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Abstract: Laser shock peening (LSP) is a relatively novel and promising surface hardening method.
An absorbing layer, which is needed to protect the specimen surface from undesirable thermal effects
caused by laser irradiation, should be considered as one of many varying parameters. The physical
characteristics of the coating and its adhesion to the specimen surface can significantly influence the
result of LSP. In this study, three commonly used absorbing coatings, namely black polyvinylchloride
tape with a sticky layer, aluminum foil, and black alkyd paint were used to cover three-millimeter-
thick plates of the Ti-6Al-4V titanium alloy with globular or lamellar microstructures. LSP of one side
of the plates was carried out with a power density of 10 GW/ cm?. The hole drilling method was used
to evaluate residual stresses. The aluminum foil was found to be the optimal option for LSP of the
Ti-6Al-4V titanium alloy. Microstructural investigations carried out using EBSD analysis suggested
that no significant reduction in grain size, twinning, or dislocation density growth occurred as a
result of LSP irrespective of the initial structure.

Keywords: laser shock peening; residual stress; microstructure

1. Introduction

Laser shock peening (LSP) is currently considered to be one of the most promising and
effective methods of surface treatment for metallic materials. Deep compressive residual
stresses created due to this treatment improves fatigue properties and corrosion resistance,
thereby increasing machine parts performance [1]. The formation of compressive residual
stresses in the near-surface layer of the material up to two millimeters in depth is a result
of the propagation of a short pressure pulse caused by the process of interaction of laser
radiation with the substance. In order to protect the treated surface against the direct impact
of laser radiation, a coating (these coatings are often referred to as absorbing, protective, or
as a sacrificial layer) can be used.

Additionally, a confining layer (water or glass) is usually applied to increase the
pressure of the expanding plasma [2] due to restraining hydrodynamic dispersion of the
plasma formed on the material surface. During LSP, a laser beam passing through the
confining layer is absorbed by the protective coating or the specimen surface, thereby
producing plasma which is enclosed between the surface and confining layer. The pressure
exerted on the material surface by the expanding confined plasma creates a stress wave
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that propagates into the material. If the amplitude of the wave is large enough, the material
begins to deform plastically, which in turn leads to the creation of a residual stress field.
The propagation of plastic deformation caused by the elastic—plastic wave continues until
the maximum stress value decreases below the dynamic yield strength of the material. The
scheme of the laser shock peening process is shown in Figure 1.

Nd: YAG:[\

laser

laser beam

convergence lens  confining layer

ablation layer
Figure 1. Schematic diagram of laser shock peening.

The following materials can be used for coating: aluminum foil 80-100 microns thick [3-5],
polyvinyl chloride tape 40 microns thick (hereinafter referred to as PVC tape) [6], and organic
black paint [7]. Another way to carry out LSP is the uncoated (i.e., without using of any sacrificed
layer) treatment [8-11]. To date, no studies have been conducted to compare the performance of
all traditional coatings on the same material under identical LSP conditions.

This study aimed therefore to examine the effect of different absorbing coatings on
the efficiency of LSP under identical loading conditions. The residual stress profiles were
utilized as a measure of the LSP efficiency.

One of the most prevalent alloys utilized in the aerospace industry, Ti-6Al-4V, was
used as the program material. Titanium alloys are employed primarily in structures that
require a combination of high specific strength and corrosion resistance, such as fan and
compressor blades of gas turbine engines, for which high fatigue strength and durability
are critical performance characteristics.

In this work, a comprehensive study of the processes accompanying laser shock peen-
ing was conducted by investigating the microstructure and microhardness of the specimens
after treatment. Unlike residual stresses and fatigue characteristics, the microstructural
aspect of laser shock peening of titanium alloy Ti-6Al-4V has attracted less attention. Nev-
ertheless, several recent studies have provided valuable information on the microstructural
processes induced by laser shock peening. In particular, the formation of a nanocrystalline
structure [12-16] and even amorphization [17] have been observed in a narrow surface layer.
However, beneath this layer, microstructural changes are usually much less pronounced.
An increase in dislocation density is often observed in both the o [16,18-21] and (3 [16,22]
phases. Shear bands can also be observed occasionally [22]. Of particular interest was the
detection of mechanical twinning in the « phase [14-17,20,23], despite the fact that this
mechanism is generally believed to be not quite typical for Ti-6Al-4V.

