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Abstract: Laser surface treatment conducted at different power levels is an option to modify titanium
bone implants to produce nano- and microtopography. However, such processing can lead to excess
mechanical stress within the surface layer. This research aims to calculate the level of such residual
stresses after the surface processing of Ti grade IV, Til5Mo, and Ti6Al7NDb alloys with an Nd:YAG laser.
Light and scanning electron microscopies (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray
diffractometry (XRD), optical profilography, and nano-indentation tests were applied to characterize
the surface zone. The laser processing resulted in a distinct surface pattern and the formation of
remelted zones 66-126 pm thick, with roughness values ranging between 0.22 and 1.68 um. The
mechanical properties were weakly dependent on the material composition. The residual stresses
caused by the laser treatment were moderate, always tensile, increasing with loading, and was the
highest for the Til5Mo alloy.
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1. Introduction

Aging societies increasingly encounter several health problems, including an increase
in malfunctions of skeletal and dental systems. Therefore, joint and dental implants
composed totally or in part of titanium and its alloys, have become very common. However,
in particular, among older people, different risks can appear, such as a prolonged time of
formation of the interface implant tissue, insufficient contact surface between an implant
and bone, and a too weak adhesion. For this reason, all commercial titanium implants are
subjected to surface modifications, mainly acidic and alkaline etching or oxidation or both
for dental implants and spray deposition of hydroxyapatite for hip-joint endoprostheses.
There is also a high number of other surface modifications aimed at changing surface
topography and morphology, in particular, by electrophoretic deposition [1]. Among them,
together with the development of more and more subtle instruments, laser surface treatment
(ablation) has become increasingly popular as a technique improving the mechanical
behavior of the surface, hydrophilicity, osseointegration, and even enhancing antibacterial
efficiency [2-7].

There are different laser-based techniques used to modify the surfaces, such as laser
melting and cladding, ablation, laser-induced periodic surface structuring (LIPSS), laser-
engineered net shaping (LENS), direct laser interference patterning (DLIP), and laser surface
hardening [2,3,8]. The main objective of laser modification is structuring the surface at the
micro- and nanoscales, by producing different surface architectures, such as grooves and
pillars. For such a purpose, different lasers are utilized, mainly including Ytterbium fiber,
Nd: glass, Ti-sapphire, and diode lasers.

The laser action unequivocally influences the surface topography. Surface structures
can be modeled from micro-grooves to micro-protrusions by setting up the selected pro-
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cessing parameters [9], simultaneously increasing the roughness. Using femtosecond laser
line scanning, textured surfaces are created with some microcracks [10]. Cavities sized
20-30 nm were generated by laser irradiation [11].

The laser treatment changed the mechanical properties of the surface layer increasing
the microhardness and toughness, and causing degradation under local loading [12,13]. The
laser texturing also influenced surface residual stresses [14] and laser-nitrided treatment
caused compressive stress, as demonstrated by the cracks that developed in the nitrided
layer [15], and also residual tensile stress [16].

The most important process parameters shaping the topography include laser power,
the number of pulses, and laser spot [14]. The laser’s lower speed and higher number of
scans increase the roughness [2]. However, in [17], the increase in tensile strength, but not
in Young’s modulus and microhardness values, were observed. In contrast, in the other
research [18], the surface microhardness was shown to increase following laser treatment
from 351 to 445 HV. The fiber laser, when applied for remelting a Ti6 Al4V surface, created
the appearance of a smooth, glossy, and crack-free surface. No distinct correlation between
mechanical and tribological behaviors was observed in the nano-indentation tests [19].

