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The distribution of residual lattice strain as a function of depth were carefully investi-
gated by synchrotron-based high energy X-ray diffraction (HEXRD) in TC11 titanium
alloy after laser shock peening (LSP). The results presented big compressive resid-
ual lattice strains at surface and subsurface, then tensile residual lattice strains in
deeper region, and finally close to zero lattice strains in further deep interior with
no plastic deformation thereafter. These evolutions in residual lattice strains were
attributed to the balance of direct load effect from laser shock wave and the derivative
restriction force effect from surrounding material. Significant intergranular stress was
evidenced in the processed sample. The intergranular stress exhibited the largest value
at surface, and rapidly decreased with depth increase. The magnitude of intergranu-
lar stress was proportional to the severity of the plastic deformation caused by LSP.
Two shocks generated larger intergranular stress than one shock. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5010016

I. INTRODUCTION

Mechanical surface treatments, such as shot peening (SP) and laser shock peening (LSP), are
widely used in engineering components especially compressor discs and blades of jet engines to
improve their fatigue performance.1–4 Tensile stress is usually observed near material surface during
its fatigue performance,5 and generally fatigue cracks initiate at surface or near surface and propagate
toward the material interior causing final failure. SP or LSP can delay the initiation and propagation
of fatigue cracks by introducing a compressive residual stress at and near surface regions.6 LSP has
attracted more attentions than conventional SP recently since it introduced significant compressive
stress distributed even more deeply inside a metal alloy and thus can greatly increase the fatigue life
of components with high reliability applications.7–10

Stress is categorized into three kinds:11–13 the first is macro-stress (Type I), which is scaled in
millimeter over many grains; the second is intergranular stress or phase stress (Type II), scaled
among different oriented grains or different phases; the third is intragranular stress (Type III),

aCorresponding Authors: L. Li, lili ose@sinap.ac.cn; Y. D. Wang, ydwang@ustb.edu.cn;
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TABLE I. Chemical composition of TC11 titanium alloy.

Composition Al Mo Zr Si Fe Ti
Percent 5.8-7.0 2.8-3.8 0.8-2.0 0.15-0.40 0.2-0.7 Bal

scaled within a grain. Both the second and third are called as micro-stress. Micro-stress has been
used as a fingerprint to understand the deformation behavior and failure criterion of a polycrys-
talline material,14,15 especially for fatigued alloys.16 In LSP, most previous residual stress studies
are macro-stress and/or related elastic strain,2,3 and micro-stress studies are limited. Whether large
intergranular stress/strain is produced or not after LSP and how this intergranular stress/strain dis-
tributes in the material are still open questions. Understanding and predicting micro stress/strain are
necessary for the successful development and broad application of LSP technique on engineering
components.

In this study, synchrotron-based HEXRD was applied on the TC11 titanium alloy with two laser
spots with 50% overlapping rate in LSP process for micro stress/strain characterization. TC11 titanium
alloy is a dual-phase alloy, composed of α phase with a hexagonal-close-packed (hcp) structure and
β phase with a body-centered-cubic (bcc) structure. The alloy exhibits a high strength-to-weight
ratio and a great resistance to fatigue cracks, motivating it a good candidate material for fan and
turbine blades in jet engines. Synchrotron-based HEXRD has smaller beam and therefore a better
spatial resolution than laboratory XRD. Meanwhile, synchrotron high energy X-ray can penetrate
thicker samples (mm in thickness) with good angular resolution,12,16 which make it especially suitable
for characterizing the microstructures and various stresses in dense material. Residual microstrains
and FWHMs of different hkl planes were carefully measured through depth direction for one- and
two-shock regions, respectively.

II. MATERIALS AND METHODS

A. Materials

The as-received TC11 titanium alloy was a rolled plate with 3mm in thickness. Table I shows
the chemical composition of the alloy. Stress relief treatment was applied on the as-received plate
by furnace cooling at 743 K for half an hour. The yield strength was 841 MPa. Fig. 1a displays the
optical micrograph (OM) of TC11 titanium alloy after etched in a solution of 10 vol.% HF and 5 vol.%

FIG. 1. (a) Optical micrograph (OM) of TC11 titanium alloy after stress-relief treatment at 743 K for 0.5h; (b) pole figures
of {101̄0}, {0002}, {101̄1}, {101̄2}for primary phase α by lab XRD.
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HNO3 for three seconds at room temperature. The primary bright long strips are α phase (85% by
volume) and the dark strips are β phase (15% by volume). Fig. 1b presents the pole figures of {101̄0},
{0002}, {101̄1}, {101̄2} for the primary α phase measured by lab XRD calculated through software
MTEX.17

The heat treated TC11 titanium alloy displays a basal type {0002}<101̄0>texture with {0002}
as the rolling plane and <101̄0> as the rolling direction (RD).