Although significant progress has been made in previous microstructural studies,
the literature data are very inconsistent. In this regard, this work investigated the mi-
crostructural changes in Ti-6Al-4V after LSP. For a more complete analysis of the physical
mechanisms responsible for the formation of residual stresses, a comparative analysis of the
changes in the microstructure of the material depending on the initial state of the material
was carried out for lamellar and globular microstructures. The microstructural analysis
was conducted using orientation microscopy (or electron backscattered diffraction (EBSD)
analysis) [23-25].
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2. Materials and Methods
2.1. Laser Shock Peening and Material

A Nd:YAG laser with a wavelength of 1064 nm and a pulse duration of 10 ns was
employed to treat the surface of plate-like specimens with a side of 40 mm and a thickness
of 3 mm. The treatment was conducted on one side of the plates. The processing parameters
are presented in Table 1.

Table 1. Parameters of laser shock peening.

Parameter Value
Power density 10 GW/cm?
Geometry of the laser beam spot Square with 1 mm side
Overlap 0%
Pulse frequency 5Hz
Size of the treatment area 30 x 30 mm

Three types of coatings were investigated as an absorbing layer: 80 um thick alu-
minum foil, black alkyd paint (layer thickness 40 um), and 100 pm thick black PVC tape.
Additionally, an uncoated treatment was considered.

In the initial condition, the alloy had a globular or a lamellar microstructure that were
used to establish the effect of microstructure on residual stress generation. The program
Ti-6Al-4V titanium alloy with a globular microstructure material was supplied in the form
of a bar produced by hot rolling. A lamellar microstructure was obtained by annealing at
1010 °C for 15 min and subsequent air cooling.

2.2. Microstructural Studies

LSP plates with different initial microstructures were sectioned through the middle
of the treated area. Then, after sectioning, the samples were mounted into a conductive
phenolic thermoplastic resin with a KonductoMet™ graphite filler using a Buehler Sim-
pliMet™ 4000 (Lake Bluff, IL, USA) hot press at 170 °C and 160 bar for 90 s with further
cooling at room temperature for 5 min.

The obtained tablets were ground and polished using LaboPol-5 and Struers devices
(Paris, France), respectively. An abrasive paper with gradual reduction in abrasivity down
to P2000 (the abrasive particle size is 7 microns) was used. To prevent overheating of
the samples, water was supplied to the grinding wheel. After mechanical grinding, the
samples were polished using diamond suspensions with particle sizes of 6, 3, and 1 um on
a MD-Nap velvet cloth. The final polishing was performed using a Buehler VibroMet™ 2
vibration polishing machine (Lake Bluff, IL, USA) and OP-S colloidal silicon suspension for
extended time intervals (up to 24 h).

The EBSD analysis was performed using an FEI Quanta 600 (Lausanne, Switzerland)
scanning electron microscope at an accelerating voltage of 20 kV and a beam size of 6.
The aperture diameter for imaging was 50 um and the working distance was 15 mm. The
scanning step for macro imaging (i.e., overview map) was 1 or 2 um. For high-resolution
imaging of the microstructure in the LSP region, the scanning step was 0.1 or 0.2 um.
In order to minimize the error, at least 7 Kikuchi lines were determined. The average
value of the coefficient characterizing the correctness of the automatic indication of the
Kikuchi maps (the so-called “confidence index”, CI [20]) exceeded 0.1 (in this case, the
value of correctly indicated electronograms should exceed 95% [20]). Grains comprising
two or fewer pixels were subjected to cleaning using the TSL OIM Analysis 8 program
(Berwyn, PA, USA). Due to the limited angular resolution of the EBSD method, boundaries
exhibiting disorientation of less than 2° were excluded from consideration. Boundaries
with disorientation between 2° and 15° were considered low-angle boundaries (LAGs), and
boundaries with disorientation above 15° were considered high-angle boundaries (HAGs).
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Two specific EBSD characteristics were used for microstructural analysis, namely the
Image Quality Index (Image Quality (IQ)) and the Kernel Average Misorientation (KAM).

