 3.18 to 48.18 mm 

in increments of 3.0 mm for the vertical line, as shown in Figure 2b. Lattice spacings were found for the 

311{hkl} lattice plane and used a gage volume of 2 mm x 2 mm for the x and y-directions (in-plane 

directions) and 20 mm along the z-direction (specimen length direction). Uncertainty was calculated by 

propagating the lattice spacing uncertainty through the equations for strain and stress. The material 

properties used in the stress calculation, E{311} and ν{311}, were assumed to be the same as the bulk 

material properties given in Table 1.  

2.3.2. Stainless steel DM welded plate 

The validation slitting measurements in the stainless steel DM welded plate consisted of one slitting 

measurement of σxx at x = 76.2 mm. The specimen used for the validation measurement was a 127 mm 

(5 in) long specimen that was removed from the 1.22 m (48.0 in) long plate that was used in the PSR 

mapping measurements.  

2.3.3. Titanium electron beam welded plate 

The validation slitting measurement in the titanium EB welded plate consisted of one slitting 

measurement of σxx at x = 68.15 mm (center of one of the weld pass crowns). The specimen was cut 

from the same plate and nominally identical to the one used for the PSR mapping measurements.  

2.3.4. Nickel alloy forging 

The validation measurements for the nickel forging consisted of contour method measurements of 

σxx at x = 27.33 and 54.0 mm as shown in Figure 5. The specimen used a separate specimen, nominally 

identical to the one used for the PSR mapping measurements that was not previously sectioned in half. 

The measurement at x = 27.33 mm was performed first and the results at the second measurement 

location (x = 54.0 mm) include the effects of stress release from the first measurement at x = 27.33 mm. 
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The disk is assumed to be axisymmetric, so that the PSR mapping measurement (σzz) can be compared 

with the validation measurement (σxx) only on the plane of interest. 

3. RESULTS 

Results for each of the four specimen types are summarized in Figure 6 through Figure 21. For each 

specimen type the following results are shown: 1) a fringe plot of the stress released due to removing the 

slice from the body (i.e., PSR stress), 2) the measured residual stress remaining in the thin slice (i.e., the 

slice stress), 3) total stress (i.e., stress in the initial configuration = 1 + 2) and uncertainties, and 4) line 

plots comparing the PSR mapping measurement and the validation measurement.   

3.1. Aluminum T-section 

The long-transverse slice stress (σxx) in the aluminum T-section has near zero residual stresses at 

most points and with larger tensile stresses near the upper portion of the bottom flange (50 MPa) and 

significant compressive stresses at the top of the bottom flange (-125 MPa). The long-transverse PSR 

stress is nominally near zero along the entire bottom flange (where the long-transverse slice stresses 

were measured) (Figure 6).  

The short-transverse slice stress (σyy) in the aluminum T-section has low magnitude residual stress at 

most points and with slightly larger magnitude compressive stresses near the left and right edges of the 

central flange (-30 MPa). The short-transverse PSR stress has low magnitude near the edges of the 

central flange and larger tensile stresses at the middle of the central flange (20 MPa) (Figure 7).  

The total stress and uncertainty maps are shown in Figure 8. The longitudinal stress (σzz), as 

measured using the contour method, has compressive stress at the left and right edges of the bottom 

flange (min ≈ -240 MPa) and at the top of the center flange (≈ -70 MPa) with tensile stress at the 

intersection of the bottom and center flanges (max ≈ 100 MPa). The long-transverse stress (σxx) has 

essentially the same distribution as the PSR stress with most points having low magnitude stress and 
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larger tensile stresses near the upper portion of the bottom flange (50 MPa) and significant compressive 

stresses at the top of the bottom flange (-125 MPa). The short-transverse stress (σyy) has a distribution 

that is primarily driven by the PSR stress and has low magnitude near the edges of the central flange and 

larger tensile stresses at the middle of the central flange (20 MPa). The uncertainty for both the long and 

short-transverse stress is low at most points, with the largest uncertainties near 10 MPa.  

