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INTRODUCTION

dditive manufacturing (AM), commonly known as 3D printing, has revolutionized the production of metal parts

by enabling the layer-by-layer fabrication of complex geometries directly from digital models. Techniques such as

selective laser melting (SLM) and electron beam melting (EBM) offer unparalleled design freedom, significant
material savings, and reduced waste compared to traditional subtractive methods [1]. This has led to rapid and widespread
adoption across aerospace, medical, and automotive industries.
However, the very nature of AM, with its rapid melting and solidification cycles, introduces significant challenges. The
extreme thermal gradients may cause detrimental residual stresses to develop in the surface layers of the fabricated parts.
These stresses can compromise the component's mechanical integrity, leading to reduced strength, durability, and potential
distortion or cracking. Furthermore, additively manufactured materials often exhibit microstructures with anisotropic
properties, i.e. differing between the laser scanning direction, the material growth direction and the third transverse direction
[2, 3]. Furthermore, AM may lead to the formation of defects such as pores and microcracks [4].
To enhance the surface characteristics of AM prints and to eliminate volumetric defects, various post-processing techniques
are employed, including heat (and pressure) treatment, shot peening, grinding, and laser shock peening (LSP) [5-7]. This
work focuses on LSP as an advanced surface treatment technology using high-power laser pulses to generate shock waves
at the surface of a material. These waves induce plastic deformation, thereby work-hardening the surface layer. This
technology is particulatly promising for introducing beneficial compressive residual stresses in the near-surface layers of
additively manufactured components [8], which are crucial for improving fatigue life [9-11]. LSP finds application in the
aerospace [12], automotive, and energy industries when wear resistance and part fatigue strength are critical. Its advantages
include minimal thermal impact on the treated part and the ability to adjust precisely the processing parameters (such as
pulse energy and number of passes) for different materials [13].
LSP treatment is based on the effect of hot plasma formation at a surface subjected to high-energy impact. The sample
surface is first coated with a protective ablative layer, such as black paint, metallic foil, or PVC tape. A laminar flow of a
transparent (weakly absorbing) fluid (typically water) is then applied over the treated surface. The laser beam passes through
the water confining layer and strikes the absorbing layer. The absorbed energy causes a portion of the protective layer to
vaporize, and then to form a high-temperature plasma. This plasma undergoes adiabatic expansion, generating significant
pressure at the material surface and initiating a shock wave within the material volume.
The pressure pulse duration depends on both the radiation pulse duration and the specific process conditions. The use of a
water confining layer enables the generation of elastic-plastic waves with an amplitude ranging from units to tens of GPa.
Simple estimates based on a one-dimensional plasma expansion model allows estimating the plasma pressure decay, namely,
that it halves after twice the interaction time between the pulse and the material and decreases tenfold after approximately
15 characteristic times. If the pressutre induced by the plasma expansion exceeds the material's dynamic yield strength, plastic
deformation occurs, resulting in residual stresses. The resulting compressive residual stresses at the surface are balanced by
tensile stresses in the material core.
Laser shock peening is a complex process with a large number of variable parameters, such as laser energy, beam shape and
size, degree of overlap between adjacent pulses, and the number of repeated impacts. All these parameters significantly
influence the quality of the final result.
The aim of the present work is to determine the relationship between the magnitude and depth of relief strains in samples
made from TC4 titanium alloy produced by wire-feed electron-beam additive manufacturing and various parameters of laser
shock peening (power density, beam shape, overlap). The obtained results serve to validate a numerical model of both the
manufacturing and laser shock peening processes for this material. The verified model will enable the prediction of residual
stress fields in additively manufactured components with complex geometries, where traditional hole-drilling techniques are
not applicable.

