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It is commonly known that the most difficult part of measuring residual stresses through diffraction or
relaxation methods is the high sensitivity of the results to input errors, such as noise in the strain data.
Then, quantifying and minimizing stress uncertainties is at least as important as the residual stress
results themselves. Results are often validated by leveraging different measurement techniques, although
each method is somehow specialized at detecting residual stresses at different locations and length
scales. This leads to a fundamental lack of ground truth data and an inherent difficulty in detecting biases.
The authors have introduced a calibration bench that facilitates the application of a well-known bend-

ing stress distribution on a specimen while conducting residual stress measurements using either the
Hole-Drilling Method (HDM) or X-ray Diffraction (XRD). By leveraging Bueckner’s superposition princi-
ple, the bench allows for determination of both the residual stress distribution and the reference stress
distribution through a single experimental setup. This approach not only enables direct evaluation of
accuracy but also identification of any procedural systematic errors, as the reference stress distribution
is known with a high degree of certainty.
In this work, a detailed characterization of the stress and strain fields generated by the externally

applied load was pursued. Then, the calibration bench was used to perform a validated characterization
of residual stresses produced by two shot peening treatments, through both XRD and HDM. Additionally,
both techniques were employed to verify the recognized bending stresses, thereby validating the findings
of the residual stress measurements.
Copyright � 2023 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 38th Danubia- Adria
Symposium on Advances in Experimental Mechanics.
1. Introduction

Residual stresses in mechanical components can significantly
increase the risk of fatigue failure, corrosion, and distortion. These
stresses can be caused by a variety of factors, including manufac-
turing processes, and can lead to reduced component lifespan
and increased maintenance costs [1–3]. Among various measure-
ment techniques [4–6], the Hole Drilling Method (HDM) [7–10]
is a popular and cost-effective way to measure residual stresses.
Standardization for this method is provided by ASTM E837 proce-
dure [11], and tools like the MTS3000-Restan by SINT Technology
are commonly used to carry out measurements. However, HDM
has limitations [12], especially near the surface [13], where stress
values depend on just a few measurement points, and errors in
the zero-depth datum can affect accuracy. Additionally, HDM
becomes less effective at greater depths. To supplement HDM, X-
Ray Diffraction (XRD) [14] is used to identify residual stresses near
the surface [15]. Electropolishing can remove layers of material to
investigate deeper stresses. However, the accuracy of XRD mea-
surements depends on the material’s crystallographic properties
and on the diffraction peaks identification strategy, requiring a
careful setup assessment.

To address these issues, the authors developed a calibration
bench, described in references [16–18]. It applies a predetermined
distribution of bending stress to a test specimen while at the same
time using XRD or HDM to measure residual stress. By comparing
the identified bending stress distribution with the known distribu-
tion, this calibration apparatus can directly confirm the validity of
residual stress measurements. Differences between the two distri-
butions can also highlight potential issues with the instrument
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Fig. 1. The calibration bench: description of its components.
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setup, calibration, or material properties. Fig. 1 shows the bench,
and additional details can be found in [17].

To accurately determine the bending stress distribution, two
measurements must be taken, one when the sample is unloaded
and the other when it is loaded. Assuming linear elasticity, the dif-
ference between the two measurements reflects the impact of
bending alone, while the unloaded measurement only accounts
for actual residual stresses.

For the bending stress distribution to be considered ground
truth data, it must be precisely known, surpassing the typical accu-
racy of residual stress measurements. In this study, a combination
of beam theory, non-linear FEM modeling, and experimental strain
gauge testing was employed to accurately characterize the applied
stress distribution. Having demonstrated that the uncertainty of
the bending distribution is insignificant with respect to residual
stress analyses, the calibration bench was utilized to confirm
XRD and HDM measurements on a 7075-aluminum specimen,
shown in Fig. 2, that underwent two shot-peening treatments.
The standard HDM experimental setting with strain gauge rosettes
was employed, although the bench is agnostic to the specific strain
measuring technique.
Fig. 2. 3D model of the 110 � 440 mm aluminum specimen, manufactured from a
20 mm plate. The load application point and the measurement positions are
highlighted.
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2. Materials and methodology

2.1. The bench

The system is depicted in Fig. 1 and features a pneumatic cylin-
der that generates a vertical deflection of about 40 mm on the
unsupported end of a cantilever beam. A load cell is positioned
between the actuator and the specimen’s contact point, to measure
the applied load. The residual stress analysis is conducted on the
tapered midsection of the beam. To ensure uniform bending stres-
ses on both the top and bottom surfaces of the tapered area, the
load application point is placed where the geometrical extensions
of the two lateral surfaces intersect. The specimen can be varied
by adjusting its thickness to attain the desired bending stress
levels, which should anyway be consistent with the actuator’s
rated load.