The validation neutron diffraction measurements are shown in the line plots of Figure 9. The results 

show that there is excellent agreement between the contour method and neutron diffraction 

measurements, which are in statistical agreement at nearly every measurement point. However, the 

neutron diffraction measurement results do have somewhat systematically larger magnitudes than the 

contour method measurement. This may be due to differences between the bulk and orientation-specific 

(i.e., {311}) elastic properties, which were assumed to be identical in the present work. 

3.2. Stainless steel DM welded plate 

The long-transverse slice stress (σxx) in the stainless steel DM welded plate has low magnitude 

residual stresses away from the welded area, significant tensile stress at the weld root (225 MPa), and 

significant compressive stress toward the bottom of the plate (-150 MPa). The PSR stress is significantly 

smaller than the slice stress, but also has significant compressive stress at the weld root (75 MPa) and 

nominally low magnitude stress over the rest of the heat affected zone (Figure 10).  

The total stress and uncertainty maps are shown in Figure 11. The total longitudinal stress (σzz) in 

the stainless steel DM welded plate has tensile stress in the weld area and heat-affected zone 

(max ≈ 380 MPa) and near y = 0 at the left and right edges of the plate where the plate was tack welded 

(max ≈ 400 MPa). There is compensating compressive stress toward the top of the plate at the left and 

right edges (min ≈ -260 MPa). The total long-transverse stress (σxx) has a very similar distribution to that 

for the slice stress, with low magnitude residual stresses away from the welded area, significant tensile 

stress at the weld root (300 MPa), and significant compressive stress toward the bottom of the plate 
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(-150 MPa). The long-transverse stress uncertainty is low away from the weld, but significantly larger 

between x = 75 and 90 mm, with the largest uncertainties near 15 MPa.  

The validation slitting measurement is shown in the line plot of Figure 12b. There is excellent 

agreement between the total PSR mapping results and the validation slitting measurement, with 

agreement within 10 MPa at most points. However, between y = 5 to 10 mm, there is a 40 MPa 

difference, where the validation measurement shows larger magnitude compressive stress. 

3.3. Titanium electron beam welded plate 

The long-transverse slice stress (σxx) in the titanium EB welded plate is similar to the stresses in the 

stainless steel DM welded plate, with low magnitude away from the welded area, significant tensile 

stress at the weld root (225 MPa) and towards the bottom of the plate (100 MPa), and significant 

compressive stress below the weld root (slot bottom) (-200 MPa). The PSR stress is significantly smaller 

than the slice stress, but has tensile stress at the weld root (75 MPa) and compressive stress below the 

weld root and at the top of the plate (-50 MPa) (Figure 13).  

The total stress and uncertainty maps are shown in Figure 14. The longitudinal stress (σzz) has tensile 

stress in the weld area (max ≈ 350 MPa) and compensating compressive stress in the heat-affected zone 

(min ≈ -200 MPa). The long-transverse stress (σxx) has a very similar distribution to the slice stress with 

low magnitude residual stresses away from the welded area, significant tensile stress at the weld root 

(300 MPa), and significant compressive stress toward the plate mid-height (-250 MPa). The long-

transverse stress uncertainty is low away from the weld, but significantly larger between x = 60 and 

90 mm, with the largest uncertainties near 25 MPa.  

The validation slitting measurement is shown in the line plot of Figure 15b. As was the case with the 

stainless steel DM welded plate, there is excellent agreement between the PSR mapping results and the 

validation slitting measurement, with values within 10 MPa at most points. 
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3.4. Nickel forging 

The radial slice stress (σxx) in the nickel forging has tensile residual stress toward the center of the 

forging (75 MPa) and large magnitude compressive stress at the top and bottom of the forging 

(‑250 MPa). The PSR stress also has tensile residual stresses toward the forging center (75 MPa) and 

compressive stress at the top and bottom of the forging (-200 MPa). The section release stress change 

when sectioning the nickel disk forging specimen into half disks has tensile stress in the interior of the 

sample (130 MPa) and near zero stress at the ID and OD (less than 10 MPa) (Figure 16). 