B. Laser shock peening (LSP) and synchrotron sample preparation

Fig. 2a shows the schematic of LSP technique. Laser pulse passes through transparent confining
layer and is absorbed by the absorbent layer. The absorbent material immediately vaporizes and forms
plasma with high temperature and high pressure moving towards the confined layer.18,19 The rapid
expanded plasma is trapped by the confined layer and generates a backward shock wave against the
work piece.

In the study, pulsed laser was produced by a Nd: YAG laser with wavelength 1064 nm and pulse
duration 20 ns. The laser spot was 2.5 mm in diameter with a power density of 7 GW/cm2. The
confined layer and absorbent layer was floating water (1-2 mm in thickness) and Al coating (0.1 mm
in thickness), respectively. Two laser pulses hit the plate with 50% overlapping rate.

Sample for performing synchrotron high energy X-ray diffraction (HEXRD) was cut by elec-
trical discharging wire cutting machine from the above plate schematically shown in Fig. 2b. The
original sample dimension is 20×3×0.9 mm3, with 0.9mm in thickness. The mechanical polishing
and electrochemical polishing were followed through thickness direction thereafter to remove the
newly induced stress. Eventually, the final sample thickness was 0.7mm for HEXRD.

C. Synchrotron high energy X-ray diffraction (HEXRD)

Surface profile of LSP-processed sample was determined by a surface profilometer to locate
the exact position of the two shocked spots. Fig. 2c shows the surface profile of the LSP sample.
One-shock (OS) and two-shock (TS) regions were determined therefore and highlighted by green
and yellow, respectively.

FIG. 2. (a) LSP sample cut from the rolled and annealed plate, (b) the schematic of LSP, (c) surface profile of the LSP sample,
(d) the experimental setup of synchrotron high energy x-ray diffraction.
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Synchrotron HEXRD in transmission geometry through sample thickness direction was per-
formed at the beam line 11-ID-C, Advanced Photon Source (APS), Argonne National Laboratory.
Fig. 2d presents the schematic of the experimental setup. Monochromatic synchrotron X-ray with
an energy of 114 keV (wavelength 0.01081nm) and a beam size of 50 µm (vertical)×100 µm (hor-
izontal) was incident on the LSP sample (with plane RD-ND (normal direction) facing the beam).
The sample can be adjusted through X-Y-Z three translations. Two scans with start points from black
and blue circles, respectively, for both OS and TS regions, were performed along the LSP treatment
direction shown in Fig. 2c. Diffraction patterns were collected by a two-dimensional (2D) detector
(PE-amorphous Si), which was placed at around 1.6 m from the sample. CeO2 was used as a standard
here.

D. Data analyses

The diffraction patterns showed only diffraction rings from α and β phases as shown in OM
without other diffractions, indicating no other precipitates there. 2D diffraction patterns collected
at the synchrotron source can be caked through Fit2D program20 to obtain one-dimensional (1D)
diffraction profile for interplanar spacing (d-spacing) determination.

1. Stress-free d-spacing (d0) determination

The value for σND (normal stress along ND) is very small compared with that for σRD (normal
stress along RD), which is well-known already in the LSP- and SP-processed technology.7,8 In
this situation, the characterized areas are under approximate uniaxial loading state. Macro-stress
measurement method,6 2θ∼sin2ψ (where θ is Bragg angle,Ψ is the angle between lattice plane normal
and sample surface normal), states that positive slope stands for compressive stress, negative slope
for tensile stress, and flat slope (slope=0) for stress-free state. Figure 3 gave the plots of interplanar
spacings d101̄2 vs sin2ψ for α phase in different sample states. Then the intersection disclosed where
the stress-free d0 is for α{101̄2} reflection.21 d0 for other reflection planes for both α and β phases
can be obtained by this method. Note that, there was a slight positive slope in initial sample surface
(before LSP), which indicated a small amount of tensile stress left even after heat treatment. α{101̄2}
reflection was selected for d0 determination due to its high diffraction angle, which is more sensitive
to stress than other low angle diffraction.

