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Abstract 

Heterogeneity of the through-thickness residual strain due to the laser shock 

peening (LSP) process in comparison with that due to the indentation was studied in 

Ti-6Al-4V alloy samples. The latter is almost a quasi-static process while the former 

features extremely high strain-rate deformation. The synchrotron based high-energy 

X-ray diffraction was employed to investigate the through-thickness residual strain 

distribution. The studied two samples feature almost equal both indentation/peening 

affected depths (~2 mm) and the maximum magnitude of compressive residual strains 

(~4000 ) parallel to the surface. The pit depth for the indentation is ~9 times higher 

than that for the LSP. The position featuring the maximum magnitude of compressive 

residual strain is in the sub-surface for the indentation while it is in the surface for the 

LSP. Results of the elastic-visco-plastic finite element simulation for the indentation 

indicate that the position featuring the maximum plastic deformation corresponds to 

the maximum magnitude of compressive residual strain. Full width at half maximum 

(FWHM) of the X-ray diffraction profile can indicate the level of the plastic 

deformation. It is found that positions with the maximum FWHM indeed correspond 

to the maximum magnitude of compressive residual strain for both tests. 
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1. Introduction 

  Residual strains are typically caused by heterogeneously evolved plastic 

deformation or thermal mismatch during the manufacturing, welding or joining of 
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metals. ‘Residual’ here means after the removal of external loads. The residual strain 

mentioned throughout this paper is elastic type and it is also called residual lattice 

strain to be different from the residual plastic strain. The elastic type residual strain 

can be measured by using the X-ray or neutron diffraction techniques and details are 

described in the following paragraphs. Understanding and controlling the factors that 

lead to the residual strains is important, since residual strains can impact the 

mechanical performance and service life of critical engineering components. 

Compressive residual strains parallel to the sample surface are beneficial when a 

fatigue crack is potentially propagating along the direction perpendicular to the 

surface [1]. For heavily deformed metals, the grain-orientation-dependent residual 

strain may play a very important role in determining the recrystallization texture [2, 3]. 

Residual strains also lead to the springback of hydro-formed or cold-formed high 

strength steels [4]. The origin of the back stress [5, 6] can be due to the residual 

strains, which cause the Bauschinger effect. In industry, residual strains are developed 

after each processing step, which may result in unexpected stress relaxation or contact 

stress due to the residual strain. Therefore, it is very important to characterize or 

predict the residual strain distribution after the plastic deformation and to be able to 

control it by altering the processing parameters to achieve a reliable design of key 

engineering components. 

Both the indentation and the laser shot peening (LSP) can impose compressive 

residual strains in the surface. The LSP is a novel technique due to its good 

preservation of surface roughness, high affected depths and precise impacted position 

in comparison with the traditional shot peening. As schematically shown in Fig.1, 

under the high pressure (1~10 GPa), the material yields and plastically deforms with 

strain rate in a range of 10
6
-10

8
s
−1

. At so high strain rates, materials exhibit little 

change in elastic modulus, but an increase in yield strength [7-9] without the shocked 

surface being affected thermally [10]. 

 

 
Fig.1 The metallic surface A coated with an overlay B opaque to the laser beam 

(the laser energy >1 GW/cm
2
), above which is a transparent overlay C. The 

opaque overlay acts as a sacrificial material, a thin layer of which continues to be 

vaporized and ionized into plasma through absorption of the laser energy. The 

blow-off of the high temperature plasma can induce a mechanical pressure on 



material A. The transparent layer can confine the expansion of the plasma in 

order to magnify both the magnitude and duration of the pressure in comparison 

with the condition without the confining layer [11-13]. 

 

The process of the LSP is complex, since there exist shock wave reflection and 

interaction which cause in-depth pressure gradient [14-16]. With the same way as 

other engineering technique, like the shot peening, introducing the beneficial residual 

strain in the surface, the LSP utilizes the dynamic mechanical effects of an imparted 

shock wave to generate a layer of compressive residual strain distributed from the 

sample surface to the center. Main difference between the traditional shot peening and 

the LSP lies in the complex dynamic behavior involved in the confined geometry on 

the engineering component and the complex interaction of elastic and plastic 

deformation that is governed by the forward and backward wave propagation in the 

solid for the LSP. On contrary to the LSP featuring an extremely high strain rate, the 

other extreme case is the quasi-static indentation process with very low strain rate. 

