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Abstract

The American standard ASTM E837 presents a standard procedure to determine residual stresses in isotropic materials using the
incremental hole drilling technique (IHD). The standard, however, presents limitations regarding its applicability, such as those
related with the thin thickness of the samples. According to this standard, in depth non uniform residual stresses can only be
determined, roughly, in plates where the thickness is greater than the mean diameter of the strain gage rosette used. This limitation
excludes important experimental cases and, therefore, deserves to be investigated. In this work this limitation is numerically and
experimentally investigated in detail, considering the case of residual stresses induced by laser shock peening (LSP) in aluminum
alloy 7075-T651 plates. The obtained results using the incremental hole drilling technique (IHD), based on the integral method,
are benchmarked against the results of several diffraction techniques, used as reference, and a procedure to correct the experi-
mentally determined strain-depth relaxation curves, to accurately still apply the ASTM E837 standard procedure is discussed and
validated.

Keywords Residual stress - Hole drilling method - Thin plates, laser shock peening - X-ray diffraction - Neutron diffraction -
Energy dispersive synchrotron X-ray diffraction

Introduction

The incremental hole drilling technique (IHD) is a well-
established technique for measuring residual stresses induced
by mechanical surface treatments [1, 2]. The laser shock
peening treatment (LSP), imparting a deeper layer with bene-
ficial residual compressive stress and decreasing surface
roughness in comparison with conventional shot peening
[3], improving fatigue and corrosion resistance, retarding or
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even arresting fatigue crack growth [4], has received particular
attention of the acronautical and aerospace industries in recent
years [5]. As it happens with other mechanical surface treat-
ment techniques, such as, e.g., shot peening [3] or ball-
burnishing [6], as a way for improving the LSP parameters,
particularly in thin parts [7, 8], and to predict the surface
integrity of the treated parts by numerical simulation, the
IHD technique has been extensively used to determine the
induced LSP residual stresses [9]. It should be noted that other
residual stress measurement methods, such as the more recent
contour method [10], which also enables mapping 2D residual
stresses based on analytical solutions [11] or 3D residual
stresses [12], through the whole section of the samples, can
also be used for measuring residual stresses induced by LSP.

The ASTM E&837 standard [1] describes a standard method
to determining in-depth non-uniform residual stresses by the
incremental hole-drilling technique in workpieces thicker than
the diameter of the gauge circle (D to 1.2D), depending on the
standard strain-gauge rosette used, type A or B and type C,
respectively [1]. For thinner workpieces (0.2D (type A or B)
to 0.24D (type C)), the standard only describes the method for
determining in-depth uniform residual stresses using a
through hole. Thus, the standard cannot be applied to
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determine in-depth uniform or non-uniform residual stresses
in “thin” samples, i.e., for samples with thicknesses ranging
from 0.2D to D. To mitigate this problem, some authors have
proposed that an epoxy backing could be adhesively applied
to the back of thin specimens to artificially increase their
thickness [13, 14], or simply apply the standard method with-
out correction [8, 15]. However, some authors have proposed
correction procedures [16] to still apply the ASTM E837 stan-
dard procedure for “thick” samples in these cases [1].
According to Sobolevski [17] the thickness limits presented
by the standard [1] are conservative, proposing a limit of
1.66D,, where D, is the hole diameter, which is substantially
lower than the limit preconized by the ASTM standard. Held
et al. [16] pointed out that, for a 2.5 mm thick plate and
1.8 mm hole diameter, the maximum deviation falls within
5%, considering an in-depth uniform equibiaxial stress. This
thickness corresponds to half of the limit preconized by the
standard [1] (5.13 mm for type A and B rosettes). With de-
creasing thickness, the evaluated stress increases and the stress
distribution is not constant in depth anymore [16]. Near the
surface, for depths up to 0.7 mm, the stress is almost constant,
but strongly overestimated due to the lower effective local
stiffness [16]. For larger drilling depths the stress significantly
decreases, which should be due to the changes in the effective
local stiffness [16]. According to their findings, Held et al.
[16] proposed a correction approach to still use the ASTM
standard “thick” calculation procedure [1] in thin samples.
Their approach is based on the application of a correction
function for the measured strain relaxations, prior to the stress
calculation using the standard procedure. In short, in “thin”
samples falling out of the standard limits, the measured strain
relaxation should be first corrected based on a correction func-

tion Lgcometry(tn,2), using [16]:

6corrected (Z) - Lgeometry(tny Z) : Ethin colnponent(tn ’ Z) ( 1 )
Where:
o Estandard (Z )
Lgeometry(tnv Z) - N (2)

Ethin component (tn 5 Z)

Estandard(Z) 18 the strain relaxation of a corresponding “thick”
standard component, within the application limits, through the
hole depth (z) and € component(tnz), the strain relaxation field
determined in the actual “thin” component, as a function of the
hole depth (z), for a specific normalized component’s thickness
t, = t/Dy, where ¢ is the sample thickness and D, the hole di-
ameter. Both strains are determined by FE-analysis considering
the same D, rosette geometry (ASTM type B rosette), material
(E, v) and stress state. The difficulty of this approach relies with
the difficulty to determine such correction function
Lgeomeni(t,,2) [16]. However, the effort is lower than that neces-
sary to recalculate the necessary calibration coefficients for the
integral method, the IHD residual stress calculation procedure,

SEM

widely accepted, to relate the relieved strains and the existing
residual stress [1, 18, 19]. In addition, when several compo-
nents with different thickness (“or with further geometry fea-
tures that deviate from the ‘standard™ [16]) have to be ana-
lyzed, the effort can significantly be reduced using a simple
linear interpolation of Lgeomerr Values, since the error of an
interpolation within a normalized thickness increment Az, =
0.25 is less than 1%. An improved method can be based on
the application of artificial neural networks [16]. If effective,
this procedure is very convenient since it avoids specific nu-
merical simulation, case by case, when the component’s thick-
ness is lower than the limit announced by the standard, as per-
formed in [20]. For it, as shown by Magnier et al. [20], care
must be taken when constraining the model during the finite
element analysis for the determination of the necessary calibra-
tion constants for the integral method. Moreover, the solution
for this problem seems to be worse when the residual stress
approaches the material’s yield stress and there could be plas-
ticity effects [1, 21, 22].

The feasibility of the correction procedure described above
for the case of laser shock peening stresses will be analyzed in
detail in this work. Residual stresses in aluminum AA7075
alloy plates, with different thicknesses and subjected to laser
shock peening (LSP), using the same LSP parameters, are de-
termined by IHD using the integral method [18, 23]. The sam-
ples with dimensions outside of the standard are tested both
with and without an epoxy backing support and the residual
stresses measured are compared to those measured in samples
falling within the standard. The results are benchmarked against
the results obtained by diffraction techniques, used as reference,
such as neutron diffraction (ND), energy dispersive X-ray dif-
fraction (EDXRD) and laboratory X-ray diffraction (XRD). In
addition, two finite element models were developed. Firstly, a
numerical simulation by the finite element method (FEM) is
carried out to determine the expected strain relaxation errors
due to the thin thickness of the samples, falling outside the
limits preconized by the ASTM standard. Secondly, the neces-
sary calibration coefficients for the integral method, considering
the actual thickness of the samples, are determine by FEM. This
way, the feasibility of the above mentioned correction proce-
dure, to still use the ASTM standard to accurately determine
non uniform residual stresses in thin samples, is discussed and
validated. The validation is achieved by comparing the THD
corrected results with the results obtained by the cited reference
techniques and with the THD results, based on the integral
method using the necessary calibration coefficients for the ac-
tual thickness of the samples.

Materials and Methods

Samples of aluminum alloy 7075-T651 were machined from a
single 15 mm thick rolled plate. The samples were prepared
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with 10 mm, 6 mm, 3 mm and 1.6 mm thicknesses using the
procedure described in Fig. 1. 10 mm and 6 mm plate thick-
nesses fall inside the limits preconized by the ASTM E837
standard, while 3 mm and 1.6 mm plate thicknesses, which are
representative of conventional thicknesses used in aeronauti-
cal airframe structures, fall outside those limits. The mechan-
ical properties and the chemical composition of the material
are shown in Table 1.

The laser shock peening treatment (LSP) was performed at
the National Laser Centre (NLC) of the Council for Scientific
and Industrial Research (CSIR) in Pretoria, South Africa, using
a Quanta-Ray Pro Spectra Physics (QRPSP) Nd:YAG laser.
The QRPSP laser specifications and the LSP parameters are
shown in Table 2. A spot sequence strategy is achieved using
an X-Y raster pattern with equidistant spot placement in the
horizontal and vertical directions. A 1.5 mm spot diameter
was used to attain a power intensity of 3 GW/cm?, with a spot
density of 5 spots/mm?> (~70% spot overlap). Figure 2 shows
the final dimensions of each sample (Fig. 2a)), the laser scan-
ning strategy for the LSP treatment performed (raster pattern)
(Fig. 2b)), with the parameters referred in Table 2, and the
measurement references for the determination of the residual
stresses, using the incremental hole drilling (IHD), neutron dif-
fraction (ND), energy dispersive synchrotron X-ray diffraction
(EDXRD) and laboratory X-ray diffraction (XRD) (Fig. 2c¢)).