2. Lattice strain (εhkl) determination

Lattice strain is obtained through the following equation:22

εhkl =
(dhkl − d0)

d0
(1)

FIG. 3. The plot of d101̄2∼sin2ψ for phase α in the sample before and after LSP treatment. Ψ is the angle between sample
surface normal and lattice plane normal.
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Where εhkl is the lattice strain of hkl-plane, dhkl and d0 are the interplanar spacings of hkl planes with
and without stress, respectively. dhkl is determined according to the Bragg’s law, λ = 2dhklsinθhkl,
where λ is the wavelength, θhkl is the diffraction angle of hkl plane.

III. RESULTS AND DISCUSSION

A. Residual lattice strain evolutions

During LSP, when laser shock wave touch the sample, load is multidirectional,18 compressive
stress along normal direction and tensile stress along IPD (in-plane direction). After laser shock,
the restriction effect from surrounding material caused the tensile stress in normal direction and
compressive stress along IPD. However, the residual stress in normal direction is very small compared
with that in IPD.7,8 Besides, the in-plane stress is equally distributed around the laser shock center.
The selected sample characterization volume in synchrotron experiment can be taken as under near
uniaxial tensile stress state. Lattice strains in IPD, which are sensitive to the uniaxial load, were
carefully investigated here.

Figure 4a and 4b gave the residual lattice strains of different hkl planes along IPD as a function
of distance from surface for OS and TS regions, respectively. It was shown that different hkl planes,
in both α and β phases, behaved differently and there was a strong hkl-dependent lattice strain
distribution. The magnitude of residual lattice strain of {101̄0} was biggest at surface due to its
smallest elastic modulus. Table II listed the elastic moduli measured by HEXRD method during tensile
loading for different hkl planes. This significant hkl-dependent lattice strain distribution indicated the

FIG. 4. The residual lattice strain evolutions of hkl planes along IPD as a function of the distance from LSP treatment surface
(depth) for one-shock (OS) and two-shock (TS) regions, respectively.
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TABLE II. Diffraction elastic modulus, Ehkl , obtained by using HEXRD during tensile loading.

HKL {0002}α {101̄2}α {101̄1}α {101̄0}α {110}β {200}β

Ehkl (GPa) 148.1 135.7 133.5 131.8 122.6 100.9

existence of grain-orientation-dependent residual stress or intergranular stress in the LSP-processed
sample.12,14,15

In OS region, the lattice strains at surface and subsurface were all negative, indicating compressive
residual stress was introduced by LSP processing. This compressive residual stress will counter the
tensile stress generated at sample surface through fatigue performance,2,4 inhibiting surface crack
initiation and propagation, improving fatigue life. This effect has been reported in other literature.
The magnitudes of all residual lattice strains were largest at surface and decreased gradually with
depth increase until zero lattice strains were reached. Different hkl planes had zero lattice strains
at different depths, i.e., intergranular stress always existed at each depth in the deformed region.
Followed zero lattice strains were positive lattice strains, which caused by the tensile stress in deeper
region to counter the compressive stress in the above upper region.23,24 With further depth increase,
the lattice strains decreased to a very small value, close to 0, which is consistent with the small tensile
stress left in the initial sample as indicated in Figure 3. Note, the magnitude of tensile lattice strains
in the deeper region were much smaller than the compressive lattice strains at surface, indicating the
diminishing plastic deformation towards sample interior.

Lattice strain evolutions in TS region were similar to those in OS region except for the magnitude
as shown in Figure 4b. The maximum lattice strains at surface increased from 1800 µε (OS) to
2700 µε (TS) for {101̄0} reflection in α phase, and from 2600 µε (OS) to 3800 µε (TS) for {200}
reflection in β phase, respectively. More lattice strains were obtained by two shocks, i.e., more
compressive residual stress was obtained in TS region than its counterpart in OS region. Note,
the lattice strain of (0002) plane was changed to positive value even at the surface after two laser
shocks, which is contributed to the initial texture in TC11 titanium alloy with {0002} as the rolling
plane.