This paper provides a direct comparison of the influence of variable strain rates due to 

different processing ways on the multi-scale residual strain distribution. The 

indentation is easily controlled in experiments and simulated numerically. The level 

and sign of the residual strain in the specimen after indentation have been investigated 

in literature [17-21]. But their analysis seldom took the grain orientation distribution 

in the material into account. The residual strain in titanium alloys is studied in this 

paper, which is known to have considerable grain-orientation-dependent anisotropy. 

The grain orientation distribution in the material then can affect both the macroscopic 

behavior and the residual strain development. Grains featuring different magnitudes 

and signs of the residual strain can be identified by the synchrotron based high-energy 

X-ray diffraction.  

The present paper aims at gaining an understanding of (1) quantitative 

difference of the residual strain distribution due to the indentation and the LSP and (2) 

key factors in controlling the position featuring the maximum magnitude of 

compressive residual strain and (3) the heterogeneity of the residual strain at grain 

levels for the two tests. The remainder of the paper is organized as follows. The 

studied material, the indentation test and the LSP treatment are described in section 2. 

Details of the employed synchrotron-based high-energy X-ray diffraction technique 

are also briefly introduced in this section. To estimate the residual strain distribution 

due to the indentation, the elastic-visco-plastic crystal plasticity finite element model 

is used in this paper and it is introduced in section 3. Experimental results of the 

in-depth residual strain profiles from selected families of grains with their specific 

planes perpendicular to the transverse direction (TD) of the plate are presented in 

section 4. To understand the experimental data, results from the simulation are 

provided and discussed in this section. Results of the full-width at half-maximum 

(FWHM) for different grains measured by the X-ray for the two tests are provided to 

further understand the results. Section 5 gives some concluding remarks. 

2. Experiments 

2.1The studied material 



     A Ti-6Al-4V titanium alloy with a nominal composition of 6.3 Al, 4.17 V, 0.19 

Fe, 0.19 O, 0.013 N, 0.0035 H in mass percentage and balanced by titanium is 

selected as a target material. It is an important material in the aeronautical industry 

with features of light weight, high strength and good corrosion resistance. The 

samples were cut from a hot rolled plate and are with dimensions of 100 mm×100 

mm×10 mm. They were further annealed for 8 h at 700℃ in nitrogen to relieve the 

residual stress. The microstructure shows almost equiaxed hexagonal-close-packed 

(HCP) -grains and ~15% volume fraction of body-centered-cubic (BCC) -phase as 

shown in Fig.2a. The {0002} pole figure of the -phase measured by the electron 

backscatter diffraction (EBSD) is given in Fig.2b (the measured area covers more 

than 50000 grains). 

 

 
Fig.2 The microstructure of the material after annealing (a) and the {0002} pole 

figure of the -phase measured by the EBSD.  

 

2.2 The indentation and the LSP treatments 

For the indentation, a Berkovich indenter with a spherical tip diameter of 2.5 mm 

was used in the test. A vertical force on the indenter was imposed with 150 kg weight. 

The LSP experiment was carried out with a Nd:YAG pulsed laser operating at a 

wavelength = 1.064m with the pulse duration of 20 ns. The Laser spot diameter is 

about 3 mm and the laser power density is 7 GW/cm
2
. The confining layer and 

absorbent layer are floating water (1-2 mm thickness) and aluminum foil (0.1 mm 

thickness) respectively.  

2.3 High energy X-ray diffraction to characterize the post indentation/peening 

material 

Transmitted synchrotron X-ray diffraction was performed at the beam-line 

11-ID-C, Advanced Photon Source (APS) at Argonne National Laboratory in the 

USA. A schematic diagram showing the measurement of the residual strain is 

presented in Fig. 3. One slice of the sample (thickness: 2 mm) after indentation/LSP 

was cut using the electrical discharging machining. Monochromatic synchrotron 

X-ray beam with energy 105.22 keV (with a wavelength of 0.11798Å) and beam size 

100 μm (height) ×500 μm (width)
 
was used to scan the sample for diffraction pattern 

collection along the red dashed line as indicated in Fig.3b. The detector was placed at 

2 m behind the slice. The lattice strain of different crystallographic planes (hkil) is 

calculated from the change of the measured inter-planar spacing (dhkil) as given in 



Eq.(1). The stress-free lattice spacing of each studied lattice plane (d
0

hkil) was 

obtained from one additional X-ray measurement on a sample right after annealing. 

