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Abstract. This study focused on depth-resolved residual stress results determined with a number 
of complementary techniques on Laser Shock Peening (LSP) treated aluminium alloy 7075-T651 
samples with different thicknesses (6 mm and 1.6 mm). Samples were prepared from a single 
commercially produced rolled plate that was then treated with LSP. Residual stresses were 
measured using Laboratory X-Ray Diffraction (LXRD), Incremental Hole Drilling (IHD), 
Neutron Diffraction (ND) and Synchrotron XRD (SXRD). The LSP treatment resulted in the 
establishment of compressive residual stresses that varied rapidly in the near surface region. The 
compressive stresses extended up to 1.5 mm in depth in the 6 mm thick sample. Some surface 
stress relaxation was observed in the first 25 μm, but substantially large stresses existed at 50 
μm. This investigation strongly motivated why residual stress profiles should be obtained using a 
variety of techniques. 

Introduction 
Laser Shock Peening (LSP) is a surface treatment technique that involves the ablation of a metal 
sample by pulsed, high intensity, laser irradiation. The sample surface is covered by some 
medium transparent to the laser (typically water). A plasma is formed at the surface due to the 
rapid heating by the laser. This event is confined by the transparent medium so, as the plasma 
expands, it generates extremely high pressures which are transferred to the sample through shock 
waves. These plastically deform the sample and are expected to establish a beneficial 
compressive residual stress near the surface [1].  

Such a compressive residual stress field can result in slowed fatigue crack propagation and 
increased fatigue life [2], improved resistance to stress corrosion cracking [3], as well as 
permanent deformation of the samples [4]. LSP has been shown to be more effective than more 
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traditional shot peening because the magnitude and depth of compression induced by LSP are 
greater [5]. LSP therefore has many potential applications, such as in the aerospace industry. 

There are a number of LSP parameters that can be varied so as to optimize the process for 
different applications, e.g. power intensity, laser spot size and coverage. As part of the 
development of a particular laser system, it is important to understand the effect these parameters 
have on the induced residual stress field for various alloys and sample thicknesses. Of particular 
interest are the surface residual stress, the maximum compressive residual stress, as well as the 
depth to which the residual stresses are compressive.  

In order to obtain a depth-resolved residual stress profile that can reveal this information, a 
number of complementary residual stress measurement techniques need to be used [6]. These 
include: Laboratory X-Ray Diffraction (LXRD) which can non-destructively measure near the 
surface (about 25 μm); Neutron Diffraction (ND) and Synchrotron XRD (SXRD) which can non-
destructively measure through the entire depth of most materials (but with a larger gauge volume 
so the results are averaged over a greater depth); Incremental Hole Drilling (IHD) which can 
measure semi-destructively to an intermediate depth (1 – 2 mm), but is only accurate in samples 
thicker than 5.13 mm for conventional IHD strain gauge rosettes.  

The objective of this study was therefore to compare the residual stress results in two LSP 
treated aluminium alloy 7075 (an aeronautical alloy) plates with different thicknesses 
investigated with a number of complementary techniques.  

Methodology 
Sample Preparation. Aluminium alloy 7075-T651 plate samples with dimensions 60 mm x 60 
mm were prepared from a single 15 mm thick rolled plate. One side of the samples was 
machined to remove 1 mm followed by machining on the opposite side to respective thicknesses 
of 6 mm and 1.6 mm, as shown in Fig. 1a. This approach was followed so that the LSP treatment 
was performed on a similarly prepared surface (the one with 1 mm removed) for consistency. 
The bulk elastic constants were taken as E = 71.7 GPa and ν = 0.33 and the corresponding 
diffraction elastic constants for the {311} lattice plane as: S1 = -5.158 x 10-6 MPa-1 and 1/2S2 = 
1.957 x 10-5 MPa-1. 

a)  b) c) S 
Fig. 1: a)Sample Preparation, b) Sample Geometry and LSP patches, c) raster pattern indicating 

the laser step and scan directions. 
Laser Shock Peening. LSP was performed at the National Laser Centre of the CSIR, South 
Africa, using an Nd:YAG laser system with a wavelength of 1064 nm and a pulse frequency of 
20 Hz. The confinement medium was flowing water and no protective coating was used. The 
LSP parameters were as follows: a power intensity of 3 GW/cm2, a spot diameter of 1.5 mm and 
a coverage of 500 spots/cm2. Four 13 mm x 14 mm LSP patches were applied to the sample, as 
shown in Fig 1b, and the LSP was performed in a raster pattern, as shown in Fig. 1c. The x- and 
y-directions used in subsequent sections are aligned with the step and scan directions 
respectively and the z-direction is normal to these, through the depth of the samples.  

