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Abstract: This work is devoted to the experimental investigation of the effect of laser shock peening
(LSP) on the thermo-mechanical properties of metals. ARMCO iron was chosen as the model material
for the study. Samples were subjected to LSP, and were tested following the procedure of the self-
heating (Risitano) technique. To investigate the damage that was induced by heating, the fatigue
tests were coupled with infrared thermography measurements. The results of the study showed that
the LSP procedure qualitatively changes the temperature evolution in ARMCO iron during cyclic
loading. The heating (energy dissipation) of the LSP treated specimen was several times higher than
that of the specimen in the initial state. To explain the structural mechanisms of energy dissipation,
the microstructure of the specimens was examined using transmission (TEM) and scanning (SEM)
electron microscopy, as well as electron backscattering diffraction (EBSD). The results of the structural
investigation confirm the qualitative change of defect evolution caused by LSP treatment.

Keywords: laser shock peening; ARMCO iron; infrared thermography; cyclic loading; microstructure;
kernel average misorientation

1. Introduction

Recent studies on the fatigue of metals have shown that compressive residual stresses
can improve the fatigue resistance [1]. Nowadays, many different approaches that are based
on the generation of compressive residual stresses are widely used in the industry. For
example, cold expansion [2], shot peening [1], deep rolling [3], low plasticity burnishing [4],
and laser surface heating [5].

One of the most promising approaches to surface treatment is laser shock peening
(LSP), which enables the creation of significant compressive residual stresses, up to a depth
of several mm [6]. The first study of this effect was carried out in the USSR in Lebedev
Physical Institute in 1962 [7]. It has been shown that mechanical pressure from the surface
is 100 times higher than the pressure generated by the photons of the laser beam. This
effect was studied in detail in [8-10], but was not found to have industrial application in
that time. The development of high-power solid-state lasers allows the proposal of an
alternative way of using these technologies for generating deep residual stresses.

LSP Technologies Inc. and Metal Improvement Company (business unit of the Surface
Technologies Division of Curtiss-Wright Corporation), who gained access to high energy
solid state pulsed laser technology in the late 1980s, developed industrial processes of
generating deep compressive residual stresses for metal structures in order to improve
their crack resistance [11].
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Nowadays, a large number of research teams [12-17] actively study LSP, including
the effect of LSP process parameters (focus size, pulse energy, laser power density, surface
preparing procedure) on the value and depth of compressive residual stresses. From a
mechanical point of view, laser shock peening induces change in the material structure in a
short characteristic time. The formed defect structures have an increased level of stored
energy, and its evolution can lead to anomalous dissipative behavior of the material during
cyclic deformation.

Specimen heating during cyclic deformation induced by the movement and annihila-
tion of defects is used in Risitano’s test as an express technique for the evaluation of the
fatigue limit in metals [18]. Nowadays, Risitano’s test and infrared thermography is actively
used in the investigation of various mechanical and material science problems [19-22].

Previously, it has been shown that the initial structure of the material significantly
affects the results of the Risitano’s test, and can lead to unexpected results. For example,
the study of submicrocrystalline titanium, obtained by equal channel angular extrusion,
has shown that a high level of structural defects leads to an intense energy dissipation at
low stress amplitudes. Furthermore, the applied stress amplitude has a linear relationship
with the temperature, up until the macroscopic crack initiation [19,23].

In this work, we investigate the effects of LSP on self-heating of ARMCO iron speci-
mens during cyclic deformation. We follow Risitano’s experimental procedure for fatigue
limit evaluation [18,19]. A comparative analysis of the samples before and after LSP has
been conducted. This showed that surface treatment significantly affects fatigue and dissi-
pative properties of the material. The structural analysis of the specimens before and after
LSP processing revealed a change in structural deformation mechanisms, which led to a
change in the dissipative properties of metals.