 

hkil=( dhkil-d
0
hkil)/ d

0
hkil       (1) 

 

 

 

Fig.3 Schematic illustration of the experimental setup for synchrotron X-ray 

diffraction measurement: (a) the cut position of the slice; (b) the lattice spacing 

was measured along the red dashed line on the slice. 

 

3. Modeling of the indentation test 

An elastic-visco-plastic finite element model (EPFEM) was used to simulate the 

mechanical behavior of the studied material. Details of the EPFEM were given by 

Marin and Dawson [22]. The generalized Voce hardening law [23] is used. The finite 

element method can account for complex boundary conditions and as a result it can be 

applied to the indentation simulation. The elastic–visco-plastic constitutive relation is 

incorporated in ABAQUS/Standard by using the user subroutine UMAT. The contact 

behavior between the rigid spherical indenter and the specimen is assumed frictionless. 

Displacements of nodes at the bottom of the specimen in the model are constrained to 

zero in three directions. A penetration displacement of 0.05 mm was applied to the 

indenter to mimic the indentation process followed by unloading. 

Because the indentation affected depth is ~2 mm as will be shown in section 4, a 

rectangular block with a dimension of 10 mm×10 mm× 3 mm was used and it is 

meshed into 35070 eight-node brick elements. In order to properly interpret the high 

plastic deformation gradient right under the indenter, a cylindrical part (highlighted in 

Fig. 4a) is meshed with very fine resolution. Note also that the FE models have no 

intrinsic length scale, so dimensions are purely relative. Element type is 3D 8-node 

continuum element with 8 integration points (C3D8).  

 

a b 



  
Fig. 4 Geometry of the FE model: (a) a rectangular block with 30 layers of 

totally 35070 C3D8 elements (diameter of the red cylinder is equal to 0.5 mm); (b) 

enlarged view of the red cylinder consisting of totally 930 elements (31×30=930). 

 

The -phase in Ti–6Al–4V was not considered in the model temporarily 

because of its relatively low volume fraction. Due to the high cost of computation by 

using the EPFEM, the texture of the material was considered only in the center of the 

block (the red cylinder in Fig.4a). The other part was modeled as an equivalently 

isotropic medium. In Fig.4b, there are 496 integration points in each two layers and 

each integration point in the element represents one grain (eight integration points per 

element and totally 31 elements per layer and then in total 8×31×2=496 integration 

points). Totally 496 grains were extracted from the orientation distribution function 

(ODF) [24] by using the MTEX software [25] as the representative volume element 

(RVE). Each two layers in the red cylinder is a RVE. After the simulation, the average 

lattice strain (residual strain studied in this paper) of each two layers in the red 

cylinder is calculated to output the residual strain distribution through the thickness.  

At room temperature, studies in -Ti have confirmed that dislocation slip can 

occur on the basal plane {0002}, the prismatic planes {10-10} and the pyramidal 

planes {10-11} in the close packed <11-20> slip direction. These slip systems cannot 

provide five independent slip systems to achieve arbitrary imposed deformation. The 

<a+c> slip systems of {10-11} <11-23> and {11-22} <11-23> are necessary [26]. We 

omit any deformation occurring due to twinning, since it has been demonstrated that 

twinning is suppressed in Ti alloys containing Al greater than 4% [27]. The hardening 

parameters of these slip systems were taken from the same material produced by 

rolling [28]. The elastic constants are obtained from Ref.[28, 29]. 

4. Results and discussion 

The measured residual lattice strains along the TD (c.f. Fig.3a) after the 

indentation and the LSP are given in Fig.5.  

a b 



Fig.5 The measured residual strain distribution through the thickness for 

different lattice planes after the indentation (a) and the LSP (b) respectively. 

Error bars indicate the standard deviation. 