Laboratory X-Ray Diffraction. LXRD measurements were performed on the 6 mm thick 
sample (with and without LSP) using a Bruker D8 Discover at Necsa, South Africa. X-rays from 
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a Cu-Kα source with a wavelength of 1.54 Å and a beam size of 0.8 mm were used to perform 
the measurements in the sin2ψ configuration. Reflections from the {311} lattice plane were 
measured at 16 ψ angles from -70.5° to 70.5° at a 2θ angle of approximately 78.05°. These were 
taken at 6 φ angles (0°, 45° and 90° and at 180° to each of these to obtain the negative ψ angles). 
With these measurements and the plane stress assumption, the in-plane stress tensor could be 
obtained. At each point, the sample was oscillated over a distance of 2 mm to improve counting 
statistics due to the large grain sizes as well as texture in the rolled plate samples. The 
measurement depth was estimated to be 26 μm using the AbsorbDX software. 

Incremental Hole Drilling. IHD was performed using the SINT Restan MTS3000 Automatic 
Hole Drilling Machine for both sample thicknesses. Vishay type A strain gauge rosettes with a 
rosette diameter of 5.13 mm and nominal hole diameter of 1.8 mm were used. The holes were 
drilled at the centre of the LSP patches and the rosettes were aligned such that gauge 1 was 
aligned with the x-direction and gauge 3 with the y-direction. Each hole was drilled to a depth of 
1.2 mm in steps of 20 μm. The residual stresses were calculated according to the method outlined 
in the ASTM E837-13 standard [7] with calibration coefficients adapted to the particular strain 
gauge used [8]. It should be noted that the 1.6 mm thick samples fell outside of this standard for 
these particular strain gauge rosettes, which were used despite this study due to availability and 
cost effectiveness. The residual stresses were calculated at depths from 25 – 975 μm with steps 
of 50 μm. Since this technique measures macro strains, the appropriate bulk elastic constants 
were used for the stress calculations. At least two measurements were performed for each case to 
ensure repeatability. 

Neutron Diffraction. Monochromatic angle-dispersive ND was performed at the MPISI 
diffractometer at Necsa, South Africa. The neutron beam had a wavelength of 1.67 Å and both 
the incident and secondary slits set to 0.3 mm x 10 mm which created a matchstick shaped gauge 
volume. This shape was used to facilitate high depth resolution to capture the high stress gradient 
near the surface of the samples with as small a gauge volume as possible in the depth direction. 
The {311} lattice plane was measured at a diffraction angle of approximately 85.5°. Strains were 
measured in the x-, y- and z-directions by aligning the samples so that the direction of strain 
measurement bisected the incident and diffracted beams and with the long dimension parallel to 
the vertical surface. The gauge volume projected 0.44 mm into the depth with the sample in this 
orientation. Measurements were taken in the 6 mm thick sample at depths from 0.1 – 0.3 mm 
with steps of 0.1 mm, 0.5 – 1.5 mm with steps of 0.2 mm and from 2 – 5.5 mm with 0.5 mm 
steps. In the 1.6 mm sample, measurements were taken at depths of 0.1 – 0.4 mm with steps of 
0.1 mm, from 0.6 – 1.2 mm with steps of 0.2 mm and from 1.3 – 1.5 mm with steps of 0.1 mm. 
At each depth, the samples were oscillated parallel to the surface by performing measurements at 
5 locations, 0.5 mm apart. Data acquisition was done against statistical counting instead of the 
traditional time counting to a set maximum strain uncertainty of 50 με. Entry curves were 
employed to ensure coincidence between the gauge volume and the sample surface [9]. With 
measurements at positions close to the sample surfaces, with partially submerged gauge volumes, 
the 180° flip approach was performed with the two results averaged to mitigate surface 
aberration contributions.   

The reference lattice spacing and the planar stresses were calculated at each depth according 
to the plane-stress assumption with the equations outlined in [10]. The elastic constants listed 
previously were used for the stress calculations. 

Synchrotron X-Ray Diffraction. SXRD Measurements were performed at the 6-BM-A 
beamline at the Advanced Photon Source (APS) at the Argonne National Laboratory, USA. 
Energy Dispersive Diffraction (EDD) measurements were made with a hardened polychromatic 
beam, with a maximum energy of 285 keV, from an APS bending magnet. Two germanium 
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detectors were used, one detector vertically offset to a diffraction angle of 5.0° and the other 
horizontally offset to a diffraction angle of 4.8°. This allowed simultaneous measurement of the 
in-plane and horizontal strain components at each depth. Due to the small diffraction angle of the 
detectors, the direction of strain measurement is nearly perpendicular to the primary beam. Both 
the beam size and the detector slits were set to 0.1 mm x 0.1 mm. With this geometry the gauge 
volume projects to a horizontal length of about 2.6 mm. The sample was aligned in the gauge 
volume such that the vertical detector measured the in-plane strain component, the horizontal 
measured the normal strain component and the projected length was parallel to the surface. For 
the 6 mm thick sample, measurements were taken at depths from 0.05 – 2.55 mm with a depth 
step of 0.1 mm and from 3.05 – 5.55 mm with a depth step of 0.5 mm. For the 1.6 mm thick 
sample, measurements were taken at depths from 0.05 – 1.55 mm with a depth step of 0.1 mm. 
At each depth, the samples were oscillated parallel to the surface by performing measurements at 
5 locations, 0.1 mm apart. The strains were calculated by averaging the data from each location. 
A counting time of 40 s was used for each measurement.  