LASER SHOCK PEENING AND RESIDUAL STRAINS MEASUREMENT

he laser shock peening system, developed at the Institute of Continuous Media Mechanics of the Ural Branch of
Russian Academy of Science (ICMM UB RAS), incorporates a Beamtech SGR-Extra-10 solid-state
Nd:YAG laser with a wavelength of 1064 nm, a maximum pulse repetition rate of 5 Hz, a maximum pulse energy
of 9 ], and a pulse duration of 10 ns. The beam shape at the laser output is a circle with a diameter of 25 mm. The beam
can be focused using additional lenses to achieve the following spot geometries: a circle with a diameter of 2 mm, a 1x1 mm
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square, or a 3x3 mm square. As a result, the maximum achievable power density (impact) generated by this system is 90
GW/cm?.

Laser operation is controlled automatically by a robotic manipulator. The six-axis STEP SR50 robotic manipulator, with a
payload capacity of 50 kg and a part positioning accuracy of 0.25 mm (Fig. 1), enables automated processing of parts with
complex geometries. During the process, the manipulator automatically positions the workpiece in front of the laser beam
so that the beam strikes the surface at a normal angle; it then sends a TTL signal to the laser system to trigger a pulse.

The manipulator moves the part at a specified speed within a range of 0.1 mm/s to 500 mm/s and ensures high accuracy
in directing the laser pulses to predetermined points on the part's surface. The laser beam path trajectories are generated by
specialized software based on the 3D model of the part.

/
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4

Figure 1: STEP SR50 robotic manipulator.

The resulting residual stresses are evaluated using the MTS3000 — Restan automated residual stress measurement system
(Fig. 2). This system is used to perform simple and precise measurements by the hole-drilling strain gauge method using a
high-speed air turbine (400,000 rpm) in accordance with the ASTM E837 [14-15] standard. A strain gauge rosette (a
characteristic size of 10 mm) with three measuring grids is installed on the surface of the sample, and a hole 1-2 mm in
diameter is drilled at a specific location on it. Drilling is performed stepwise; at the end of each step, the strain gauge records
the values of hole deformations arising from the relief of compressive residual stresses. The measurement error does not
exceed 1 pm/m.

The method for measuring residual strains includes the following steps:

Preparation of the specimen surface by polishing prior to strain gauge installation.

Degreasing of the surface.

Applying alignment markings for the strain gauge on the surface.

Bonding the strain gauge to the specimen surface using cyanoacrylate adhesive.

Connecting the gauge to a signal amplifier.

Launching the RSM software.

Centering the automated system using a digital microscope.

Automated search for the specimen surface.

9. Checking the signals coming from the strain gauge.

10. Initiating the automated step-by-step hole drilling.

The obtained data is used to solve an inverse problem, the result of which is a depth profile of the residual stresses. It should
be noted that residual stresses with a level close to the material proportional deformation limit are estimated rather roughly
and require adjustment. To obtain reliable data, the area with residual stresses must be larger than the measuring strain gauge
rosette. The method makes it possible to obtain an averaged value of residual stresses based on the strain sensor
measurement.

The Non-Uniform Stress Field method was used to calculate the residual stresses [16]. This is a standardized approach for
determining residual stresses in a material using the hole drilling method, which accounts for the non-uniform stress
distribution with depth. This method is part of the internationally recognized ASTM E837 standard, which is officially
endorsed and applied in both industrial and research practice. This standard implies a variety of algorithms, with strain being

PN AP =
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the primary experimental result. Since this data can be utilized by other researchers for accurate calculations, the
experimental part of this work focuses on measuring strains.

Unlike the simplified uniform stress field variant, which assumes a constant stress throughout the hole depth, this method
allows for the evaluation of how residual stresses vary with depth layer by layer. This is particularly important in the case of
surface treatments, welding, grinding, hardening, and other processes that induce a variable distribution of internal stresses.
The residual stresses present in the material prior to drilling are evaluated based on the measured relaxed strains (e1, €2, and
e3) at each depth increment (j) of the hole and using linear elastic material model. In fact, residually stressed states represent
the solution of continuum elastic problem in the presence of inelastic strain perturbation, also known as eigenstrain [17]. The
problem of finding the inherent eigenstrain distribution in the materials and then reconstructing the complete stress-strain
distribution is known as the inverse problem of ejgenstrain. The calculated stresses along the strain gauge axes are denoted as
o1 and o3, and the shear stress oriented at a 45° angle is denoted as 113.