No system components need to be disassembled to apply or
remove the bending load. Strain measurements reflect the influ-
ence of residual stresses on the specimen when no load is present.
In contrast, when the bending load is applied, the strain measure-
ments represent the combined impact of residual stresses and the
superimposed bending distribution. Under the assumption of lin-
earity, the difference between the strain measurements in both
configurations provides a precise evaluation of the bending distri-
bution’s effect, allowing for the identification and correction of
potential biases that may arise during the identification process,
and validating bias correction methods. Further details on the
experimental setup are available in [17].
2.2. FEM model

To establish a reference system, the x-axis was aligned with the
longitudinal axis of the specimen, the z-axis was oriented outward
from the upper surface of the specimen, and the y-axis was deter-
mined accordingly, as shown in Fig. 3. A finite element model of
the specimen was created utilizing ANSYS, as depicted in Fig. 4.
The model utilized second-order hexahedral elements (SOLID186)



Fig. 3. Reference system, LVDT vertical deflection measurements and strain gauge rosette positioning.

Fig. 4. 3D FEM model of the bench.
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and exploited geometrical symmetry along the xz plane. Contact
elements were utilized to model the load application device inter-
face and bolted constraint. Non-linear geometry effects were con-
sidered, and bolt preloads were applied before the analysis. The
40 mm vertical deflection was applied in 100 steps, and the glob-
ally applied force was recorded at each step.
2.3. Experimental deflection tests

The deflections in the tapered region of the specimen were
measured using a linear variable differential transformer (LVDT),
as shown in Fig. 3. The uniformly curved tapered region observed
in the deflection measurements aligns with the predictions of clas-
sical beam theory, which was confirmed by fitting the deflection
measurements to a quadratic formula, with insignificant residuals.
Negligible shear deformation effects on the tapered region’s curva-
ture were also observed.

The FEM model’s elastic constants can be arbitrarily set as the
maximum displacement is fixed and does not depend on these
constants. However, discrepancies between the modeled and
experimental deflections arise from the actual compliance of the
bolted end and the actual displacement imposed by the piston.
To reconcile this, the end-displacement applied to the FEM model
was adjusted until the modeled and experimental curvatures
matched. This process is independent of any errors in elastic
721
constants or applied load. It has been confirmed through a sensitiv-
ity analysis that the accuracy of the experimental curvature is 0.1%,
which is anticipated to be at least as accurate as the FEM outcomes.
2.4. Strain gauge measurements

A Type-B strain gauge rosette (HBM RY61-1.5/120 K) was
attached to the specimen in the tapered region, as shown in
Fig. 3; it was later reused to carry out a HDM measurement on
the same point. By combining the readings from the rosette with
the strain characterization of the last section, the elastic constants
of the material and the rosette gauge factors were validated. The
expected positive principal strain from the rosette should match
the results of the tuned FEMmodel within an acceptable gauge fac-
tor tolerance, to validate the strain gauge setup. Additionally, the
orientation of the principal strains measured in relation to the lon-
gitudinal axis of the specimen was established. The Poisson ratio of
the material and the gauge factors were validated according to the
procedure presented in [17].

The load cell was calibrated under an MTS hydraulic uniaxial
machine with a class 0.5 load sensor. The measured bending load
was then compared with the corresponding constraint load in
the tuned FEM model to identify differences, mainly attributed to
errors in the nominal value of the material Young’s modulus, which
were then corrected. Furthermore, the load cell readings allowed
for the determination of the stress fields in the tapered region
using beam theory, which should correspond to the accurately
known strain fields through the correct Young’s modulus.
2.5. Residual stress measurements

The specimen was subjected to two shot-peening treatments,
namely AZB425 and CEB120, on both of its sides by Peen Service
Srl, and specific details on the shot-peening parameters can be
found in reference [16]. To measure the effects of the treatments,
three points were marked on each side of the specimen (as shown
in Fig. 2). Surface XRD measurements were conducted on all three
points, whereas points 1 and 2 underwent HDM analysis. On the
other hand, XRD and electrochemical layer removal methods were
employed to analyze the stress profile at point 3. In both loaded
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and unloaded conditions, measurements were taken to determine
both residual and bending stresses.

An MTS3000-Restan system by SINT Technology was utilized to
conduct the HDM measurements, while a GNR SpiderX Edge
diffractometer was used to perform the XRD measurements (see
Fig. 5). A final depth of 1.0 mmwas reached through 100 drill steps.
The external load was applied and removed during each drilling
step. On the other hand, XRD measurements were carried out by
following the sin2w method, by probing the lattice spacing of
{311} planes with a chrome anode.
Fig. 6. Vertical deflections (FEM model and experimental tests).
3. Results

3.1. Characterizations of bending deflections and stresses

Fig. 6 shows the vertical deflections measured along the tapered
region, along with the corresponding FEM results, and a quadratic
interpolation. The small residuals suggest that the curvature is
constant. While there were some discrepancies between the exper-
imental and modeled vertical deflections due to the compliance of
the specimen at the bolted end, the latter does not affect the cur-
vature or strains in the tapered region. The experimental and sim-
ulated curvatures matched when the applied displacement in the
FEMmodel was adjusted at 38.75 mm, which is reasonable consid-
ering the bolted end compliance and the chain of free-plays
between the piston rod and load application point.

