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ACCURACY EVALUATION OF RESIDUAL STRESS MEASUREMENTS 

J.  A.  Yerman, W. C. Kroenke, W. H. Long - Westinghouse Bettis 

Abstract: The accuracy of residual stress measurement techniques is difficult to assess due to the lack 
of available reference standards. To satisfy the need for reference standards, two specimens were 
designed and developed to provide known stress magnitudes and distributions: one with a uniform 
stress distribution and one with a nonuniform linear stress distribution. A reusable, portable load 
fixture was developed for use with each of the two specimens. Extensive bench testing was performed 
to determine if the specimens provide desired known stress magnitudes and distributions and stability 
of the known stress with time. The testing indicated that the nonuniform linear specimen and load 
fixture provided the desired known stress magnitude and distribution but that modifications were 
required for the uniform stress specimen. A trial use of the specimens and load e e s  using hole 
&g was successful. 

1. BACKGROUND 

To investigate and document tUe general ability of residual stress measurement methods, 
the Residual Stress Committees of SEM and ASTM (E-28.13) completed round-robin 
measurements of residual stresses in specimens that had near zero residual stress 
magnitudes as described in [l] and [2]. These so-called Phase 1 measurements confirmed 
the ability of hole diilling, x-ray diffraction, and sectioning to determine near zero residual 
stresses. A Phase 2 study described in [l] to assess accuracy’ in specimens with nonzero 
residual stress magnitudes was planned but not completed. Confirmation of the accuracy 
of measurements in nonzero stress fields is required, since measurements in near zero stress 
fields do not test significant portions of the calculations used to convert measured 
deformations into stresses. Significant portions of the conversion equations are made 
inactive by near zero terms resulting from near zero deformation magnitudes (strains or 
changes in lattice spacing) corresponding to near zero residual stresses. 

The goal of the work reported herein is to develop the initial designs for specimens and load 
fixtures that can provide known stress magnitudes and distributions suitable for assessing the 
accuracy of residual stress measurement methods. 

2. DESIGNCRITERIA 

The following design criteria are desirable for specimens and load fixtures for evaluating the 
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accuracy of residual stress measurement techniques: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 
10. 

11. 

Provide specimens with known uniaxial stress magnitude and distribution. The 
"known stress magnitude" is defined as the measured strain times the specimen 
modulus of elasticity. The "known stress distribution'' is defined as the condition 
where the stress magnitude throughout the region of the specimen used for residual 
stress measurements is within 2 2 ksi (13.8 MPa) of the stress expected from 
equilibrium. The single tolerance of & 2 ksi (13.8 ma) is used for all stress levels 
and does not attempt to explicitly account for the sources of variations addressed 
under Future Effort. For the initial design of the specimens and load fixtures, the 
tolerance of k 2 ksi (13.8 MPa) is considered to be a reasonable compromise between 
stresses that can be obtained in a portable load fixture and accuracy that is required 
to provide a meaningful evaluation of a residual stress measurement technique. 
Provide two different known stress distributions: uniform and nonuniform linear. 
Since most residual stress measurement techniques give their most accurate results 
in uniform stress fields, the uniform stress distribution provides an opportunity for the 
best accuracy from a given technique. Since residual stress measurements are often 
made in regions of nonuniform stress, the nonuniform linear stress distribution 
provides an assessment of accuracy in this situation. 
Provide known stress magnitudes and distributions that are constant with time. This 
assures that the known stress magnitude and distribution do not change while 
measurements are being made. 
Provide portable load fixtures capable of being shipped between investigators while 
maintaining a constant load. 
Provide load fixtures such that specimen stress magnitudes can be determined directly 
by equilibrium from loads measured by a load cell. The calculation of the 
equilibrium stress based on the load cell load provides a method for checking the 
validity of strain times modulus of elasticity calculation. 
Provide stress fields that have the characteristics of residual stress fields, Le., self 
equilibrating and deflection controlled. 
Provide specimens that are compatible with measurement techniques of current 
interest: hole drilling, x-ray diffraction, neutron diffraction, sectioning, slitting, 
trepanning. 
Provide a full range of known stress magnitudes up to the yield stress. 
Provide load fixtures with easy loading procedures. 
Provide specimen dimensions that satisfy the dimensions for an ASTM experimental 
calibration (Section 9.1.3.4, Reference [3]) and the thickness for blind hole 
calculations (Section 8.1.1.2, Reference [3]). 
Provide specimen dimensions large enough that application of the measurement 
techniques do not cause a significant change in specimen stress levels. 