The microstructure of the specimens was examined using transmission (TEM) and
scanning (SEM) electron microscopy, as well as electron backscattering diffraction (EBSD).
Additionally, measurements of the microhardness were carried out on various distances
of the surface. As a result, this showed that LSP significantly affects the evolution of the
material structure during cyclic deformation, and can lead to a decrease in the fatigue life
of the specimen. Dissipative properties of the specimen changed simultaneously with the
fatigue properties.

2. Experimental Conditions

The experiments were carried out on ARMCO iron specimens in the initial state
and after LSP. The chemical composition of ARMCO iron is presented in Table 1. The
geometry of specimens for mechanical tests is presented in Figure 1. Mechanical properties
of ARMCO iron: elastic limit, 120 MPa; ultimate stress, 260 MPa [24]. The fatigue properties
of ARMCO iron is a well-studied problem, first investigated in 1963 [24]. The effect of
structure refinement on the fatigue properties of ARMCO iron has been studied in [25,26].

The self-heating test (Risitano test) allows one to link deformation-induced energy
dissipation with the fatigue properties of the materials [18]. The temperature increase in
the representative volume of the material could be considered as a measure of energy that
has dissipated, due to the structure evolution of metals. In order to investigate the effect
that LSP has on energy dissipation and study the corresponding structure evolution, we
designed the sample with a flat gauge surface. This specimen can be easily treated by
LSP, and is appropriate for an infrared thermography study. The carried out self-heating
test corresponds well to the Wohler curve, determined in [26]. To improve the quality of
infrared measurement, the middle part of the sample has a cubical shape with a side of
10 mm. Two series of the specimens were prepared for the tests. The first one was in a
virgin state. In the second series, each side of a cubical part was treated with LSP [27]. The
LSP process was carried out at Helmholtz-Zentrum Hereon using a Q-switched Nd:YAG
laser (Quantel Laser, Les Ulis, France) operating at 5 ] energy pulse, with a spot size of
2.5 mm (square spot) and a 50% overlap. The duration of the pulse was 20 ns (full width at
half maximum).
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Table 1. The chemical composition of ARMCO iron (wt.%).

Fe C Si Mn Ni S Mo Cr P
~99 0.004 0.05 0.04 0.06 0.005 0.01 0.038 0.005
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Figure 1. Geometry of samples for mechanical tests. All dimensions are in mm.

In regards to the LSP process, the specimen surface is usually covered by a flowing
water layer [28]. Having passed through the water layer, the focused laser beam is absorbed
by the material surface, which turns into plasma. At this stage, the plasma expansion
occurs very rapidly, by absorbing the laser energy during the short laser pulse period.
The transparent water layer traps the plasma, and, therefore, a higher pressure at the
material surface is generated. The energy of the high-pressure plasma partially turns into
mechanical shock waves, propagating through the material. If the shock wave pressure
exceeds the dynamic yield strength of the material, plastic deformation occurs. The plastic
deformation in the LSP treated area leads to the generation of compressive residual stresses,
which are in balance with the tensile residual stresses in the surrounding areas. To avoid
any thermal damage of the specimen surface, the target surface is generally covered a
priori with an ablative layer. For this purpose, in the current study, the specimen surface
was covered with a stainless steel foil, with the thickness of 0.1 mm.

The microstructure of the specimens was examined using transmission (TEM) and
scanning (SEM) electron microscopy, as well as electron backscattering diffraction (EBSD).

TEM was done with a JEOL JEM 2100 microscope (JEOL Ltd., Tokyo, Japan); the
analysed specimens were cut from the surface layer (300 um thickness) and polished
mechanically only from the inner side. Then, the specimens were prepared using twin-jet
electro-polishing in a mixture of 90% acetic acid and 10% perchloric acid at 20 °C and 20 V.