@ (b)

Figure 2: MTS3000-Restan Residual Stress Measurement System by the hole drilling method (a), schematic illustration of the 45° triple
gauge rosette with gauges oriented at 0°, 45° and 90° (b).

RESULTS AND DISCUSSION

he subject of the study were plate specimens with the maximum thickness of 7 mm with a gently thinned down part

of thickness 5 mm. The specimens were used to determine the influence of the processing parameters on the

distribution of relief strains. All specimens were cut from TC4 titanium alloy produced by using wire-feed electron
beam additive manufacturing [18]. Fig. 3 shows the specimen geometry.
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Figure 3: Geometry of the plate specimens with the processed areas indicated: (A, B) for measuring residual strains by the hole drilling
method on the thicker part of the sample; (C) thinned down area for the determination of fatigue properties.
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The specimens investigated were cut from the workpiece in two directions: along the printing (scanning) direction X in the
workpiece (Fig.4) and along the build direction Z of the workpiece. The workpiece was a rectangular wall fabricated by
scanning in the horizontal X direction and growth in the vertical direction Z. The locations from which the specimens were
extracted are shown schematically in Fig. 4.

2
J
o
\
Figure 4: Schematic illustration of the sample location within the workpiece: 1 — Horizontal (along the printing direction of the
wotkpiece); 2 — Vertical (along the build direction of the workpiece). X is the printing (scanning) direction, and Z is the build direction.

Fig. 5 shows a photo of the sample on the robotic manipulator during the processing of areas A and B (as shown in Fig. 3)
for the measurement of relief strains. The sample was mounted on the fixture plate using double-sided adhesive tape. Since
the treatment area is significantly smaller than the sample dimensions, its deformation during treatment does not affect the
quality of the mounting achieved by this method. To ensure precise and repeatable sample positioning, locating pins were
placed on the fixture plate.

()

Figure 5: Sample photo on a robotic manipulator (a), designation of the treatment area for measuring discharge strains (b).

To evaluate the influence of the process parameters on the residual stress profile, five processing regimes were implemented
to cover a wide range of parameters. During processing, 80 um thick adhesive-backed aluminum foil was used as the cover
layer. The laser pulse repetition rate was set to 5 Hz. A series of flat samples was processed, and the depth profile of residual
strains was measured. The investigated laser shock peening regimes and obtained results for the samples are presented in
Tab. 1. Spots of two sizes were considered: a circle with a diameter of 2 mm (D2) and a square measuring 1 by 1 mm (1x1).
The depth distribution of the residual strains for the as-build specimens sectioned from the workpiece (as illustrated in Fig.
4) is presented in Fig. 6 for the X and Z samples (denoted by the sample long axis orientation with respect to the system of
coordinates of Fig. 4). The plots adhere to the following convention: el denotes the strain component along the sample
length, and 2 denotes the transverse strain component.

Fig. 6 shows that the relief strains as a function of drilling depth in the build direction specimens are almost an order of
magnitude greater than those in the printing direction specimens. Furthermore, for the build direction specimens, the highest
strain intensity is observed at a depth of 0.2 — 0.3 mm, whereas in the printing direction specimens, it is more uniform up
to a depth of 0.6 mm.