3. SELECTED DESIGNS 

After considering several designs, the specimen and load fixture of Figure 1 were selected 
to provide a known uniform stress distribution; and the specimen and load fixture of Figure 
2 were selected to provide a known nonuniform linear stress distribution. Both specimens 
were designed to have the known stress magnitude and distribution in approximately the 
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central 5 inches (12.7 cm) of the specimen. To determine the known stress magnitudes, 
representative strains are measured within the region of the specimen used for residual 
stress measurements and the modulus of elasticity of the specimen material needs to be 
measured. The load fixtures can be used with or without load cells. Preservation of limited 
material reserves and minimization of cost are achieved by the use of small expendable 
specimens and reusable load fixtures. 

For the uniform stress specimen of Figure 1, the load is applied via a fulcrum and lever arm 
(2 to 1 mechanical advantage). The threaded member is loaded by a mechanical tensioner 
using jacking screws. A flat surface was used on one side of the specimen pin hole to 
promote self alignment. For the nonuniform linear stress specimen of Figure 2, four point 
bending is applied via a load beam by turning the bolt. 

4, BENCH TESTING RESULTS 

Specimens and load fixtures were fabricated for bench testing. The testing was performed 
to evaluate the functionality of both load fixtures and to define the strain distributions in 
both specimens. Eight electric resistance strain gages as shown in Figure 3 were used to 
study the distribution of longitudinal strains. During bench testing, loads applied to the 
specimens were measured by load cells. Multiple load applications demonstrated that the 
strain magnitudes corresponding to a given load were repeatable. Strain versus load plots 
indicated that the strain is linearly related to load. The results reported herein are based 
on one uniform stress specimen and one nonuniform linear stress specimen. 

Table 1 gives results for three specimen loadings: one representative loading of a uniform 
stress specimen and two representative loadings of nonuniform linear specimens. For each 
loading, the maximum and minimum strains recorded in the eight strain gages and the 
average of the strains in the eight gages are listed. The known stress magnitudes, load cell 
loads, equilibrium stresses, stress differences, and ratio of beam theory strains to average 
measured strains are tabulated. The expected stresses from equilibrium are considered to 
be the most accurate stresses available. The difference between the known stress and the 
expected stress can be compared against the desired k 2 ksi (13.8 MPa) tolerance. For the 
bench testing, the specimen stresses were limited to approxiinately 20.0 ksi (137.9 MPa) to 
prevent yielding of the specimens. Stresses closer to the 32 ksi (220.6 MPa) yield stress 
would be used to evaluate residual stress measurement methods. 

The ability of the specimens and load fixtures to maintain loads and strains that are constant 
with time was evaluated by applying a load and monitoring the strains for ten days. For the 
uniform stress specimen, the maximum change in strain in any of the eight strain gages 
during the ten day period was 20 p e .  .For the nonuniform linear stress specimen, the 
maximum change in strain in any of the eight strain gages during the ten day period was 24 
p e .  The known stress magnitude change corresponding to 24 pe is 0.7 ksi (4.8 MPa) for a 
modulus of elasticity of 30.6 E+06 psi (211 E+03 m a ) .  Since this test was conducted in 
a room that had temperature variations, some of the changes in strain could be due to 
variations in room temperature. 
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5. SPECIMEN CRITIQUE 

The design criteria were satisfied as discussed below. The numbering of the critique 
paragraphs is the same as that of the criteria paragraphs. Criteria 2, 4, 6, 9, and 11 are 
satisfied without further discussion. 

1. 

3. 

5. 

The nonuniform linear stress specimen of Figure 2 is capable of providing the known 
uniaxial stress magnitude and distribution within f 2 ksi (13.8 MPa) of the expected 
stress magnitudes. The range of strains between the maximum and minimum values 
measured in the eight gages is small (14 pe in Table 1). 

The uniform stress specimen of Figure 1 does not currently provide the known 
uniaxial stress magnitude and distribution within f 2 ksi (13.8 MPa) of the expected 
stress magnitudes. The range of strains between the maximum and minimum values 
measured in the eight gages is large (155 p~ in Table 1). The strains from the eight 
strain gages show a stress gradient through the thickness and across the width of the 
specimen. Preliminary indications are that the gradients were caused by the specimen 
rather than the load fixture, since the higher strain readings moved form one side of 
the load fixture to the other when the specimen was rotated in the load fixture 180 
degrees. 