The maximum principal strain measured by the strain gauges
was 2362 le, whereas the FEM model yielded a value of 2347 le
at the same point. Despite the difference being less than 1%, the
strain readings were adjusted by scaling to account for it. Addition-
ally, a 0.25-degrees misalignment was observed between the
rosette grids and the longitudinal axis of the specimen.

Using beam theory, the longitudinal normal stress was com-
puted to be 164 MPa by considering the recorded load of 2357 N.
The material’s (secant) Young’s modulus was determined to be
70.0 GPa, and its precision is mainly dependent on the uncertain-
ties in load measurements, which are estimated to be in the range
Fig. 5. GNR SpiderX Edge diffractometer, posit
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of one percent. Moreover, the Poisson ratio was evaluated to be
0.31.

3.2. Residual stress characterization and simultaneous bending stress
identification

The bending stress distribution validation data for the identified
stresses using XRD are shown in Fig. 7. Each graph shows a stress
tensor component obtained from 3 measurements taken at differ-
ent angles. The bending stress distributions identified using HDM
are presented in Fig. 8, where the procedure outlined in [17]–
[19] was followed to determine the stresses. Additionally, Fig. 9
compares the residual stress fields obtained from HDM measure-
ments at points 1 and 2 with XRD depth profiling carried out at
point 3.

4. Discussion

The FEM model and experimental deflection measurements
showed remarkable correlation, especially in terms of curvature.
ioned on the bench and ready to measure.



Fig. 7. XRD surface identification of the applied stress state.

Fig. 8. HDM identification of the applied stress distribution. Reference values are
shown as black solid lines, the only non-null curve being rxx . (a) AZB425 side; (b)
CEB120 side.

Fig. 9. Measured residual stress distributions: HDM on points 1–2 and XRD with
layer removal on point 3. (a) AZB425. (b) CEB120.
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Extracting the compliance of the bolted constraint from the data
could improve the correlation, although it would be irrelevant for
bending strain identification. The calibration bench is advanta-
geous for checking elastic constants, since the residual stress
results obtained with relaxation methods depend on them. How-
723
ever, it should not be seen as a substitute for proper testing of elas-
tic properties, though decent accuracies can be achieved anyway.

The instrumentation setup was correctly executed, as evidenced
by the accurate XRD surface measurements of stress fields pro-
duced by bending load shown in Fig. 7. The results were slightly
less precise for rxy at high loads, which is expected since they



M. Beghini, T. Grossi and C. Santus Materials Today: Proceedings 93 (2023) 719–724
are computed from a combination of XRD measurements at all
three orientations (so absolute errors are summed). HDMmeasure-
ments successfully captured bending stress distribution through-
out the hole depth, as seen in Fig. 8, with a maximum absolute
error of ± 25 MPa for the highest stress component rxx, which is
consistent with the current state of the art [11].

HDM residual stress profiles for shot peening treatments in
Fig. 9 are consistent with the maximum ± 25 MPa error seen in
bending measurements, while XRD stress profiles closely follow
the trend of HDM curves with up to 50 MPa discrepancy at a given
depth. The accuracy of the results was likely impacted by uncer-
tainties in the planarity of the etched surface and inaccuracies in
measuring the etching depth. Despite this, the accuracy remains
reasonable for engineering purposes. Further research will be con-
ducted on the grain size of the specimen material and potential
material texturing.
5. Conclusions

A calibration system has been introduced, which allows for
accurate generation of bending stress distributions in a specimen,
as well as verification of strain gauge readings independently from
uncertainties related to the material’s elastic properties and exter-
nal load measurements. The calibration system provides a means
of validating the experimental setup both prior to and during
residual stress measurements using XRD and HDM. Inadequacies
such as inadequate texture or insufficient grain statistics in the
material, as well as issues with strain gauge bonding, would lead
to significant errors in determining the bending distribution and
would be detected. The bench’s versatility in accommodating var-
ious materials and geometries makes it useful for exploring resid-
ual stresses produced by novel surface treatments, as the
validation phase improves measurement confidence.

As an example, the bending stress distribution was accurately
characterized for a 7075-aluminum specimen, then the results
were leveraged to perform a validated characterization of two shot
peening treatments. The consistency of the identified bending dis-
tributions with their known values is a valuable confirmation of
the measurement setup and allows one to estimate the reached
accuracy level.
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