SEM was carried out using FEI Quanta 600 FEG microscope (Thermo Fisher Scientific,
Hillsboro, OR, USA). EBSD was conducted by FEI Nova NanoSEM 450 FEG SEM (Ther-
moFisher Scientific, Hillsboro, OR, USA) equipped with Hikari EBSD detector (EDAX Inc.,
Mahwah, NJ, USA) and TSL OIM™ system (version 6.0, EDAX Inc., Mahwah, NJ, USA)
The step size of the EBSD scan was 1 um. TSL OIM Analysis 6.2 was used to process EBSD
data, and generate inverse pole figure (IPF) maps. On the presented maps, high angle
boundaries (HABs) are indicated with black lines and low angle boundaries (LABs) are
indicated with white lines. Points with a low confidence index (CI < 0.1) were excluded
from analysis and are depicted as black dots in the presented IPF maps. This software
was used to generate inverse pole figures (IPF) and kernel average misorientation (KAM)
maps. The results of the KAM showed a local grain misorientation, and can therefore be
used to identify regions of high local strain. Specimens for SEM and EBSD were cut from a
transversal section near the surface, and prepared by careful mechanical polishing.

To determine the depth-resolved residual stresses (Figure 2), the incremental hole
drilling equipment “Prism” was used. “Prism” is equipped with an optical electronic
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speckle pattern interferometer (ESPI) system that provides high-quality full-field data
for accurate residual stress determination. This technique has been described in detail
in [29]. The maximum compressive stress is 250 MPa, which corresponds to the depth of
0.17 mm. According to Figure 2, there is a difference between the residual stresses obtained
in the longitudinal direction of the specimen (oxx) and the transverse direction (oyy). Such
nonequibiaxiality in residual stress profiles was observed e.g., for Al-alloys [30,31]. The
authors explained the possible reason of the LSP treatment sequence and/or material
texture. The movement of the laser beam in the same direction with the crystal initiates a
different stress than the laser beam movement that is orthogonal with the crystal direction.
The depth of compressive residual stresses is approximately 1 mm. The specimen surface
was covered with a steel foil before the LSP treatment. The metal foil on the surface of the
specimen for LSP is necessary for cover the surface, due to the high increase of roughness
of the specimen during the treatment.
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Figure 2. The residual stress distribution in an ARMCO iron sample after LSP. The x-axis (0oxx) is
parallel to the length of the specimen for the fatigue test in Figure 1.

3. Self-Heating Test

The main aim of this work is to study the effect of LSP on the fatigue resistance
of ARMCO iron, and to investigate the applicability of the self-heating test for express
evaluation of fatigue limit. The self-heating test was proposed by Risitano in 1979 [18] and
developed by Luong [32].

This method allows one to predict the fatigue limit of material, using the results
of the experiment with a single specimen. The testing machine needs to be coupled
with an infrared camera for this purpose. The specimen is subjected to the step cyclic
loading. The stress amplitude is increased from one step to the next. Each loading step
is continued, until the temperature on the surface of the specimen plateaus. The surface
temperature is measured at each stress amplitude. As a result, a bilinear dependence
between stress amplitude and temperature can be obtained. The results obtained in the
current investigation in the self-heating test of the specimens (Figure 1) with and without
LSP treatment are shown in Figure 3. According to [18], the transition point between two
linear regimes, approximately at the amplitude of the cyclic stress of 123 MPa for both
specimens (Figure 3), correspond to the fatigue limit of the material.

The experiment was carried out by the servo-hydraulic testing machine BISS Bi-00-100
(ITW India Private Limited—BISS Division, Bangalore, India). The minimum loading
amplitude was 90 MPa. At each loading step, this was increased by 5 MPa. The stress ratio
was equal to —1.
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Figure 3. Surface temperature evolution vs. applied stress amplitude for the fatigue specimen
without LSP treatment (initial), and the fatigue specimen with LSP treatment.

Temperature measurements were carried out by an infrared camera Flir SC5000 (FLIR
Systems Advanced Thermal Solutions SAS, Croissy-Beaubourg, France). The specimen was
polished mechanically and matted with a carbon layer to conduct infrared measurements.