2.3. Residual Stress Measurement

The residual stresses were quantified using the hole drilling method [26], which was
implemented with an automated MTS3000-Restan machine. The measurement procedure
involved drilling a hole with a diameter of 2 mm, which altered the initial deformation
state, facilitating the redistribution of the residual stresses generated in the material during
LSP. The current strains were quantified using a specially configured three-element strain
gauge socket, after which they were utilized to calculate [27] the residual stresses using
the specialized EVAL 8 software (Calenzano, Italy), developed by SINT Technology. The
measurement procedure includes the following steps. The strain gauge is mounted on the
specimen using adhesive. A through or blind hole is drilled through the geometric center
of the socket of this sensor layer-by-layer. In each layer, the deformations resulting from
the removal of the residual stresses are recorded. The residual stresses were then calculated
using special calculation algorithms [27].

In the case of non-uniform stresses, the surface strain unload, measured after comple-
tion of the hole depth step j depended on the residual stresses that were initially present in
the material at all hole depth steps 1 < k <j:

j j
L ol (@) + (00)/2) 5 L (100 (@) /20) 0520+ £ bl sin2s ()

where (o) is the normal stress in the x-direction, (0y )y is the normal stress in the y-direction,
(Txy)k is the shear stress in the xy plane, E is Young’s modulus, v is Poisson’s ratio, aj and
bj are calibration coefficients obtained by the finite element method (FEM), and 6 is the
orientation angle of each strain gauge [28].

In this work, type A strain gauges manufactured by TML were utilized, enabling the
residual stresses to be measured at a depth of up to 1 mm.

All measurements were performed in accordance with ASTM E 837-13, “Standard Test
Method for Determining Residual Stresses by Hole Drilling Using a Strain Gauge” [26].

2.4. Microhardness Measurement

The samples for microhardness measurements were cut using an electrical discharge
machine with minimal power to eliminate the thermal influence of the spark on the layer
obtained as a result of LSP. The measurements were carried out using a METOLAB 502
microhardness tester (Moscow, Russia) [29]. The series of measurements were carried out
in the planes parallel to the treated surface with a step of 0.1 mm (11 series in total). The
distance from the surface for the first series was 2 diagonals of the print, about 0.05 mm. In
each series (10 measurements) the step along the plane, parallel to the surface, was 0.2 mm.
The load was 10 N.

3. Results
3.1. Initial State

Titanium alloy Ti-6Al-4V is an industrial alloy and belongs to the group of alloys with
a two-phase (x + f3) structure [30]. Figure 2 depicts typical EBSD maps of the alloy in the
initial globular state. It can be observed that the microstructure is homogeneous, entirely
globular, with an average diameter of the alpha phase particles of approximately 10 pm.
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Figure 2. EBSD maps of the program material with globular microstructure: (a) IQ map, (b) orienta-
tion map.

The EBSD map obtained from the initial material with a lamellar microstructure is
shown in Figure 3. The map reveals a hierarchical microstructure consisting of very coarse
(~1 mm) initial (transformed) beta grains, large (~100 pm) alpha colonies, and alternating
alpha and beta phase plates within the colonies.

Figure 3. EBSD maps of source material with lamellar microstructure: (a) IQ map, (b) orientation map.

3.2. Structural Studies

Taking into account the results of the previous paragraphs, for structural studies the
treatment was carried out using a protective layer of aluminum foil.

The EBSD overview map obtained from the specimen with an initially lamellar mi-
crostructure after LSP is presented in Figure 4.

Figure 4. Overview EBSD IQ map of the initial material with lamellar microstructure after LSP (the
surface is at the top of the micrograph).