A characteristic view of the relief strains measured by strain gauges during the incremental drilling process is shown in Fig.
7.
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st Energy, | Powpr Spot shape Sul:‘face Max Residpal
Ne direction Opvetlap, % density, res%dual res%dual strain
GW/cm? strain, uS  strain, uS  depth, mm
1 Printing - - - - -3.60 5.30 0.55
2 Printing 30 2 6.37 D2 -1.55 28.40 0.30
3 Printing 30 4 12.74 D2 -2.32 34.93 0.30
4 Printing 30 6 19.11 D2 11.75 31.50 0.35
5 Printing 0 1 10 1x1 12.10 39.30 0.20
6 Printing 0 2 20 1x1 -13.04 56.15 0.20
7 Build - - - - -20.50 16.30 0.30
8 Build 30 2 6.37 D2 7.95 33.90 0.20
9 Build 30 4 12.74 D2 16.81 45.77 0.25
10 Build 30 6 19.11 D2 15.10 42.20 0.30
11 Build 0 1 10 1x1 16.25 38.20 0,25
12 Build 0 2 20 1x1 7.10 35.30 0.30

Table 1: The investigated LSP regimes.

@) ()

Figure 6: Residual strains distribution for as-build specimens along the printing direction (a), along the build direction (b).
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Figure 7: Characteristic relief strains measured by the hole drilling method in specimens treated with a spot of D2 mm and a power
density of 12.74 GW/cm? for specimens along the printing direction (a), along the build direction (b).

The plots in Fig. 7 reflect the overall material response to the sequential release of residual stresses during hole drilling.
Some divergence in the strain components is observed, likely associated with the directional variation of the printed material
microstructure and properties. Fig. 8 shows a characteristic dependence of residual strains on depth.
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Figutre 8: Characteristic tesidual strains patterns in specimens treated with a spot of D2 mm and a power density of 12.74 GW/cm? for
specimens along the printing direction (a), along the build direction (b).

A positive value of the relief strains indicates the presence of compressive residual stresses [19]. In general, for all treatment
regimes, compressive stresses are observed at a depth of up to 1 mm, with the maximum amplitude at a depth of
approximately 0.2 — 0.4 mm.

Figs. 9 and 10 show the dependences of the total strain and the maximum relief strain on the laser pulse power density for
specimens along the printing direction and along the build direction processed with a square beam (1x1) and a round beam
D2).
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Figure 9: The relationship between the relief strains and the laser pulse power density for specimens along the printing direction (a),
along the build direction (b).
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Figure 10: The relationship between the maximum residual strains and the laser pulse power density for specimens along the printing
direction (a), along the build direction (b).

For specimens along the build direction, a more pronounced dependence of strain on the laser pulse power density is
observed. For specimens along the printing direction, exposure with a square beam yields a better effect. This is likely due
to the initial properties of the specimens and is related to the direction of the workpiece growing. Relief strains increase
nonlineatly with the growth of the laser pulse power density. At power densities above 12-15 GW/cm?, this growth is no
longer as evident. The graphs of residual stress dependence on depth show similar patterns as those for residual strains, see
Fig. 11.
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Figure 11: The relationship between the maximum residual stresses and the laser pulse power density for specimens along the printing
direction (a), along the build direction (b).

NUMERICAL MODELING OF RESIDUAL STRESS FORMATION

inding the optimal combination of parameters for LSP of a specific material requires a detailed investigation. This is

because LSP is a complex surface treatment technology involving a large number of variable parameters. Coupled

with mathematical modeling, the selection of the required processing parameters will ensure high quality of the
resulting product, including the depth and magnitude of compressive residual stresses in components of arbitrary geometry.
Thus, experimental data on residual stresses and strains in additively manufactured specimens were used to validate the
numerical model.
To ensure that the residual stress in the numerical model sample (Fig. 12) corresponded to that in a sample extracted from
an additively manufactured workpiece, a material with the properties listed in Tab. 2 was grown in the Ansys Mechanical
package. To simulate the dynamic material deformation under this loading, the stress-strain state was calculated in Ansys
LS-Dyna. The Johnson-Cook model was adopted as the constitutive relation [20-22].