Analysis of the data presented in Figure 3 showed that the jump in specimen tem-
perature (energy dissipation), associated with the transition in the fatigue strength of the
material, is observed at the same stress for the LSP treated and untreated material. The
material in both structural states demonstrates an almost complete absence of energy
dissipation under stress amplitudes below the fatigue limit. The transition through fa-
tigue strengths leads to a significant increase in temperature by several times. LSP treated
specimens showed an abrupt increase in the temperature after reaching the fatigue limit,
compared to that of the base material.

4. Fatigue Tests

Axial fatigue loading of the specimens was carried out by a servo-hydraulic testing
machine BISS Bi-00-100. The loading frequency was 10 Hz. The applied load was 125 MPa
and the stress ratio was —1 for each specimen. Table 2 presents the number of cycles to
failure for LSP treated samples and samples in the initial conditions.

Table 2. Number of cycles to failure for the tested specimens.

Specimen LSP Number of Cycles to Failure
Sp5 Yes 1.18 x 10°
Sp4 Yes 9.12 x 10*
Sp3 No 7.50 x 10°
Spé6 No >3.00 x 10 (run out)

The results of the fatigue tests show that samples treated by LSP have up to 10 times
fewer cycles to failure than the initial samples. A different appearance of the fatigue crack
initiation was observed between the non-treated and LSP treated specimens. Figure 4a
shows that fatigue crack initiation occurred in the flat area of the specimen, close to the fillet
radius. A single corner crack was observed. On the contrary, Figure 4b displays a number
of fatigue cracks initiated in different areas, with the main crack on the border of the cubic
zone. The authors suggest that this effect is attributed to possible tensile residual stresses at
the specimen corners. These tensile residual stresses result in earlier crack initiation, after
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the LSP treatment and multiple crack initiation. Similar findings on the degradation of
fatigue properties for corner cracks have been observed after the LSP treatment of fastener
holes [33].

(a)

(a) (b)

Figure 4. Specimens after fatigue tests, (a) initial condition, (b) after LSP.

5. Structure and Mechanical Properties

Material in the initial state has a uniform microstructure with a grain size of about
70 um (Figure 5a). TEM image (Figure 5c) shows a low dislocation density in the ARMCO
iron. EBSD analysis (Figure 5b) shows that material structure is homogeneous. Therefore,
it can be concluded that the investigated material has a nearly annealed structure.

(b)

Figure 5. Microstructure of ARMCO iron in the initial state: (a) SEM image, (b) EBSD IPF map and (c¢) TEM image; the
bottom edge of the SEM image corresponds to the surface of the specimen.

LSP induces considerable plastic deformation of the surface layer (Figure 6a,b). The
thickness of the layer with the visible distortion was about 25 um. The microstructure
below this layer did not noticeably change, in comparison with the initial state. EBSD
analysis (Figure 6b) also shows a homogeneous structure. TEM shows (Figure 6c) a
considerable increase in the dislocation density as a result of LSP treatment. In some
places, dislocation pile-ups rearranged in sub-boundaries with a fringe contrast. Separate
fragments of 100-500 nm can also be seen in the microstructure.

The kernel average misorientation map shows a very low level of local deformation
in the initial state (Figure 7a), which is confirmed by TEM results (Figure 5c¢). After LSP
treatment, the kernel map (Figure 7b) displays a layer of about 30 pm with the maximum
local misorientation. Similar results are observed in the SEM image (Figure 6a). Moreover,
local misorientations are increased in the whole scanned area, which allows the authors
to conclude that the effect of LSP is not limited to 25 um, but reaches the depth of at least
500 pm (size of the viewed area). In fact, a larger EBSD scan (not shown here) shows an
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(a)

increased level of distortion at the depth of even 1000 um. These findings are in agreement
with the data presented in Figure 2 and the data reported earlier in [28].

Figure 6. Microstructure of ARMCO iron after LSP: (a) SEM image, (b) EBSD IPF map and (c) TEM image; the bottom edge
of the SEM image corresponds to the surface of the specimen.