To gain further insight into the microstructural changes induced by LSP, a high-
resolution EBSD map was obtained (Figure 5). As can be seen from the IQ map, no
significant changes in the morphology and size of the alpha plates were observed (Figure 5a).
Additionally, no plate reversal in the direction of the preferential plastic flow of the metal,
which usually occurs in the deformation of plate structures, was detected (Figure 5a).
Moreover, the IQ and KAM maps did not even show a significant change in contrast,
thus exhibiting no clear evidence of an increase in dislocation density (Figure 5a,b). Also,
the orientation map (Figure 5c) showed no signs of the formation of either small-angle
boundaries of deformation origin or twins.
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Figure 5. High-resolution EBSD maps of the material with an initially lamellar structure after LSP:
(a) IQ map, (b) KAM map, and (c) orientation map. In fragment (c), the light and dark lines correspond
to the small-angle and large-angle boundaries. The surface is at the top of the micrograph.

An overview map of EBSD obtained for a specimen with an initially globular mi-
crostructure after its surface treatment is shown in Figure 6.

Figure 6. Overview EBSD IQ map of the initial material with globular microstructure after LSP (the
surface is at the top of the micrograph).

For a more detailed study of microstructural changes induced by laser shock peening,
a high-resolution EBSD map was obtained (Figure 7). As can be seen from the IQ map,
there are no changes in the size or the shape of the grains, particularly their flattening, in
the alpha phase, (Figure 7a). However, this map shows some darkening of the contrast
(Figure 7a), which can be interpreted as an increase in the overall density of lattice dislo-
cations. In contrast, the KAM map does not show any significant anomalies (Figure 7b).
This observation can be explained as follows. The dislocations in metallic materials can be
broadly categorized into two groups, viz., geometrically necessary ones and statistically
stored ones [31]. The geometrically necessary dislocations produce orientation gradients,
and thus they may give rise to a contrast in the KAM maps. On the other hand, the sta-
tistically stored dislocations result only in the degradation of the crystal lattice structure
(thereby becoming visible in the IQ maps) but provide no orientation gradients. In view
of the above issues, the experimental observations in the present work can be attributed
to an accumulation of the statistically stored dislocations. The orientation map (Figure 7c)
did also not indicate the formation of either small-angle boundaries of deformation origin
or twins.

Figure 7. High-resolution EBSD maps of the material’s surfaces with an initially globular structure:
(a) IQ map, (b), KAM map, and (c) orientation map. In fragment (c), the light and dark lines
correspond to small-angle and large-angle boundaries. The surface is at the top of the micrograph.
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3.3. Measurements of Residual Stresses and Coating Effects

The application of the protective coatings serves to prevent thermal damage to the
specimen surface (Figure 8a), which is readily apparent in the absence of an absorbing layer
(Figure 8b).

(b)

Figure 8. The specimens treated with an absorbing coating (a) and without an absorbing coating
(thermal damage by laser radiation is visible on the surface of the processed zone) (b). The specimens
are equipped with a strain gauge to measure the residual stresses.

Figure 9 shows the outcomes of the residual stress measurements (Figure 9a,b) across
the depth of the specimen in the center of the processed area, for distinct initial microstruc-
tures of the specimens (Figure 9a,b). Despite the differences in the thermal treatment of
the material and significantly different microstructures (lamellar (Figure 3a) and globular
(Figure 2b)), LSP with a protective layer of metal foil did not exhibit a significant alteration
in the residual stresses.
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Figure 9. Profiles of residual stress components in the plane of treatment by depth for the lamellar (a)
and globular (b) conditions of the alloy.

The initial microstructure exerts no qualitative influence on the distribution of residual
stresses in the specimen. That is why further investigation of the effect of protective coatings
on the distribution of residual stresses in specimens was focused on the alloy with the
globular microstructure.

Figure 10 illustrates the residual stress profiles for distinct protective coatings subjected
to LSP with a power density of 10 GW /cm?. The specimen coated with black paint exhibited
the greatest compressive residual stress, with a value of —400 MPa along the X-axis, while
the highest value of the hardened layer depth was achieved in the case of treatment with
aluminum foil. Upon examination of the depth of compressive residual stresses across
all specimens, it becomes evident that there is minimal variation, with the exception of
the aluminum foil specimen in the X-axis direction. However, the maximum value of
compressive stress exhibits a notable discrepancy. This is particularly evident in the case of
the vinyl tape specimen, where the compressive stress reaches only —130 MPa.
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Figure 10. Depth profiles of residual stresses in the Ti-6Al-4V alloy with the globular microstructure:
(a) stresses along the X-axis; (b) stresses along the Y-axis.