B. Peak width evolutions

Figure 5 presents the peak-width (FWHM, Full Width at Half Maximum) changes with the
distance from sample surface (depth) for α{101̄0} diffraction peak in OS and TS regions. The
α{101̄0} diffraction peak was selected for the FHWM plot due to its relatively small elastic modulus,
i.e., compliant plane. Peak with was used as an indicator for the severity of plastic deformation.24–26

FIG. 5. Peak-width (FWHM, Full Width at Half Maximum) evolutions as a function of the distance from sample surface
(depth) for α{101̄0} diffraction peak in OS and TS regions, respectively.
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As seen, the FWHMs had the maximum at surface and decreased with depth increase. LSP caused
severe plastic deformation at surface, leading to the maximum peak broadening at surface. With depth
increase, the degree of plastic deformation decreased as presented by the decreased FWHMs. The
sample was plastically deformed down to almost 2 mm. Two shocks caused bigger FWHMs than one
shock, indicating more severe plastic deformation there, which was consistent with the larger lattice
strains for TS region shown in Figure 4.

C. Intergranular stress evolutions

The LSP-processed sample was under near uniaxial loading state, thus for different grains the
normal residual stresses along IPD, i.e., σhkl, may be determined according to Hooke’s Law,

σhkl =Ehkl × εhkl (2)

εhkl is the measured residual lattice strain and Ehkl is the diffraction elastic modulus for each hkl plane.
The elastic modulus Ehkl was determined for each hkl plane by measuring its applied stress versus
lattice strain, and the corresponding values for each hkl plane were listed in Table II. Thus, the residual
stresses in IPD can be calculated for different orientated grains and the values were listed in Table III
for both OS and TS regions. The maximum difference among the grains with different orientations,
i.e., |σmax − σmin | in α phase and |σ110 − σ200 | in β phase, actually indicated the intergranular stress
for each phase.13,14

As shown in Table III, in OS region, the value of |σmax − σmin | in α phase was 181 MPa at sur-
face and decreased to 48 MPa with depth increase, indicating the intergranular stress was biggest at
surface and decreased with depth towards sample interior. With depth towards sample interior in LSP
deformed sample, the FWHM decrease (∼20%) is small compared with that in intergranular stress
(∼70%). The intergranular stress in polycrystalline materials is caused by stress or strain incompati-
bility between grains having different crystallographic orientations during mechanical deformation.
It was evaluated as a mean value for all grains with the same orientation in the Euler space. However,
peak width (FWHM) came from the strain fluctuation caused by crystallographic defects within grain,
such as dislocations. The stress calculated by this strain fluctuation is intragranular stress.15 The intra-
granular stress was fluctuated around the above mentioned mean value, i.e., intergranular stress. Both
stresses are closely connected with the severity of elasto-plastic and plastic deformation. Generally,
in the early deformation stage, both stresses increased and accumulate with deformation continued,
there, the magnitude of both stresses are proportional to the severity of plastic deformation. When
cracks occur, the intergranular stress decreased and disappeared until sample fractured. However, the
intragranular stress always existed through the whole process.15,27 Similarly, the intergranular stress
in β phase can be understood in this way.

The intergranular stresses were obvious for both phases in LSP-processed TC11 titanium
alloy. |σmax − σmin | were 181 MPa and 120 MPa for phase α and β, respectively. These max-
imum differences were further enlarged after two shocks to 413 MPa and 131 MPa for both
phases, respectively, indicating the intergranular stresses were accumulated through two shocks.
The intergranular stresses were largest for both phases at surface or subsurface, and decreased

TABLE III. The calculated residual stress along the IPD for specifically oriented grains.

In OS region(MPa) In TS region(MPa)

Distance from surface (µm) 0 800 1800 3000 0 800 1800 3000

σ for <0002>α// IPD -54 103 89 8 61 136 179 11
σ for <101̄2>α// IPD -201 -74 116 15 -223 -92 104 14
σ for <101̄1>α// IPD -205 -25 126 36 -249 -46 145 60
σ for <101̄0>α// IPD -235 31 129 32 -352 27 163 49
σ for <110>β// IPD -141 38 93 23 -250 46 139 29
σ for <200>β// IPD -261 -15 81 15 -381 -97 93 6
�� σmax-σmin

�� in α phase 181 177 40 28 413 228 75 49
�� σ110-σ200�� in β phase 120 53 12 8 131 143 46 23
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rapidly with the depth increase due to the decreased plastic deformation towards sample deeper
region.