Color Coded Map

(a) (b)

Figure 7. Kernel average misorientation maps of surface layers of ARMCO iron in the initial state (a) and after LSP (b); the

bottom edge of the images corresponds to the surface of the specimen.

The fatigue test modified the microstructure in both cases, i.e., with and without LSP.
Although neither SEM nor EBSD showed any noticeable changes (e.g., Figure 8a), the
fatigue test of the non-treated sample led to some increase in the dislocation density; the
dislocations were mainly observed near grain boundaries (Figure 8b).

The fatigue test of the specimen modified by LSP resulted in more noticeable changes.
The presence of the defect structures and substructures located mainly along grain bound-
aries can be observed in the EBSD map (Figure 9a). TEM images obtained in the center
of the specimen also show the dislocations at the grain boundaries (Figure 9b). This mi-
crostructure is similar to the microstructure of the non-treated specimen after the fatigue
test (Figure 8b). However, the (sub)grain size in the specimen after LSP and the fatigue
test was much smaller (~2 um) (Figures 8b and 9b). As the grain size in the EBSD map
is nearly the same as in the initial state, the misorientation of these sub-boundaries is
only a few degrees. More surprising was the severe microstructure refinement in the LSP
modified surface after the fatigue test (Figure 9c). The microstructure was elongated along
the specimen axis; the size of the (sub)grains in the transversal direction was 100-150 nm.
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The dislocation density in the microstructure was relatively high. A ring-like selected area
diffraction pattern (inserted in Figure 9c) suggests a relatively high misorientation between
the (sub)grains.

(b)

Figure 8. Microstructure of ARMCO iron in the initial state after the fatigue test: (a) EBSD IPF map and (b) TEM images;
the bottom edge of the EBSD map corresponds to the surface of the specimen.

Figure 9. Microstructure of ARMCO iron after LSP and fatigue test: (a) EBSD IPF map and (b,c) TEM images; (b) the image
was obtained in the center of the specimen and (c) at the surface layer and selected area diffraction pattern. The bottom
edge of the EBSD map corresponds to the surface of the specimen.

KAM analysis of the specimens with and without LSP after the fatigue test shows
different responses to cyclic loading. For the non-treated sample, the fatigue test resulted
in an increase in the level of local strain, especially in some grains which, most likely, had a
“soft” orientation (i.e., with a high Schmid factor) with respect to the loading scheme.

Cyclic loading of the specimen after LSP resulted in a much higher level of KAM,
thereby suggesting a higher local residual strain (Figure 10b,c). The level of local strain
was similar in the center of the specimen (Figure 10b) and close to the surface (Figure 10c).
However, in the latter case, the misorientation of local strain near grain boundaries is above
5°. This is why these areas have been excluded from consideration, and are shown in a blue
color in Figure 10. A similar high local misorientation (5°, shown in blue) was observed at
the bottom edge of the KAM map corresponding to the surface of the specimen.
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Color Coded Map
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Figure 10. Kernel average misorientation maps of surface layers in ARMCO iron after the fatigue test for the initial (a) and
LSP treated samples (b,c); (b) was obtained in the center of specimen and (c) was obtained at the surface layer. The bottom
edge of the images (a,c) corresponds to the surface of the specimen.

125

(b) (©)

The microhardness of the specimen, measured from the surface towards the center
of the specimen (Figure 11), showed different mechanical properties, depending on the
material state. The condition of the microhardness measurements was 2 N during 15 s. As
expected, LSP increased the surface microhardness up to 87 HV (Figure 11a). This value
gradually decreased with depth, reaching the level of the initial state (73 HV).
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Figure 11. Distribution of microhardness from surface towards the ARMCO iron specimen center after LSP (a), without LSP
after fatigue test (b) and after LSP and the fatigue test (c); microhardness for the base material was measured in the center of

the specimens.

For the specimen in the initial state, the fatigue test resulted in some softening (~15 HV)
of the near-surface layer, in comparison to both surface and the base material (Figure 11b).
This microhardness profile can possibly be associated with a heterogeneous strain distribu-
tion across the specimens during cyclic loading.