The flat pin hole of Figure lA, originally thought to promote self alignment, is one 
factor that probably caused the gradients. The pin-to-hole line contact increased the 
yielding. The corresponding coining of the surface decreased alignment capability. 
The pin-to-hole clearance and tolerances allowed the line of action of the applied 
force to have a maximum offset of 0.0095 in. (0.024 cm) from the specimen centerline 
along the flat surface. The bending stress corresponding to this offset is 1.1 ksi (7.6 
MPa), a magnitude that could be the cause of a majority of the stress gradient. 

Both load fixtures provide strains, and thereby known stresses and magnitudes, that 
are constant with time. Based on the ten day test described above, the maximum 
change in known stress magnitude during a ten day period in the region of the 
specimen used for residual stress measurements would be expected to be 0.7 ksi (4.8 
MPa). 

The stress magnitudes in both specimens can be calculated directly from the load cell 
load using equilibrium. Friction between moving parts of both load fixtures could 
reduce the effective load as measured by the load cells and affect the accuracy of the 
stresses calculated from equilibrium. Table 1 shows that friction in the roller supports 
of the nonuniform linear specimen is small enough that it does not cause the known 
stress magnitude to deviate from the expected stress by more than the k 2 ksi (13.8 
MPa) tolerance. For. the uniform stress specimen, it is believed that the strain 
gradients in the specimen caused the stresses to exceed the k 2 ksi (13.8 MPa) 
tolerance not friction in the fulcrum pin. 

The ratio of beam theory-to-measured average strains of Table 1 also demonstrates 
that the majority of the load cell load is producing specimen distortion and is not 
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7. 

8. 

10. 

being used up by secondary effects like friction or distortion of the load fixture. 
These secondary effects are not included in the beam theory calculations. 
Moreover,these secondary effects do not affect the accuracy of the measurement 
evaluation, since the known stress is determined directly from the measured strains. 

The specimens are csmpatible with the listed measurement techniques. Measurement 
evaluations are currently being conducted with hole drilling, x-ray diffraction, and 
ultrasonic measurement techniques. The accuracy of an evaluation of a residual stress 
measurement technique is maximized when the change in applied stress rather than 
total stress can be measured by the technique. This eliminates any inaccuracy caused 
by any residual stresses present in the specimens before loading and any unwanted 
specimen warping caused by extensive heat treating. Hole drilling, x-ray and neutron 
diffraction, ultrasonic, and trepanning techniques can measure the change in stress 
due to the applied load. 

Sizing of the specimens allows known stress magnitudes from 0 to 32 ksi (221 MPa) 
to be applied to both specimens. 

The specimens satisfy the thickness and length requirements of Reference [4] for 
experimental calibration and blind hole calculations. While they do not currently 
satisfy the width requirement of ten times the diameter for experimental calibration, 
they will satisfy the revised width requirement of three times the diameter of the gage 
circle which is currently being incorporated in [4] per [5]. 

6. HOLE DRILLING TRIAL USE 

An accuracy evaluation of hole drilling was conducted using the specimens and fixtures 
developed herein. Two hole drilling residual stress measurements were made in one 
uniform stress specimen and two hole drilling residual stress measurements were made in 
one nonuniform linear stress specimen. Table 2 lists the ratio of the hole drilling results to 
the expected specimen stresses determined by equilibrium and to the known stress 
magnitudes determined from measured strains. The maximum difference between the hole 
drilling results for the nonuniform linear stress specimens and the two stress reference 
values is 7 percent. The comparison of the hole drilling results to the reference values for 
the uniform stress specimens shows a maximum difference of 13 percent. Part of the 
disagreement for this latter specimen is that the undesirable gradients prevent an accurate 
determination of the known stress. 

7. FUTURE EFFORT 

Three updates are being incorporated into the uniform stress specimen to improve the 
uniformity of the stress distribution. Notches similar to the ones used by Rendler and 
Vigness in [3] are being added to the specimen as shown by the dashed lines in Figure 1A. 
These notches induce yielding at the reduced area region and allow rotations that will 
improve the uniformity of the stress distribution. The goal of this modification is to reduce 
the gradient regardless of the potential sources: load fixture distortions, load misalignment, 
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transfer of load at the pin connections, or specimen as-built dimensions. ,Preliminary tests 
with a notched specimen have shown an improvement in uniformity. Two other changes to 
the specimen are using a round hole and moving the holes closer together. The round hole 
(eliminate flat surface) will reduce the amount of yielding and distortion at the pin-to-hole 
interface and reduce uncertainty about the line of action of the applied load. Moving the 
holes closer together will improve parallelism of the lever arms in the loaded condition, thus 
improving the alignment of the applied load. 