The incremental hole drilling was carried out using a SINT
MTS3000-Restan equipment, standard ASTM E837 type A
stain gage rosettes (1/16 in. nominal) and tungsten carbide
inverted cone end mills, with typical 1.6 mm average diame-
ter, for a final typical 1.8 mm hole diameter. Small drilling
depth increments of 0.02 mm were used up to 1.2 mm total
hole depth. The obtained strain-depth relaxation curves were
smoothed using splines and the calculations were then per-
formed considering minimum depth increments of 0.05 mm,
as recommended by the ASTM E837 standard [1]. The resid-
ual stresses, based on the integral method coupled with the
Tikhonov regularization [1], were determined using an own
made software written in Python [18].

Neutron diffraction (ND) was performed to investigate the
residual stresses through the depth of the samples. Neutrons
are capable of penetrating deeper into aluminum, so it was
possible with this technique to measure the residual stresses
through the entire depth of the samples, despite its poor spatial

Fig. 1 Samples preparation

Rolling direction

resolution. This technique could be used to validate the IHD
results as well as complement them. However, the results near
the surface would require validation by techniques better suit-
ed to near-surface measurements, such as laboratory X-ray
diffraction. ND was used in this study to determine residual
stresses in the 6 mm and 1.6 mm thick Al alloy samples,
before and after LSP, as per Table 2. ND measurements were
performed on the same sample (in the centre of the sample and
on a peened patch, respectively), using the facilities of the
Materials Probe for Internal Strain Investigations (MPISI) at
the Safari-1 nuclear research reactor at Necsa - the South
African Nuclear Energy Corporation Limited. The beam was
monochromatic with a wavelength of 1.67 A. A gauge volume
of 0.3 mm x 0.3 mm x 10 mm was used and the d-spacing of
the {311} lattice plane was measured around a 26 angle of
85.5°. The 10 mm length was aligned parallel to the surface
and 0.44 mm length was aligned through the depth. This shape
and orientation was chosen because LSP residual stresses re-
quires as small a gauge volume as possible to measure the
high gradient residual stresses near the surface, while ND
technique requires as large a gauge volume as possible to
improve neutron counting statistics.

For validation purposes energy dispersive synchrotron X-
ray (EDXRD) measurements were performed at the 6-BM-A
beamline at the Advanced Photon Source (APS) at Argonne
National Laboratories, USA. This synchrotron is extremely
powerful and, therefore, with a fairly small beam, determina-
tion of residual stresses through the entire depth is also possi-
ble, moreover, with better resolution than what is possible
with neutron diffraction. However, this method also requires
additional near-surface validation by more suitable tech-
niques, such as laboratory X-ray diffraction. For comparison
purposes, the tests were performed in the same LSP samples
analyzed by ND. The beamline is fitted with two detectors at
fixed 20 angles of —5.0° and 4.8°, for the vertical and hori-
zontal, respectively. The beam was polychromatic with an
energy range of 0-285 keV, which is sufficient to measure
the first five peaks of FCC aluminum. The slits on the beam
and both detectors were all set to 0.1 mm x 0.1 mm. Although
it was possible to make them smaller, a larger dimension was
chosen to improve X-ray count statistics. The beam slit sizes
and detector direction angles created an elongated gauge vol-
ume, with a long side of 2.6 mm.