The qualitatively different profile was observed in the specimen modified by LSP
surface after the fatigue test (Figure 11c). Irrespective of the microstructure refinement
in the surface layer, the microhardness at a depth of 20 um was rather low (107 HV), in
comparison with deeper layers. The maximum microhardness of 117 HV was attained at a
depth of ~400 um, and then slightly decreased with depth. The microhardness of the base
material was found to be 106 HV, i.e., higher than in other specimens.

The microhardness values of the sample subjected to LSP were maximum in the
surface zone, ~100 pm, which is consistent with the results of kernel average misorientation
(KAM) analysis, where KAM maps showed a low level of local deformation in the initial
state (Figure 7a) and after LSP (Figure 7b). As expected, the kernel maps display a layer
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of about 30 um in the maximum local misorientation. In addition, it is noted that the
microhardness values of the samples subjected to the fatigue tests are higher compared to
the initial sample after LSP, and the microhardness curves are uniform in the distribution
of the depth of the work pieces (Figure 11b,c). Characteristically, the uniformity of the
distribution of the qualitative values of the dislocation density for the sample can also be
traced on KAM maps, taken from the central and surface zones after LSP treatment and
fatigue tests (Figure 10b,c).

The analysis of the microstructure and microhardness distribution suggest a rather
pronounced effect of LSP on the fatigue behavior of ARMCO iron. Cyclic loading itself
resulted in some increase in dislocation density and hardness (Figures 8, 10a and 11b),
which were more or less homogeneous through the cross-section. LSP additionally increases
these parameters near the surface (up to 1 mm thickness [6]), even leading to considerable
grain refinement (Figures 9, 10a,b and 11c). This aggregate effect of two treatments (cyclic
loading and LSP) gives rise to a greater amount of latent elastic energy, which can be
released faster during the fatigue test (Figure 3). Similar results were earlier observed
during the fatigue test of specimens after severe plastic deformation, in comparison with
specimens in the initial (undeformed) condition [19].

6. Conclusions

The thermo-mechanical behavior of LSP-treated ARMCO iron specimens were investi-
gated. It was shown that the LSP of ARMCO iron leads to the formation of a 1 mm thick
layer with increased compression stress. The microstructure below this layer did not no-
ticeably change, in comparison with the initial state. TEM analysis showed a considerable
increase in the dislocation density as a result of LSP. In some places, dislocation pile-ups
rearranged in sub-boundaries with a fringe contrast. Separate fragments of 100-500 nm
can also be seen in the microstructure. The main result of the LSP treatment is an increase
in the local misorientation, even at a depth of 1000 um.

The structure evolution under fatigue loading has a qualitatively different character
at initial and LSP treated states. The fatigue tests of the non-treated samples showed an
increase in dislocation density near grain boundaries. The fatigue test of the LSP treated
specimens led to severe microstructure refinement in the LSP treated area. Microhardness
measurements also confirmed the different scenario of a defect evolution in treated and
untreated samples.

The comparison of the structure evolution before and after laser shock peening showed
that cyclic deformation leads to an increase in the density of dislocations in the material. At
the same time, a high level of initial defects after surface treatment induces the annihilation
of structural defects at the initial stages of cyclic deformation, and, as a consequence,
intense energy dissipation.

The evolution of the material structure at the microscopic level leads to the self-heating
of the sample. Risitano’s test demonstrated an increased dissipative ability of the material
after LSP. At stress amplitudes of 130 MPa, the surface temperature of the LSP treated
sample is an order of magnitude higher than the temperature in the initial state. Together
with the increased energy dissipation in the LSP treated specimens, a drop in the fatigue
life was observed, which was induced by a non-optimal distribution of residual stresses.
The generation of residual stresses in the center of the gage length led to tensile stresses at
the boundaries of the processing zone, and, as a consequence, to the initiation of multiple
fatigue cracks.
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