Laser treatment can also affect wettability. A hydrophilic titanium surface was ob-
tained using a femtosecond laser [9]. The hydrophilic surface was observed after modifica-
tion with a femtosecond laser, with the water contact angle decreasing with the increasing
laser fluence [10]. In the other research, all samples exhibited super-hydrophilic proper-
ties [16]. Two types of titanium surfaces were fabricated by femtosecond laser irradiation
and the laser-treated surface was then subjected to either NaOH hydrothermal or H,O,
oxidation treatments; the former surface was hydrophilic and the latter surface changed to
superhydrophobic after 50 days of exposure. The changes in contact angle values were sup-
posed to result from the adsorption of organic compounds present in the atmosphere [20].
For the nitride layer on the titanium alloy subjected to the action of a nanosecond laser,
the wettability of microtextured samples was improved. The increasing hydrophilicity
caused by laser irradiation was often observed and ascribed to the presence of a com-
plex topography with numerous ripples, nanopillars, and microcolumns on the titanium
surfaces [2,3].

Corrosion was seldom investigated. In [21], the laser-textured titanium alloy showed
improved corrosion resistance.

The chemical composition was slightly related to the laser action. After laser process-
ing, the oxygen content was higher in the micro-protrusion than in the micro-groove [9].
Excessive oxygen was appointed within the subsurface layer [16,22]. Thus, the laser treat-
ment enhanced the transformation of Ti and Ti, O3 into TiO, within the surface layer [16].

The osteogenic activity expressed by cell proliferation and differentiation was shown to
be improved by the femtosecond laser, the effect attributed to reduced Young’s modulus and
the microhardness of titanium due to an appearance of voids on the subsurface layer, which
originated from cavitation during conditions of high tensile stresses and temperatures [23].
The considerable absence of torque after osseointegration was observed for the titanium
alloy treated using laser techniques [22]. However, in [11], for the nanostructured titanium
surface coated with either TINbN or subjected to titanium plasma spraying, all implants
were osseointegrated and there were noted differences in both the pull-out force and in
the bone-tissue volume ratio between irradiated and non-laser-treated specimens. On the
contrary, for a few different studies, higher bone-implant contact (BIC) relative values and
removal torque values were reported [23]. Cell activity was reduced and cell proliferation
retarded on a surface with a superhydrophilic angle and Sa of 10.96 pm [16]. The generated-
by-laser topographical changes optimized the protein-absorption process [24].

The bioactivity expressed by the apatite-forming ability in immersion tests in the
simulated body fluid was ameliorated by Yb fiber laser treatment in wet conditions [25].

The antibacterial effect was observed several times for laser-treated titanium. For
the femtosecond laser and LIPSS approach, the anti-adhesive properties of Porphyromonas
gingivalis, Streptococcus mutans, and Porphyromonas gingivalis were observed [26]. Moreover,
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the authors claimed that, simultaneously, the modified surface improved the adhesion of
gingival tissue. The use of the DLIP technique with several lasers working together can
adjust the surface topography and manipulate osteoblasts and bacteria attachment [2,3].

So far, the research has focused on the influence of laser treatment on different process
parameters, such as laser power, continuous or pulse modes, and scan rate, on the surface
characteristics. The studies have almost been exclusively limited to titanium and Ti6Al4V
alloys. This study investigates whether and to what extent the chemical and phase compo-
sitions of laser-processed titanium substrate affect the mechanical properties and residual
stresses within the surface layer, an issue not often investigated. Titanium and two of its
alloys were tested, after laser processing, and heat-treated after laser melting. The rough-
ness, hardness, and intrinsic stresses at different distances from the surface were measured.
The previous measurements [27] were performed on similar materials demonstrating that
high tensile stresses are obtained in the surface layers after short-pulse laser treatment. In
these studies, the materials used—titanium alloys Ti7Nb6Al and TilSMo—are a novelty.
The obtained results confirm the formation of tensile stresses in the layers remelted with
the Nd:YAG laser.

2. Materials and Methods
2.1. Materials

Samples composed of three different materials were used for the tests: Ti grade IV,
Ti7Nb6Al, and Til5Mo. Their chemical compositions and mechanical properties (A—
elongation, Ry ,—plasticity, R;,,—strength) are presented in Tables 1 and 2, based on certifi-
cates obtained from ChM Ltd. Biatystok, Polska. The delivered materials had dimensions
of 10 mm x 10 mm x 5 mm.