The hoop stress (σzz) measured with the contour method (Figure 17a) is tensile towards the center of 

the forging (max ≈ 200 MPa) and has compensating compressive stress along the exterior 

(min ≈ -580 MPa). The section release stress change when sectioning the nickel disk forging specimen 

into a half disk has tensile stress at the ID (550 MPa) and compressive stress at the OD (-200 MPa) 

(Figure 17b). 

The total stress and uncertainty maps are shown in Figure 18. The hoop stress (σzz) is tensile towards 

the center of the forging inner diameter (max ≈ 450 MPa) and has compensating compressive stress 

towards the forging outer diameter and along the top and bottom of the forging (min ≈ -580 MPa). Both 

the slice and PSR stress significantly contribute to the total radial stress (σxx), which has tensile residual 

stress toward the forging center (200 MPa) and compressive stress at the top and bottom of the forging 

(-200 MPa). The radial stress uncertainty is low at most points, but is significant at the top and bottom of 

the forging at x = 25 and 30 mm, with the largest uncertainties near 50 MPa.  

The stress and uncertainty from the validation contour measurements are shown Figure 19 and 

Figure 20. Both measurements show similar trends with tensile stress towards the center of the forging 

(200 MPa) and compressive stress along the exterior boundary (-200 MPa). The uncertainty in both 

cases is similar, with most values being between an 8 MPa floor and 25 MPa, with larger uncertainties 

near the exterior boundary (up to 75 MPa).  
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The comparison between the validation measurements and the PSR mapping results is shown in the 

line plots of Figure 21. There is excellent agreement between the measurements, with values within 

15 MPa at most points. The most significant difference occurs for y greater than 35 mm at 

x = 27.33 mm. However, the PSR mapping has an oscillating stress field between y = 60 and 70 mm, 

where the PSR measurement has lower magnitude stress than the validation measurement at y = 60 mm 

and alternatively the PSR measurement shows higher magnitude stress than the validation measurement 

at y = 65 mm (although the measured stresses are within 65 MPa over this region). 

4. DISCUSSION 

Each of the four PSR measurements had good agreement with their associated validation 

measurements, with differences between the measurements relatively small. In the T-section, there was 

statistical agreement at all points. There was a peak difference of 40 MPa for the stainless steel DM 

welded plate (8% of the stress range), a peak difference of 40 MPa for the titanium electron beam 

welded plate (7% of the stress range), and a peak difference of 65 MPa (8% of the stress range) for the 

nickel forging. To provide context to these differences between the PSR biaxial mapping measurements 

and their associated validation measurements, we compare them to differences reported in earlier 

published studies.  

Prime, et. al made measurements in a fiction stir welded aluminum sample with both the contour 

method and neutron diffraction [26]. The measured stress had a very low stress range for a weldment, 

ranging from -30 MPa to 32 MPa. The agreement between the two measurement techniques was good, 

but had peak differences of 40 MPa (~65% of the stress range).  

Another study performed contour method measurements and neutron diffraction measurements in 

additivity manufactured 316 stainless steel samples made with the laser engineered net shaping 

(LENS®) fabrication technique [27]. The measured stress had high magnitude, ranging from ‑300 MPa 
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to 400 MPa. The two measurement techniques had peak differences around 200 MPa (28% of the stress 

range). 

The seminal work by Pagliaro [3], regarding mapping multiple stress components, measured stress 

in an indented aluminum alloy 2024-T351 disk. Measurements were made using the contour method, 

neutron diffraction, hole drilling, and x-ray diffraction. The measured stresses had moderate magnitudes, 

ranging from ‑120 MPa to 30 MPa. The peak differences between measurement techniques was around 

70 MPa, or 45% of the stress range, but the agreement was within ±10 MPa at most locations. 

Another study performed contour method measurements, slitting, and synchrotron x-ray diffraction 

measurements in a AISI Type 316H austenitic stainless steel with an autogenously weld along one edge 

[28]. The measured stress had high magnitude, ranging from ‑180 MPa to 300 MPa. Results from 

different techniques agreed at most points within ±50 MPa and peak difference was around 120 MPa 

(25% of the stress range). 