 

For both tests, the affected depth is ~2 mm and the maximum magnitude of 

compressive residual strain is ~4000 . Also, the lattice strain curve from grains with 

the [0002]//TD is the largest in the affected depth for both tests (tensile strain is 

positive and compressive strain is negative). At the depth larger than 2 mm, change of 

the lattice strain is relatively small. The residual strain distribution in the 

indentation/peening affected depth is very different for different processing procedure. 

A ‘hook’ shape of the residual strain profile is obtained after the indentation as shown 

in Fig.5a. The residual strain in the surface is tensile type. It quickly drops with 

increasing of the depth and reaches the minimum in the sub-surface (the position with 

the maximum magnitude of compressive residual strain). With further increase of the 

depth, the magnitude of the compressive residual strains gradually decreases and it 

becomes tensile type residual strains at depths larger than 1 mm. They then decrease 

further with increase in the depth and the lattice strain profiles gradually become flat. 

Different from that after the indentation, the maximum magnitude of compressive 

residual strain is in the surface in the sample after the LSP. For both tests, grains with 

the [0002]//TD feature the largest residual strain and those with the [10-11]//TD 

almost feature the smallest residual strain. To quantitatively show the measured 

residual strain in differently oriented grains measured by the X-ray, Table 1 and 2 

gives the averaged lattice strain for different grains at different depths for the samples 

after the indentation and the LSP respectively. 

 

Table.1 The average residual lattice strain [] for differently oriented 

grains at different depths after the indentation.  

Grain orientations depth：0-200 m depth: 400-600 m depth >2000 m 

[0002]//TD 2440 -1600 -315 

[10-10]//TD -936 -2850 -449 

[10-11]//TD -498 -3881 -1285 

[10-12]//TD 771 -2618 -492 



Table.2 The average residual lattice strain [] for differently oriented 

grains at different depths after the LSP. 

Grain orientations depth: 0-200 m depth >2000 m 

[0002]//TD 55 11 

[10-10]//TD -3235 -161 

[10-11]//TD -3549 -1069 

[10-12]//TD -2025 -222 

 

The pit profiles after the indentation and the LSP are shown in Fig.6. The pit 

depth after indentation is ~9 times higher than that after the LSP, i.e. to obtain the 

same pressure affected depth and the same maximum magnitude of compressive 

residual strain for the two kinds of procedure, the LSP corresponds to much lower 

depth of the pit than that due to the indentation. The LSP is good in preserving the 

surface roughness of the peened material in imposing the compressive residual strain. 

 

 
Fig.6 The measured 2D sections of pit profiles after the indentation and the 

LSP respectively. 

 

To understand the obtained lattice strain profiles, the simulated residual strain 

distribution after the indentation as a function of depth before and after the unloading 

is given in Fig.7. Before unloading, the lattice strain in the surface is compressive for 

all grains. To compensate the compressive strain, the lattice strain at depth of ~1 mm 

is tensile type and it is the maximum one. Note also that the plastic deformation in the 

surface is small and it reaches the maximum in the sub-surface. Definition of the 

accumulative plastic shear, , to indicate the level of the plastic deformation shown in 

Fig.7 is given in Eq. (2). It gives the accumulative plastic shear of dislocation slip of 

all involved slip systems during the deformation. Here  is the slip rate of slip 

system  and the integration is for all of the N slip systems. 

 

dt
t

0

N

1




           (2) 

 

After unloading, release of the lattice strain in the surface is the largest which 

induces the residual strain in the sub-surface to be more compressive. The maximum 
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magnitude of compressive residual strain is in the location featuring the maximum 

plastic deformation. On the other hand, the lattice strain curve from grains with the 

[0002]//TD is the largest and that for grains with the [10-11]//TD is almost the 

smallest which agrees with the experimental results obtained from the synchrotron 

based high-energy X-ray as shown in Fig. 5. 

 

 
Fig.7 Calculated in-depth lattice strains profile for different grains with 

their {0002} planes (black solid line), {10-12} planes (red solid line), {10-11} 

planes (blue solid line), {10-10} planes (green solid line) perpendicular to the TD 

respectively before (a) and after (b) unloading. The gray dashed line indicates 

the accumulative plastic shear (averaged values at each depth). 