The intergranular stress occurs here in high strain rate deformation (LSP with strain rate in a
range of 106-108s-1), similar to the reference 13, where the material is deformed at low strain rate
(i.e. under quasi-static uniaxial compression condition). The appearance of intergranular stress is not
dependent on the deformation mode. As long as the material has elastic and plastic anisotropy, the
intergranular stress will remain during mechanical deformation.

IV. CONCLUSIONS

In this study, synchrotron-based HEXRD in transmission geometry has been used to measure the
residual lattice strains in bulk TC11 titanium alloy through LSP-treatment direction (sample surface
normal direction) for OS and TS regimes. The following results are reached:

1) The compressive residual stress was generated in LSP-processed sample at surface and sub-
surface, and then the stress changed to tensile state because of the accommodation effect from
the material in deeper region to counter the compressive stress in the above upper region. The
tensile stress is much smaller than the compressive stress at surface. This tensile residual stress
eventually decreased close to zero, corresponding to the as-deformed state.

2) LSP introduced severe plastic deformation down to 2 mm from sample surface, much deeper
than conventional shot method.

3) Different hkl planes had zero lattice strains at different depths, i.e., intergranular stress always
existed at each location in the deformed region. Intergranular stress was first observed in LSP-
processed sample, i.e. in the high strain rate deformation just like in quasi-static deformation.

4) The intergranular stress was biggest at LSP-processed sample surface and decreased with depths
increase towards sample interior. Two shocks caused more plastic deformation, leading to larger
compressive residual stress and intergranular stress than one shock, revealing the accumulation
effect.
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“Stress distribution correlated with damage in duplex stainless steel studied by synchrotron diffraction during plastic
necking,” Mater. Des. 113, 157–168 (2017).

23 M. Achintha and D. Nowell, “Eigenstrain modelling of residual stresses generated by laser shock peening,” J. Mater. Process.
Tech. 211, 1091–1101 (2011).

24 M. Achintha, D. Nowell, K. Shapiro, and P. J. Withers, “Eigenstrain modelling of residual stress generated by arrays of
laser shock peening shots and determination of the complete stress field using limited strain measurements,” Surf. Coat.
Tech. 216, 68–77 (2013).

25 Z. Budrovic, H. V. Swygenhoven, P. M. Derlet, S. V. Petegem, and B. Schmitt, “Plastic deformation with reversible peak
broadening in nanocrystalline nickel,” Science 304, 273–276 (2004).

26 D. Devaux, R. Fabbro, and L. Tollier, “Generation of shock waves by laser-induced plasma in confined geometry,” J. Appl.
Phys. 74, 2268–2273 (1993).

27 X.-L. Wang, Y. D. Wang, A. D. Stoica, D. J. Horton, H. Tian, P. K. Liaw, H. Choo, J. W. Richardson, and E. Maxey, “Inter-
and intragranular stresses in cyclically-deformed 316 stainless steel,” Mater. Sci. Eng. A 399, 114–119 (2005).

https://doi.org/10.1016/j.surfcoat.2016.08.053
https://doi.org/10.1016/s1359-6454(02)00021-6
https://doi.org/10.1016/s0921-5093(01)01799-3
https://doi.org/10.1016/j.actamat.2007.10.040
https://doi.org/10.1016/j.actamat.2006.04.019
https://doi.org/10.1038/nmat812
https://doi.org/10.1016/j.actamat.2014.05.029
https://doi.org/10.1107/s0021889808030112
https://doi.org/10.1107/s0021889808030112
https://doi.org/10.1016/j.optlaseng.2015.08.001
https://doi.org/10.1016/j.matdes.2015.04.048
https://doi.org/10.1016/j.actamat.2009.12.028
https://doi.org/10.1016/j.matdes.2016.10.014
https://doi.org/10.1016/j.jmatprotec.2011.01.011
https://doi.org/10.1016/j.jmatprotec.2011.01.011
https://doi.org/10.1016/j.surfcoat.2012.11.027
https://doi.org/10.1016/j.surfcoat.2012.11.027
https://doi.org/10.1126/science.1095071
https://doi.org/10.1063/1.354710
https://doi.org/10.1063/1.354710
https://doi.org/10.1016/j.msea.2005.02.030