Considering the measurements in the literature, the differences between the PSR mapping 

measurements and their associated validation measurements are similar to or better than those found in 

prior work, where differences were less than 10% of the stress range for all specimens. This level of 

agreement lends confidence to the PSR biaxial mapping approach. The breadth of specimens used here 

shows that PSR biaxial mapping is useful for a range of industrially relevant alloys, geometries, and 

stress states.  

The measurement results in the T-section show that, even though most of the material has been 

removed from the quenched parent bar, a significant amount of residual stress remains in the final 

machined T-section. This phenomenon is especially important for thin-walled aerospace parts that are 

machined from forged monolithic preforms [29, 30, 31], as well as for thin blades machined from a 



 17 

nickel disk preform, since redistribution of residual stresses during machining can cause significant 

distortion [32, 33, 34].  

It is interesting that both the stainless steel DM welded plate and the titanium EB welded plate have 

similar magnitudes and distributions of residual stress, because it shows that specific welding procedures 

and materials have limited effect on the shape and magnitude of residual stress fields when the specimen 

geometry and welding geometry are similar. 

The measurement in the stainless steel DM welded plate was very similar to a different measurement 

reported in [13]. Both specimens used identical stainless steel parent plates, weld groove geometry, and 

weld bead geometry (nominally), but the specimen in [13] had a stainless steel weld metal while the 

current specimen had a nickel based dissimilar metal weld. Although the weld material was different 

between these two specimens, both had similar residual stress fields. 

 

5. SUMMARY/CONCLUSIONS 

Four PSR mapping measurements were performed using an aluminum T-section, a stainless steel 

plate with a dissimilar metal slot-filled weld, a titanium plate with an electron beam slot-filled weld, and 

a nickel disk forging. Each PSR mapping measurement consisted of a contour method measurement to 

determine one stress component (out-of-plane stress), removal of multiple slices, and measuring one (or 

two) components of the remaining in-plane stress in the slices. The total stress for the in-plane 

direction(s) was the combination of the PSR stress and the stress remaining in the slice. Each 

measurement had a corresponding validation measurement that confirmed the in-plane total PSR 

mapping stress. The good agreement between the PSR mapping measurements and validation 

measurements shows PSR mapping is a viable measurement technique for a wide range of specimen 

types and engineering applications.  
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TABLES 

Specimen 
Elastic 

Modulus 
(GPa) 

Poisson’s 
Ratio 

Yield 
Strength 
(MPa) 

Aluminum T-section (7085-T74) 71  0.33 460 
Titanium EB welded plate (Ti-6Al-4V) 110 0.31 960 
Nickel forging (Udimet-720Li) 200 0.31 300-500 
Stainless steel DM welded plate (316L plate) 203 0.3 440 
Stainless steel DM welded plate (A52 weld) 211 0.289 345-482 

Table 1: Material properties for each of the specimens used in the repeatability studies  

 

FIGURES 

 

Figure 1: Experimental steps used in a PSR mapping measurement  



 22 

 

 

 

(a) 

 

(b)  

 
Figure 2: Aluminum T-section (a) dimensions and PSR measurement location (z=0) and (b) 

slitting (red lines) and neutron diffraction (blue diamonds) measurement locations 
(dimensions in mm) 
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(a) 

 

(b) 

 
Figure 3: Stainless steel dissimilar metal weld (a) dimensions and PSR measurement 

location (z=0) and (b) slitting measurement locations (dimensions in mm) 
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(a) 

 

(b) 

 
Figure 4: Titanium electron beam welded plate (a) dimensions and PSR measurement 

location (z=0) and (b) slitting measurement locations (dimensions in mm) 
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(a)  (b) 
Figure 5: Nickel disk forging (a) dimensions and measurement locations (dashed red line for 