. 1 mm was machined from one side

Ll

Different amounts were then machined from

the other side

All samples were peened on the same side

[ ‘ )
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1.6 mm

6 mm
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Table 1 Mechanical properties and chemical composition of the aluminum alloy 7075-T651 [24, 25]
Bulk Young’s Bulk Poisson’s Ratio' Tensile Yield Chemical Composition Wt. [%]
Modulus [GPa]' Strength [MPs]

AP cr? c?  Fé Mg®>  Mn® Si? Ti® Zn’
71.7 0.33 503 89.3 0.23 1.6 0.5 25 0.3 0.4 0.2 5.6

169 GPa amd 0.35 for the Young’s modulus and Poisson’s ratio for the {311} lattice plane, respectively

2 Average value

3 Maximum value

In addition, laboratory X-ray diffraction (XRD) was used to
obtain reference values at surface of the same LSP samples,
since the minimum evaluation depth for the ND and EDXRD
techniques was set to 0.1 mm and 0.06 mm, respectively. XRD
was performed using the Bruker D8 Discover equipment at
Necsa, South Africa. The sin®y» method [26] was used to deter-
mine the residual stresses by XRD. Lattice deformations related
to the {311} planes were determined for 16 v angles between
—45° and + 45° using Cu-Ka radiation. Measurements were tak-
en at a total of 6 ¢ angles to obtain the planar stress-tensor. The
residual stresses were calculated for the plain stress conditions
using X-ray elastic constants (XEC) of Y2s, =1.95652174 x
10° MPa ' and s, =-5.07246377 x 10 ° MPa .

Finally, a finite element analysis was performed, using
ANSYS Mechanical APDL code, to study the effect of strain
relaxation in plates of different thicknesses subjected to the
same equibiaxial stress state that, despite the slight differences
observed in the experimental residual stress results measured
in perpendicular directions, is close to the experimentally ob-
served in this work and is of easy implementation using a 2D
axisymmetric model. Since the plates are large enough to
avoid border effects (except due to the thickness), the material
is isotropic, the stress concentration is a local phenomenon
and the stresses measured in different directions are similar,
a 2D axisymmetric model can be used to determine the strain
relaxation measured near the hole (around 2 mm hole diame-
ter). In addition, IHD measurements were performed in the
center of LSP area, which is also centered in the plate — see
Fig. 2. A second finite element model (FEM) was developed
to determine the necessary calibration coefficients for the im-
plementation of the integral method, as per the ASTM E837
standard, to the thinnest plates experimentally analyzed. In
both cases the 2D axisymmetric finite element model (FEM)
was developed using 4-node axisymmetric solid elements

Table 2

SOLID272, enabling modelling axisymmetric solids with axi-
symmetric or nonaxisymmetric loading [27]. In the first mod-
el, strain-depth relaxation curves corresponding to the same
equibiaxial stress state were determined for different plate
thicknesses, considering the standard strain gauge rosettes
used in the experiments (type A). The in depth stress profiles,
corresponding to those experimentally determined, were gen-
erated using temperature gradients introduced into a full
constrained model before hole simulation. The incremental
hole drilling was then numerically simulated using the “birth
and death” of elements of ANSYS code features [23]. All
elements existing at each incremental depth (0.02 mm each)
were first selected and then “killed”, before solving the model
(mapped mesh) shown in Fig. 3. A constant incremental depth
0f 0.02 mm was used up to a total 1 mm hole depth, i.e., for a
total of 50 incremental stepts. In the second model, for the
same rosettes, the necessary calibration coefficients for the
integral method were determined using an equibiaxial stress
state for constant ¢ and a pure shear stress state for constant ,
to be used with the software developed in Python [18]. The
determination of these calibration coefficients using 2D axi-
symmetric finite element model was first described by Schajer
[19, 28]. The nodal strain values determined by FEM were
integrated over the strain gage grid [29, 30] in both FE-
analysis.

Results
LSP Residual Stresses by Diffraction

Figure 4 shows the residual stress results determined by neutron
diffraction (ND) in 1.6 mm (Fig. 4a) and 6 mm (Fig. 4b) thick

Laser specifications and laser shock peening (LSP) parameters used in this study

QRPSP Laser Specifications

LSP Parameters

Laser Wavelength  Pulse Frequency Energy Spot Spot Size Range  Power Intensity Spot Diameter ~ Coverage [spots/
Type [nm] [Hz] Range [J] Shape [mm] [GW/em?] [mm] mm?]
Nd:YAG 1064 20 0.2-1 o 0.5-2.5 3 1.5 5

SEM
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a)
Fig. 2 a) Samples dimension, b) LSP scanning strategy and ¢) measurement references for the different residual stress techniques used (ND, EDXRD,
XRD and IHD)