To calculate strain from the EDD data, the average lattice parameter can be determined by 
utilising all the reflections available in the diffraction pattern. However, due to noise in the 
system, only the peaks of the {200} and {311} planes could be numerically fitted at every depth. 
Since the {200} plane is prone to inter-granular stresses, only the {311} peak positions were 
used to determine the lattice spacings and, hence, the strain. The reference spacing and the 
residual stresses at each depth were calculated in the same manner as for neutron diffraction.  

Results and Discussion 
Fig. 2 shows the residual stress results obtained using the various methods described for the 6mm 
thick sample in the x-direction, both with and without the LSP treatment. The stresses were also 
measured in the y-direction (omitted from Fig. 2 due to space restrictions) and the two 
components of stress had similar trends: a large compressive stress near the surface and tensile 
stress in the interior for the peened sample and a low stress- profile in the untreated sample. The 
magnitudes of the stresses were anisotropic being approximately 20 % more compressive in the 
x-direction (laser step) than in the y-direction (laser scan). This compares well to results in 
literature [1, 5]. 

The ND and Laboratory XRD investigations on the unpeened sample showed nearly zero 
residual stress. In the peened sample the ND and SXRD results show corresponding residual 
stress profiles through the entire depth of the sample. This suggests that the approach used to 
determine the residual stresses was sound, especially considering the different gauge volumes 
used. 

The stresses vary rapidly in the near surface region. The LXRD (depth of 26 μm) and IHD 
(depth of 25 μm) results showed compressive residual stresses of approximately -200 MPa, 
whilst SXRD (depth of 50 μm), IHD (depth of 150 μm) and ND (depth of 160 μm) all showed 
stresses in excess of -350 MPa. The stress relaxation close to the surface may be attributed to the 
laser-material interaction at the surface causing reverse yielding in these regions.  
Although IHD is typically not accurate near to surfaces, it does correspond well with the 
Laboratory XRD results.    

These results reveal the surface residual stress, the maximum value of the compressive 
residual stress, as well as the depth to which the residual stresses are compressive. These could 
not have been attained with only one method which strongly supports the argument that a 
residual stress profile is best obtained using a variety of methods. 

The fairly large error bars on the Laboratory XRD results are due to texture, as observed from 
the Debye-Scherer cones on the area detector. At certain ψ angles, the X-Ray counts were 
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insufficient for peak fits. Further evidence of texture in the samples came from the ND and 
SXRD experiments.  

 
Fig. 2: Depth-resolved residuals stress results in the x-direction obtained from multiple methods 

on the 6 mm thick sample with and without LSP treatment. 
Fig. 3 shows the residual stress results in the x-direction obtained for the 1.6mm thick sample 
with LSP. Again there is good correlation between the ND and SXRD results. The residual 
stresses are substantially less compressive than in the 6 mm thick sample. This is because there is 
less elastic constraint in this sample.  

An offset is observed between the IHD result and the SXRD and ND below 400 μm. This can 
be attributed to the 1.6 mm being too thin for application of the ASTM E837 standard. It is 
proposed that thickness-specific calibration coefficients should be developed for samples falling 
outside of the standard. 

Surface relaxation could not be detected with the ND and SXRD results.  
It is important to note than the residual stresses are compressive through the whole depth of 

the sample. This means that elsewhere in the sample there will be balancing tensile stress and 
this needs to be considered when designing an LSP treatment – care must be taken to avoid 
placing a tensile residual stress in a fatigue critical location. 

 
Fig. 3: Depth-resolved residuals stress results in the x-direction obtained from multiple methods 

on  the 1.6 mm thick sample with LSP treatment. 
Conclusions 
Residual stresses in 6 mm and 1.6 mm thick aluminium alloy 7075 samples that had been treated 
with LSP have been measured using various complementary techniques. The results show high 
magnitude compressive residual stresses (-200 – -400 MPa) with steep gradients. Stress 
relaxation was shown to occur near the surface. Larger compressive residual stresses were 
established in the 6 mm thick sample because there was more elastic constraint provided by the 
underlying material volume. Additionally, the residual stresses were more compressive in the 
laser step direction than in the laser scan direction.  

Residual stress results from the various methods employed in this study show complementary 
trends. Since each method has its strengths and limitations, this work showed the necessity of 
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using multiple complementary techniques to fully describe the depth-resolved residual stress 
profile associated with LSP treatment. 
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