The work reported herein used a single tolerance of & 2 ksi (13.8 ma) to evaluate the 
performance of the specimens and load fixtures. Future evaluations will be based on 
tolerances that are a function of multiple, potentially cumulative, factors: factors dependent 
on load level expressed as a percent of the load magnitude, factors independent of load 
level expressed as constant values, accuracy of measured strain, accuracy of the modulus of 
elasticity, stability of the known stress magnitude with time, and repeatability of the known 
stress magnitude with load cycles. A desirable goal would be to have a maximum range of 
5 percent between the strains measured at approximately eight locations in a trial specimen. 
The 5 percent limit on maximum bending'strains is used for strain-controlled fatigue testing 
in [7]. 

8. CONCLUSIONS 

1. 

2. 

3. 

4. 

The nonuniform linear stress specimen and load fixture provide the desired known 
stress magnitude and distribution. 
Updates are required to the uniform stress specimen to provide the desired known 
stress magnitude and distribution. 
The specimens and load fixtures described herein provide a means for evaluating the 
accuracy of residual stress measurement techniques. 
Use of these or similar specimens by national standards organizations to perform the 
round-robin Phase 2 measurements planned by [l] should be considered. 
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TABLE 1. EVALUATION OF THE ABILITY TO APPLY DESIRED KNOWN STRESS 
SPECIMEN STFWN ME4SURED KNOWN LOAD EXPECTED DIFFERENCE THEORETICAL 
N P E - T E S T  TYPE STRAlN STRESS CELL STRESS BETWEEN STRAIN DIVIDED 
NUMBER FROM LOAD FROM EXPECTED AND BY MEASURED 

STRAIN EQUILIBRIUM KNOWN STRESS S T F A N  

PC = ksl pounds ksl ksl 
S t d n x t o e  ( M P ~ )  (kN) WPa) (MPa) 

(1 1 (2) (3) (4) (5) (6) (7) (8) 

UNIFORM Maxlmurn 715 21.0 (151.0) 5005 20.0 (137.9) -1.9 (-13.1) 

+29 (20.0) 
STRESS -1 (22.3) 

Mlnlmurn 560 17.1 (117.9) 

Average 630 19.3 (133.1) +0.7 (4.8) 

NONUNIFORM Maxlmurn 778 23.8 (164.1) 756 (3.4) 22.7 (156.5) -1.1 (-7.6) 
LINEAR 
STRESS -2 Mlnlmurn 764 23.4 (161.3) -0.7 (4.8) 

Average 771 23.6 (162.7) -0.9 (6.2) 0.96 

NONUNIFORM Maxlmurn 728 22.3 (153.8) 750 (3.3) 22.5 (155.1) +0.2 (1.4) 
LINEAR 
STRESS -3 Mlnlmurn 719 22.0 (151.7) t 0.5 (3.4) 

Average 724 22.1 (1524) +0.4 (28) 1.01 

Column Descdptlon 
3 
4 
5 
6 

Maxlmum, mlnlrnum, and average of the elght IOngltUdlnal straln measurements for each speclmen. 
Measured straln of d u m n  (3) Umes modulus of elastlclty of 30.6 E i 0 6  psl(211 E t 0 3  MPa). 
Load recorded by the load cell. 
Stress calculated from equlllbrlum. - (5005 Iba) x (2) / (0.5 In2) - 20.0 ksl. Nonuniform llnear stress Is equal to ( W o n  modulus) x (distance between Inner and 
outer roller) x (load In one roller) - (24 In? x (25 In) x (750 Ibs/2) = 22.5 ksl. 
Column (6) mlnus column (4). 
Beam theory slraln of [SI dMded by average straln of column (3). For the uniform speclmen, the theoretlcal and equlllbrlum , 
results are Ihe same. 

Untform Stress Is equal Io (load cell load) x (mechanical advankige of 2) / (speclmen area) 

7 
8 

Mded by Column 1. 
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Figure 1 A  Uniform stress specimen 

CAL TENSIUNER 

SECTION A-A 

Figure 1B: Uniform stress load fixture assembly 

Figure 1 C  Uniform stress load fixture and specimen 

Figure 1: Uniform stress specimen 
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Fiyre  2B: Nonuniform linear load fmure and specimen Fiyre  2 k  Nonuniform linear load fMure 

Figure 2: Nonuniform linear stress specimen 
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Fiyre 3 A  Uniform stress specimen Figure 3B Nonuniform linear stress specimen 

Figure 3: Strain gage locations 
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