AA7075 alloy samples, before (as-machined) and after laser
shock peening (LSP) using the parameters shown in Table 2.
For validation purposes, Fig. 4 also presents a comparison with
the residual stresses determined by energy dispersive synchro-
tron X-ray diffraction (EDXRD). It is clear that both measure-
ment techniques present similar results through the thickness of
the samples. Compressive residual stresses determined in the
1.6 mm thick samples are of a lower magnitude than those
determined in the 6 mm thick samples. This is attributed to a
spring back effect related with the fact that there is less elastic
material responding to the plastic deformation induced by the
LSP process, resulting in deformed samples with lower magni-
tude residual stresses. In addition, the fact that the area subject-
ed to LSP is lower than the total area of the samples, together
with the spring-back self-equilibrium effect, might explain the
apparent lack of stress equilibrium shown in Fig. 4a — see also
reference [8]. A study on the maximum out-of-plane deforma-
tion induced by LSP in the samples with different thicknesses
was performed. The deformation increases with a decrease in
thickness of the samples. While for 10 mm thickness the ob-
served deformation was negligible, it attained 0.15 mm,
0.46 mm and 1.4 mm for samples with 6 mm, 3 mm and
1.6 mm thicknesses, respectively.

a)

£ X

Finally, since the minimum evaluation depth for EDXRD
and ND was 0.06 mm and 0.1 mm, respectively, both tech-
niques are not suitable to determine the high stress gradients
near the surface. For this reason, the results presented in Fig. 4
were complemented by laboratory X-ray diffraction (XRD)
residual stress measurements. In the near surface layers,
XRD results are the best reference for the results determined
by IHD, as it will be seen in the following.

LSP Residual Stresses by Incremental Hole Drilling
(IHD)

Figure 5a shows the residual stress (maximum principal
stress) resulting from four tests performed in four 10 mm thick
samples, subjected to the same LSP parameters - see Table 2.
The THD residual stress results present good repeatability,
considering the tests were performed at different LSP spots.
In Fig. 5b a comparison between the residual stress deter-
mined in the laser stepping direction (S,) and in laser scanning
direction (Sy) is made for 1.6 mm and 10 mm thick samples.
The results show that the residual stresses in samples peened
with a LSP raster pattern strategy induces residual stresses that
are slightly different in the laser stepping direction, when

b)

Fig. 3 FEM mesh for the 10 mm thick plate. a) Constraints used and b) amplification near the hole (with 1 mm depth) (grey area in Fig. 3a)
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Depth [mm]
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
200

- Sx (as-machined)
_____ ND - Sy (as-machined)
© ND-Sx
A ND-Sy
¢  EDXRD - Sx
o
X
x

Residual Stress [MPa]

-200 A

EDXRD - Sy
XRD - Sx
XRD - Sy

-400

a) 1.6 mm thick plate

Depth [mm]

200

100

-100

ND - Sx (as-machined)
----- ND - Sy (as-machined)

Residual Stress [MPa]

-200
o ND - Sx
A ND-Sy
1 @ EDXRD - Sx
-300 i O  EDXRD-Sy
x XRD - Sx
1 X XRD-Sy
-400 ;
b) 6 mm thick plate

Fig. 4 Residual stresses determined by ND, EDXRD and XRD in the laser stepping direction (S,) and in the laser scanning direction (S,), before (as-
machined - only ND) and after LSP in a) 1.6 mm and b) 6 mm thick plates. All lines are referred to curve fitting by polynomial interpolation

compared to the laser scanning direction, in particular for
1.6 mm thick plate. As observed in Fig. 5b, the magnitude
of the induced compressive residual stress is systematically
higher in the laser stepping direction than in the laser scanning
direction, as also observed in Fig. 5. Correa et al. [31] also
reported that samples peened using LSP raster pattern strategy
usually presents differences in the residual stresses measured
in perpendicular directions than those produced using a LSP
random pattern strategy. In addition, the residual stresses pres-
ent a lower magnitude in the thinner sample plates than in the
thicker ones. The residual stress results determined by ND and
EDXRD, shown in Fig. 4, also confirm these findings.

The averaged residual stresses determined by IHD in all
samples, with different thicknesses, are presented in Fig. 6.

Depth [mm]
0 0.2 0.4 0.6 0.8
00— e
i@
-100 A
‘©
-9
E 4
» -200 A
@ \
2 J %
&
®
>
2 300 |
U
o«
ATestl
-400 + @ Test2
M Test3
1 OTest4
-500

a)

The residual stress values correspond to the minimum princi-
pal stress that, being compressive, presents the maximum
magnitude. The error bars correspond to the sample standard
deviation observed in at least three performed tests.