Wire

Beam current for Wite feed Nominal
. Beam current Scan speed, filament . Hatch
perimeter . . rate, . layer height, .
. for infill, mA mm/min . diametet, spacing, mm
printing, mA mm,/min mm mm
57 65 400 1528 1.6 1.5 3

Table 2: Main printing patameters for samples made of TC4 titanium alloy.

-l

0,00 50,00 100,00 (mm)
| EEEEEa——— S
25,00 75,00

Figure 12: The specimen location on the additively manufactured workpiece.

The stress state from the workpiece was imported from the Static Structural module into LS-Dyna. The sample was treated
in a 5x5 mm area using a square laser spot with a side of 1x1 mm and an energy density of 20 GW/cm? The sample,
indicating the processing direction and finite element discretization, is shown in Fig. 13. The element size in the peening
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zone was 0.15 mm and gradually increased towards the specimen boundaries up to 2 mm. The laser pulse had a rise time of
40 ns and a fall time of 60 ns. The lower boundary of the specimen was fixed.

20,00 (mm)

10,00

Figure 13: The finite element discretization and processing direction.

A comparison of the residual strains profiles in a specimen cut from a workpiece after building and before LSP treatment
is shown in Fig. 14a. The component €l in the direction along the sample was compared. The resulting distribution of
residual stresses after the LSP for component o1 is shown in Fig. 14b, the distribution of residual stresses was measured in
the middle of the impact spot.

20 0
—e—Hole drilling 0

—e—Numerical

o

S)

w

Residual strains, pm/m

o

——Hole drilling

o ——Numerical

Depth, mm Depth, mm

@) ()
Figure 14: Compatison of depth distribution of residual strains for component el (a), of residual stresses for component o1 (b) for
specimens along the printing direction.

Based on the comparison of the residual strain profiles in the sample (machined from the base material and the as-built
additively manufactured material prior to treatment) and the residual stresses induced after treatment, it can be concluded
that the numerical model accurately describes the data obtained from hole-drilling method, both qualitatively and
quantitatively, with an error margin not exceeding 10%. Consequently, numerical simulation enables the evaluation of stress
and strain values in parts with complex geometries where the hole-drilling method is inapplicable (e.g., for parts with a
thickness of less than 1 mm or with curved surfaces). This, in turn, facilitates a faster and more precise selection of the
optimal processing parameters for the material and component under investigation.

CONCLUSIONS

he purpose of this work was the analysis the effect of LSP parameters on the residual stress and strain profiles in
samples of TC4 titanium alloy. The samples were produced by cutting and machining workpieces of additively
manufactured material. The hole-drilling method revealed the presence of tensile residual stresses in the additively
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manufactured samples. Experimental data on the residual deformations were obtained. These data can be used by other
researchers to develop methods for calculating residual stresses. The authors in their eatlier work defined a data processing
algorithm for residual stress calculation. After LSP, the formation of compressive residual stresses in the structure was
experimentally demonstrated. The presence of compressive stresses induced by LSP will also lead to porosity closure and
an increase in the fatigue life of the component, thus demonstrating the effectiveness of this post-processing technique for
additive materials.

The laser power density was varied within the range of 6 to 20 GW/cm?. It is shown that the process efficiency decreases
at a laser power density exceeding 10-15 GW/cm? The maximum residual strains reach 50 um/m at a depth of 0.2-0.4
mm. The total depth of the deformed layer is at least 1 mm.

A numerical model was developed to describe the manufacturing and LSP treatment of additively fabricated components.
The hardening model used in the calculations does not consider the plasma formation process, which generates high
pressure. Instead, it describes hardening via residual stresses induced in the material by elastic-plastic waves resulting from
its expansion. The model enables both qualitative and quantitative assessment of residual stresses and deformations in a
structure of arbitrary geometry for a given processing regime. Therefore, this numerical model will enable a more detailed
analysis of residual stress and strains distribution in additively fabricated structures.
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