PSR mapping measurement and solid blue lines for validation contour measurement 
locations) and (b) slice measurement locations (slitting measurement locations (dashed lines) 

and contour location (solid line)) (dimensions in mm) 

 

 

(a)  (b) 
Figure 6: Measured x-direction (a) stress and (b) PSR stress in a thin slice from the 

aluminum T-section specimen 
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(a)  (b) 
Figure 7: Measured y-direction (a) stress in a thin slice and (b) PSR stress for the aluminum 

T-section specimen 
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(a)  (b) 

  

(c)  (d) 

  

(e)  (f) 
Figure 8: Stress and uncertainty for the aluminum T-section specimens: (a) z-direction 
stress, (b) z-direction uncertainty, (c) x-direction stress, (d) x-direction uncertainty, (e) 

y-direction stress and (f) y-direction uncertainty Note: Sub-figures use different color scales 
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(a)  (b) 
Figure 9: Line plots of the PSR mapping and neutron diffraction (ND) results along the (a) x-
direction at y = 3.18 mm for σxx and σzz and (b) along the y-direction at x = 40.52 mm for σyy 

and σzz 

 

(a) 

 

(b) 

 
Figure 10: Measured x-direction (a) stress in a thin slice and (b) PSR stress for the stainless 

steel DM welded specimen. Note: (a) and (b) use different color scales 
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 (a) 

 

(b) 

 

 (c) 

 

(d) 

 
Figure 11: Stress and uncertainty for the stainless steel DM welded specimen: (a) z-direction 

stress, (b) z-direction uncertainty, (c) x-direction stress, and (d) x-direction uncertainty. 
Note: Sub-figures use different color scales 
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(a)  (b) 
Figure 12: Line plots of the PSR mapping and a validation slitting measurement for the 

stainless steel DM welded specimens along the (a) x-direction at y = 19.05 mm and (b) along 
the y-direction at x = 76.2 mm 

(a) 

 

(b) 

 
Figure 13: Measured x-direction (a) stress in a thin slice and (b) PSR stress for the titanium 

EB welded plate specimen Note: Sub-figures use different color scales 
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(a) 

 

(b) 

 

 (c) 

 

(d) 

 
Figure 14: Stress and uncertainty for the titanium EB welded plate specimen: (a) z-direction 

stress, (b) z-direction uncertainty, (c) x-direction stress, and (d) x-direction uncertainty. 
Note: Sub-figures use different color scales 
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(a)  (b) 
Figure 15: Line plots of the PSR mapping and a validation slitting measurement for the titanium EB 
welded plate specimens along the (a) x-direction at y = 20.32 mm and (b) along the y-direction at 

x = 68.15 mm 

 

(a) 

 

(b) 

 

(c) 

 

 

 

Figure 16: Measured x-direction (a) stress in a thin slice, (b) PSR stress, and (c) section release 
stress when sectioning the nickel disk forging specimen into a half disk 
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(a) 

 

(b) 

 
Figure 17: Measured z-direction (a) contour method stress in the half disk and (b)section release 

stress when sectioning the nickel disk forging specimen into a half disk 

 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure 18: Stress and uncertainty for the nickel disk forging specimen: (a) z-direction stress, (b) 

z-direction uncertainty, (c) x-direction stress, and (d) x-direction uncertainty 
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(a) 

 

(b) 

 
Figure 19: Measured x-direction (a) stress and (b) uncertainty in the nickel disk forging specimen at 

z = 27.33 mm 

(a) 

 

(b) 

 
Figure 20: Measured x-direction (a) stress and (b) uncertainty in the nickel disk forging specimen at 

z = 54.0 mm 

 

 

(a)  (b) 
Figure 21: Line plots of the PSR mapping and validation contour measurements for the nickel disk 

forging specimen along the y-direction at (a) x = 27.33 mm and (b) x = 54 mm 

 