From the results presented in Fig. 6a it is clear that decreas-
ing the sample thickness, the magnitude of the LSP residual
stress decreases, as well as the depth affected by the LSP
treatment, which was confirmed by the microhardness read-
ings performed over the cross section of the samples. This
finding is in line with the results determined by ND and
EDXRD, as described in section 3.1. In Fig. 6b the results
determined in LSP samples using an epoxy backing support,
to mitigate the thin thickness of the sample plates, are com-
pared with those determined without this strategy. As it can be

Depth [mm]

100

100 { o\

-200

Residual Stress [MPa]

-300

O Sx in 1.6 mm thick sample

-400 1 A Sy in 1.6 mm thick sample
1 @ Sx in 10 mm thick sample

A Sy in 10 mm thick sample

-500

b)

Fig. 5 a) Maximum principal residual stress determined in four 10 mm thick samples and b) Residual stresses in the laser stepping direction (Sy) and in
the laser scanning direction (Sy) in 1.6 mm and 10 mm thick plates — LSP parameters according to Table 2. Dashed lines — curve fitting by polynomial

interpolation

SEM
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Depth [mm] Depth [mm]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
100 100
0 ’ — f ‘ 0 o
E '%/-i {—“— "-{.“%\; E : _.@,—.%::.’é_‘_‘_‘%x?
£ -100 | %% 8 : . ) ?ir
A1 3447¢ g100 13 . i? P
S -200 - 2 Pt 2
i ettt | A st
2 I 5 = &
8 I.B %Q i % % % 200 - 7 }QS
300 25t = % &
A 1.6 mm thick ; % A 1.6 mm thick
-400 - @ 3 mm thick =300 1 5’4 0 1.6 mm thick (epoxy backing)
06 mm thick @ 3 mm thick
© 10 mm thick <© 3 mm thick (epoxy backing)
-500 -400

b)

Fig. 6 a) Averaged minimum principal residual stress determined by IHD in LSP samples, in 1.6 mm, 3 mm, 6 mm and 10 mm thick samples and b) in
1.6 mm and 3 mm thick samples with and without epoxy backing strategy

observed, the use of this epoxy support does not significantly
affect the residual stress measurements, since all results are
within the measured uncertainty.

In Fig. 7 a comparison between the residual stress results
determined by all residual stress measurement techniques, i.e.,
incremental hole drilling (IHD), laboratory X-ray diffraction
(XRD), neutron diffraction (ND) and energy dispersive syn-
chrotron X-ray diffraction (EDXRD), is shown for 6 mm and
1.6 mm thick samples, respectively. For a sake of clarity the
comparison is only made for the residual stresses determined
in the laser stepping direction (Sy), since the same trend is
observed for the residual stresses in the laser scanning direc-
tion (S,).

For 6 mm thick samples and deeper layers (> 0.06 mm
depth), the residual stresses obtained by IHD agree well with
those obtained by ND and EDXRD (Fig. 7a), despite the slight

Depth [mm]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0 ———
VR
; /
P
1
o
=710 e
© N o
a 2
= 4 o
% I R4
§ )(_///
& -200 4L /o %@
© i 7/ .)- E
3 ! g
S i %}}ﬁ%
4] ' Dl
3 ! [~
-300 { & v %é O IHD
L S é —+--ND
Q;/ & —-% - EDXRD
18 @ XRD
-400 Lk g

a) 6 mm thick plate

overrating, lower than 50 MPa, observed on the IHD results at
depths between 0.08 mm and 0.3 mm. Near the surface (<
0.06 mm depth), ND and EDXRD are not suitable to deter-
mine the high stress gradients. In these layers, XRD results are
the best reference and the results determined by IHD agree
well with those determined by XRD, considering the uncer-
tainty always observed in the [HD residual stress results in the
first depth increment (due to, e.g., zero at surface and rough-
ness). The XRD was estimated to measure at a depth of
0.026 mm using the AbsorbDX software supplied by Bruker
Corporation and the middle point for the first depth step of the
IHD results is 0.025 mm and, therefore, the results of the two

techniques can be directly compared. Note that, using a type A

standard rosette, according to the ASTM E837 standard, the

IHD evaluation is limited to a minimum plate thickness of
5.13 mm (D) [1]. The 6 mm plate thickness in this case fulfil