It is also important to note that the material of the absorbing coating has a significant
effect on the residual stresses on the surface of the specimen. These residual stresses play an
important role in improving the fatigue properties of the material. The residual stress profiles
obtained for the specimen covered with PVC tape and the uncoated one demonstrate that
the residual stresses on the surface do not exceed —100 MPa. In contrast, aluminum foil and
black paint on the surface result in values of —180 MPa and —400 MPa, respectively.

When evaluating the integral values of residual stresses averaged over the entire
treatment layer, it was also found that the use of aluminum foil is the most effective
treatment mode with a value of —50.92 MPa*mm, whereas in the case of black paint, this
value is 32.08 MPa*mm, with tape it is 17.64 MPa*mm, and without an absorbing layer
it is 22.37 MPa*mm. The observed reduction in integral values for all types of protective
coating, with the exception of aluminum foil, can be attributed to the presence of significant
tensile stresses (up to 200 MPa) at a depth of 0.4 mm. In the case of foil, this depth is
approximately 0.6 mm.

The obtained result can be corroborated by estimating the maximum plasma pressure
and the fraction of energy that will be reflected when using different types of absorbing
coating. Following the methodology outlined in [32], we estimated the peak plasma
pressure using the limited ablation mode hypothesis as:

P(GPa) = Zai VZVI @)

where « is the energy fraction for plasma formation (0.25-0.4), [y—power density of laser
radiation, and Z—acoustic impedance between the absorbing limiting layer:

2_ 1 1
Z Zcoat. ZHZO

(3)

Using the acoustic impedance values for water, titanium, vinyl tape, aluminum, and
paint: Z(H,0) =0.15 - 106 g/cm?s !, Z(Ti) =2.2 - 10° g /cm? s-1, Z(Al) = 1.45 - 10° g /cm? s 71,
Z(Tape) = 0.25 - 10° g/cm? s~1, Z(Paint) = 1.5 - 10° g/cm? s~! we obtained the following
values of Z:

Z(H,0 + Ti) = 0.28 - 10 g/cm? s~ ! (without coating),
Z(H,0 + Al) =0.27 - 10° g/cm? s 71, s
Z(H,0 + Tape) =0.18 - 10° g/cm? s~ 1, @)
Z(Hp0 + Paint) = 0.27 - 106 g/cm? s~ 1.

The relations (4) indicated that aluminum foil, uncoated treatment, and paint permit
the acquisition of almost identical pressure pulses, whereas the pulse amplitude with vinyl
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tape on the surface is approximately 20% lower. The evaluation of the pressure pulse at an
energy density of 10 GW/cm? gave the following peak pressures:

P(Ti) = 4.5 GPa,
P(Al) = 4.4 GPa,
P(Tape) = 3.6 GPa,
P(Paint) = 4.4 GPa.

Another crucial process influencing the efficacy of the treatment was the reflection of
the elastic—plastic wave at the interface between the protective coating and the specimen.
If there is a significant difference in acoustic impedance between the absorbing layer and
the sample material at the interface, a significant part of the energy can be reflected. To
estimate the proportion of the passed energy, the values of the energy transmittance Dy,
and the amplitude transmittance Dy were:

2 Zeout, )2
Doy = | 5—=c02t 5
o <Zcoat. + Zsp. ( )
2 Zcout.
Doy = o——28% 6
e Zeoat. + Zsp. ( )

The calculation of the parameters gave the following values:

Dey (Ti + Al) = 0.891,
D,y (Ti + Tape) = 0.451, (7)
D,y (Ti + Paint) = 0.900;

Damp(Ti + Al) = 0.794,
Damp(Ti + Tape) = 0.204, ®)
Dgamp(Ti + Paint) = 0.810.