 

Although the numerical results qualitatively agree well with the experimental 

findings, the maximum magnitude of compressive residual strain given by the model 

is somewhat smaller than the experimental values. The reasons could be that (1) the 

-phase in the material is neglected in the model and (2) the material parameters are 

from Ref.[28] instead of for current material. A ‘hook’ shape lattice strain profile is 

observed in the predicted ones. A ‘hook’ shape lattice strain profile after the LSP was 

reported in Ref.[30]. But in our tests, it was only observed after the indentation. 

Ref.[9] mentioned that the LSP seldom produces the ‘hook’ shape residual strain 

profile in comparison with those observed after the shot peening. Our calculations 

indicate that the depth with the maximum accumulative plastic shear features the 

maximum magnitude of compressive residual strains. For the indentation, it is in the 

sub-surface. Note that the plastic deformation always remains in the material after 

unloading while the measured residual strain using the X-ray and that studied in the 

simulation are the elastic type of lattice strain as we mentioned early. The maximum 

magnitude of compressive residual strain was also observed in the sub-surface for a 

spherical hard-body impact on a flat surface induced by the shot peening in Ref.[31]. 

To obtain additional insights into the residual strain behavior for materials after 

the indentation and the LSP, we plot the in-depth X-ray broadening for both tested 

samples. It is known that the X-ray diffraction peak broadening is related to several 

factors [32]. The severity of the plastic deformation can be estimated by observing the 

diffraction-peak-width changes [32]. The broadening of the full width at 

half-maximum (FWHM) of the diffraction peak profile is caused by the high 
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dislocation density, which is proportional to the level of the plastic deformation. We 

plot the FWHM of grains with their certain planes perpendicular to the TD for both 

tests, as shown in Fig.8. Indeed, the FWHM is the highest in the surface for the LSP, 

however, it is the maximum in the sub-surface after the indentation. The FWHM 

almost does not change at the depth higher than 2 mm. This means that the plastic 

deformation affected depth for both tests is ~2mm.  

 

 

Fig.8 In-depth distribution of the FWHM corresponding to different grains with 

their {0002}planes (black color), {10-10} planes (red color), {10-11} planes (blue 

color) and {11-22} planes (pink color) perpendicular to the TD respectively. 

Results after the indentation is in (a) and those after the LSP is in (b). 

 

5. Conclusions 

The in-depth distribution of the residual strains in Ti-6Al-4V alloy after the 

indentation and the LSP was investigated by the synchrotron based X-ray diffraction 

technique. A crystal elastic-visco-plastic finite element model was employed to 

simulate the residual strain distribution after indentation. The following remarks are 

provided: 

(1) In the present study, the indentation and the LSP affected depths are ~2 mm and 

the maximum magnitude of compressive residual strains are ~4000  for both 

processing procedures. However, the pit depth induced by the indentation is ~9 

times higher than that by the LSP. The residual strain distribution in the surface 

generated by the LSP is completely different from that by the indentation. The 

large compressive strain gradient and the low peened pit depth generated by the 

LSP certainly benefits for preserving the surface roughness of materials and 

increasing the fatigue life. 

(2) The crystal elastic-visco-plastic finite element simulation indicates that the 

position featuring the largest plastic deformation corresponds to the maximum 

magnitude of compressive residual strain after indentation. This was found true 

for both the LSP and the indentation, concluded from the results by observing the 

FHHM distribution obtained from the X-ray diffraction. It should be noted that the 

plastic deformation always remains after unloading, which cannot be directly 

determined by the well-known diffraction techniques. The studied residual strain 

is elastic type and it can be measured by the X-ray diffraction by checking the 

change of the lattice spacing. 



(3) The maximum magnitude of compressive residual strain after the LSP is in the 

surface while that after the indentation is in the sub-surface. The latter 

corresponds to a ‘hook’ shape of the lattice strain profile. 

(4) The residual strain anisotropy in differently oriented grains was investigated using 

the X-ray diffraction. Grains with the [0002]//TD feature the largest residual 

elastic strain in both tests (tensile type residual strain is positive and the 

compressive one is negative) and that for the [10-11] grains corresponds to the 

smallest residual elastic strain for both tests. This should be related to the 

anisotropic behavior of the studied material and can be used for validation of the 

crystal plasticity modeling for describing the complex grain-to-grain interaction. 
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