Depth [mm]
0 0.2 0.4 0.6 0.8 1 1.2 14 16
w” -
I %; 7 T
~K..7. »/,}/
. 1 E}I /
b /.I/ N~ !
’E -80 _/5/ N 53 7
s I I Ny
a i ]
< ' :
@ : }’I
S xE - E R,
3 Viig
§as0{ v ¥
< i i
\ } A |HD
Y } e
\}, —-%-- EDXRD
@ XRD
-280

b) 1.6 mm thick plate

Fig. 7 Residual stress in the LSP step direction (Sy) determined by IHD, ND and EDXRD in a) 6 mm and b) 1.6 thick plates
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this limit and no influence of a thin thickness is expected.
However, for 1.6 mm thick samples, as shown in Fig. 7b, clear
discrepancies between IHD and the other techniques (ND and
EDXRD) are observed throughout the whole evaluation
depth. IHD clearly overestimates the residual stress values
underneath the surface, through the important region between
0.1 mm and 0.4 mm hole depth. An overrating around
100 MPa is observed between IHD and the other techniques.
For deeper layers, the underestimation should be related with
the changes in the effective local stiffness of the thin plates in
the IHD results, as pointed out by Held et al. [16].

Discussion

To better understand the discrepancies observed between [HD
and the other techniques for the case of the thinner samples, a
finite element simulation (FEM) was performed. The cases
under analysis are those related with the LSP samples with
1.6 mm and 3 mm thicknesses, which are falling out of the
standard limits [1] (< D = 5.13 mm thickness). Considering an
in-depth equibiaxial residual stress distribution, whose the
profiles are shown in Fig. 6, strain-depth relaxation curves
for the LSP samples were determined by FEM. For both cases,
calculations were performed considering the real thickness of
1.6 mm and 3 mm, respectively, thus, enabling the determina-
tion of €hin component(t,z) and also, using the same stress dis-
tribution, the strain relaxation values for a standard evaluation
Estandard(£,2), 1.€., considering that stress distribution is occur-
ring in a plate thicker enough (10 mm), to fall within the
standard limits [1] (see eqgs. 1 and 2). Figure 8 shows the
experimental [HD stress profiles considered, the stress distri-
bution calculated by FEM, before the simulation of the first
hole depth increment, and the stress determined by the integral
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method using the FEM calculated strain-depth relaxation
curves, after hole simulation.

The results obtained by the integral method, using as input
the FEM simulated strain-depth relaxation curves, agree very
well with the stress profiles used as input for the FEM model,
which validates the FEM model used. The incremental hole
drilling was numerically simulated using the “birth and death”
of elements ANSYS code features [32], considering the in-
depth stress profiles depicted in Fig. 8. The numerical simu-
lation was performed considering plates with the actual thick-
ness (1.6 mm and 3 mm, respectively) and plates thick enough
(10 mm), to fall within the limits preconized by the ASTM
standard. In Fig. 9 the von Mises stress field and the von Mises
strain field around holes with 1 mm depth, for the hole diam-
eter measured during the IHD experimental evaluation, are
shown for the case of the “thick”, or standard, plate and for
the actual plate with 1.6 mm thickness. All figures are repre-
sented with %4 axisymmetric expansion and magnified with a
scale factor of 100.

From Fig. 9 is possible to see (by the plot results in Fig. 9 ¢)
and d), where the deformed shapes with undeformed edges are
also shown) that the displacements are greater for the case of
1.6 mm plate thickness, compared to the case of a thick plate
(10 mm) subjected to the same in-depth stress profile. The
corresponding strain-depth relaxation curves calculated by
FEM are shown in Fig. 10a, for this particular case (1.6 mm
thick plate). In Fig. 10b the obtained results for the case of
3 mm plate thickness are also shown. Fig. 10 compares
Estandard(Z), Which is the strain relaxation of a corresponding
“thick” standard component, i.e. within the ASTM application
limits, through the hole depth (z) and €4, componeni(), the
strain relaxation field determined in the actual “thin” compo-
nent, as a function of the hole depth (z), for the same in depth
stress profile shown in Fig. 8. Therefore, the differences
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Fig. 8 Residual stress distribution determined during the experimental IHD tests, stress distribution determined by FEM before the hole simulation and
stress distribution determined by the integral method based on the FEM strain-depth data after hole simulation for a) 1.6 mm and b) 3 mm thick plates
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between the strain relaxation curves shown are only due to the
effect of the plate thickness. While for 3 mm plate thickness
the effect is very small, it is significant for the case of 1.6 mm
plate thickness. The ratio between both leads to the determi-
nation of Lgeomerny(z) function, as per eq. (2), shown in the
same figure (Fig. 9).