The analysis of the relations (7) and (8) indicated that the use of aluminum foil or black
paint results in a 10% loss of energy at the coating-specimen boundary, which corresponded
to almost a 20% loss of pulse amplitude. The PVC tape-specimen boundary is essentially
impermeable to the wave resulting in the loss of up to 80% of the pulse amplitude. From a
technological standpoint, aluminum foil offers a distinct advantage in terms of application
speed and can be effectively utilized for parts with simple geometries. However, when
dealing with small curvature radii and intricate geometries, there is a potential risk of
loss of adhesion between the foil and the part, which could result in the tearing of the
protective layer or the formation of defects on the surface of the material in the area of
non-continuities at the boundary of the protective layer. In this instance, the application of
paint is a more suitable option, although it necessitates a considerably longer application
time to achieve the required thickness of the protective layer.

3.4. Measurement of Microhardness after Laser Shock Treatment

The microhardness of the material was weakly dependent on the physical nature of
the protective layer material. Figure 11 shows the depth dependence of microhardness in
the Ti-6Al-4V alloy with the globular microstructure for all investigated coating materials.
The change in microhardness is most significant in the case of treatment with vinyl tape,
where the peak of microhardness reached a value of 350 HV. The modes without coating
and with paint gave very similar results both in terms of microhardness distribution profile
and its values.
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Figure 11. Curves of microhardness dependence on depth in the Ti-6Al-4V alloy with the globular
microstructure.

4. Conclusions

In this paper we studied the influence of different absorbing coatings on the efficiency
of laser shock peening on the Ti-6Al-4V titanium alloy. Flat specimens were treated from
one side with power density of 10 GW/cm?. The analysis of residual stress profiles obtained
after processing led to the formulation of the following conclusions.

All used coatings withstood processing with an energy density of 10 GW/cm?, main-
taining their integrity, and can be used in industry.

The residual stress profiles indicated that the use of aluminum foil and black paint
is the most effective. These absorbing coating materials exhibited the highest maximum
value of compressive residual stresses and the greatest depth of penetration. The obtained
data demonstrate that when aluminum foil or black paint is employed, approximately 10%
of the energy is lost at the coating—sample boundary, which corresponds to a loss of almost
20% in terms of pulse amplitude. The PVC tape-sample boundary exhibited a low degree
of permeability to the wave, resulting in the loss of up to 80% of the pulse amplitude.

From a technological point of view, the advantage of foil is the possibility of rapid
application compared to black paint, which must be applied layer by layer, and its efficient
use for parts with simple geometries. However, in the presence of small radii of curvature
and a more complex geometry, there is a risk of loss of adhesion between the foil and the
part, which can lead to the rupture of the protective layer or the formation of defects on
the surface of the material in the area of discontinuities at the boundary of contact of the
protective layer. In this instance, the application of paint is a more suitable option, although
it necessitates a considerably longer period of time to achieve the required thickness of the
protective layer.

The investigations revealed no discernible alterations in the microstructure morphol-
ogy, despite the presence of considerable residual stresses, as determined by the hole
drilling method. In particular, the rotation of alpha plates towards the plastic flow direction
or the flattening of alpha grains was not observed. Additionally, there was no evidence
of the intense formation of low-angle boundaries of deformation origin or twinning, and
the associated microstructure refinement. Indeed, the observed microstructural alterations
were constrained by comparatively modest contrast fluctuations in the IQ and KAM maps,
indicating a correlation with an elevated dislocation density.

The morphology of the initial microstructure (lamellar or globular) did not signifi-
cantly influence the microstructural processes during LSP. However, this effect may be an
artifact due to the relatively low sensitivity of orientation microscopy to purely disloca-
tion processes.

The microhardness analysis of the specimens along the depth also did not reveal
any significant changes. The application of laser shock peening led to an increase in the
microhardness of the material for all types of absorbing coating.
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Thus, a comprehensive study of all the most commonly used absorbing coating
materials, including the processing mode without an absorbing layer, was carried out in
the work. The most suitable materials of these layers for LSP were identified, and the effect
of laser treatment on the microstructure of the titanium alloy was studied.
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