The averaged error through the whole hole depth, due to
the thin thickness, is of 25% for the case of 1.6 mm plate
thickness and lower than 5% for the case of 3 mm plate thick-
ness. The correction function Lgeomes-, determined from both
stress-depth relaxation curves, as per eq. (2), is also shown in
Fig. 10. It is important to mention that FE analysis, using
different stress distributions, such as a in depth uniform stress
of 100 MPa and different materials, such as steel and alumi-
num, led to very similar correction functions Lgemes and the
obtained values are also very similar to those determined by
Held et al. [16].

Considering the obtained correction function, Lgeomens the
strain-depth relaxation curves experimentally obtained in the
LSP samples were then corrected prior to use the integral
method for residual stress calculation. Figure 11 shows the
obtained results considering only the minimum principal
stress component, for sake of clarity. As previously men-
tioned, the other stress components follow the same trend. In
Fig. 11 the in-depth residual stress profiles determined by the

integral method using the calibration coefficients (a and b)
determined by FEM, considering the actual thickness of the
plates, are also shown. It is clear that the results obtained using
the Lgeometry function provide very similar results than those
determined using the specific calibration coefficients deter-
mined by FEM (average error up to 3%). In addition, it is also
clear that, for the case of the thinnest plates (1.6 mm), the new
residual stress profiles determined by IHD, using the integral
method and the experimentally obtained strain-depth
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relaxation curves, using the specific FEM calibration coeffi-
cients, to consider the actual plate thickness, or the integral
method using corrected strain-depth relaxation curves, based
on the Lgcomeny function, prior to use the ASTM standard,
agree very well with the residual stress profiles obtained by
XRD, ND and EDXRD techniques. Finally, considering the
results obtained in plates with 3 mm thickness, the limit of
5.13 mm thickness recommended by ASTM seems to be con-
servative, despite that some thickness influence already exists.
However, considering the observed dispersion of the results
usually found during the residual stress evaluation by IHD,
there is no absolute need to correct the results found in the
3 mm thickness plate, as shown in Fig. 11b. These results
seem to confirm the thickness limit proposed by Sobolevski
[17], since the corrected curves (solid lines) are within the
uncertainty of I[HD measurements.

Conclusions

Residual stresses in thin aluminum alloy 7075 plates, with
different thicknesses and subjected to laser shock peening
(LSP) treatment, were determined by the incremental hole
drilling (IHD) technique and compared with those determined
using diffraction techniques, used as reference. It was ob-
served that the magnitude of residual stresses decrease when
the thickness of the treated specimens decrease. LSP compres-
sive residual stresses extend to a depth of more or less 1 mm,
increasing with the increase of the plate thickness for the same
LSP parameters, which is beneficial to avoid fatigue crack
growth. The laser raster pattern strategy led to residual stresses
slightly greater in the stepping direction than in the laser scan-
ning direction and the differences increase when thickness
decreases. While for thicker samples a good agreement
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Fig. 11 Residual stresses determined experimentally in the LSP samples, with and without correction for the case of IHD measurement technique in a)

1.6 mm and b) 3 mm thick plates
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between the results obtained by the different measurement
techniques is observed, a clear discrepancy exists for the case
of the thinnest plates (1.6 mm) analyzed. In this case, the
residual stresses determined by IHD are overrated compared
with those determined by diffraction. The use an epoxy back-
ing strategy to mitigate the influence of the thin thickness of
the samples is clearly useless.

A finite element analysis (FEM) was carried out to under-
stand the THD in depth non uniform residual stress results,
obtained in specimens with thicknesses of 1.6 mm and
3 mm, respectively, which are falling out the limits preconized
by the ASTM E837 (< D =5.13 mm). FEM simulated strain-
depth relaxation curves present an averaged error of 25% for
the case of 1.6 mm plate thickness, being lower than 5% for
the case of 3 mm plate thickness, compared to the case of a
“thick” plate evaluation. The use of a correction function,
Lgcomeny t0 correct the experimentally obtained strain-depth
relaxation curves, enables to still use the ASTM standard pro-
cedure, with an averaged error up to 3% in respect to the
evaluation using the integral method and specific calibration
coefficients for its use in thin plates. From the practical point
of view, the use of such correction function is reliable and can
provide the wanted results, considering the dispersion usually
found during the IHD tests, substantially decreasing the effort
to accurately determine the in-depth non uniform residual
stresses by IHD in thin plates, i.e., when the thickness is below
the limits preconized by the ASTM standard.
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