Table 1. The chemical composition of samples (based on the manufacturer’s certificates).

Material Mo Nb Al v Fe C o N H Ti
Ti grade IV - - - - 0.18 0.01 0.34 0.01 - rest
Ti7Nb6Al - 6.88 6.15 <0.01 0.22 0.01 0.26 0.01 - rest

Til5Mo 15.3 - - - 0.07 <0.01 0.17 0.01 0.00001 rest

Table 2. Selected mechanical properties of Ti grade IV, TiZNb6Al, and Til5Mo samples (based on the
manufacturer’s certificates).

. Delivery A Ro.2 Rm
Material Sample Condition (%) (MPa) (MPa)
Ti grade IV BM1 Annealed 25 480 655
Ti7Nb6Al BM2 Annealed 18 710 1003
Til5Mo BM3 Annealed 15 880 863

2.2. Sample Preparations

The samples were wet-ground (Saphir 330, ATM GmbH, Mammelzen, Germany) to
a final grit of #800 with SiC sandpaper (Struers, Krakow, Poland) and then cleaned with
distilled water. Cross-sections were prepared to test the thickness of the remelted surface
layers; they were ground, then polished to a final grit of #2000, and etched with Kroll’s
reagent (0.06 mL HF and 0.2 mL HNOj supplemented with distilled water to 50 mL).

2.3. Laser Modification

Laser modification was performed using a short-pulse Nd:YAG laser (Trulaser Station
5004, TRUMPF, Dizingen, Germany). Samples composed of technically pure titanium
Ti grade IV (LT1) and Ti7Nb6Al (LT2) and Til5Mo (LT3) alloys were subjected to laser
modification using the process parameters shown in Table 3. Argon 5.0 was used (Linde
Gaz Poland Ltd., Krakow, Poland) to limit surface oxidation during laser processing.
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Table 3. The laser treatment parameters.
Power Duration of th Speed F Laser Wavelength ~ Overlappi
of the Laser Beam uration of the of Laser Beam requency aser Waveleng ver Oappmg
Laser Pulse [ms] [Hz] [um] [%]
W] [mm)\s]
1000 1 1 25 1.064 50

2.4. Analysis of Topography, Chemical and Phase Compositions, and the Thickness of the
Surfaces Layers

The analysis of the surface topography of the samples and the assessment of the
thickness of the melted surface layers of the samples were performed using a scanning
electron microscope (SEM JEOL JSM-7800 F, JEOL Ltd., Tokyo, Japan). The thickness of
the surface layer was measured on the etched (Kroll reagent) cross-section using SEM
microscope software. The analysis of the chemical composition on the surface of the
samples and the cross-sections of the melted surface layers was performed using an SEM
microscope attachment—(EDS) X-ray energy-dispersion spectrometer (Octene Elite 25,
EDAX, Mahwah, NJ, USA).

To determine the phases present in the materials, XRD (X-ray diffraction) analysis
was conducted using an X'PERT-PRO (PHILIPS, Almelo, The Netherlands) diffractometer
with a copper lamp. The phase composition of the surface was determined by the X-ray
method using Cu K« radiation, with a radiation wavelength of AKa1 = 0.15406 nm, and
AKa2 = 0.15444 nm.

2.5. Roughness Tests

The surface roughness values of samples subjected to laser treatment were measured.
The JENOPTIK (Hommel Etamic Waveline, Jena, Germany) profilograph was used for the
study. The mapping section was 7 mm, the measurement speed was 5 mm/s, and the
distance between the measurement points was 0.5 um. The test was conducted six times
for each sample, and the average value of the Ra coefficient was determined along with the
standard deviation.

2.6. Heat Treatment

The parameters of heat treatment were selected for each material based on the manu-
facturer’s certificates. Table 4 presents the adopted heat treatment parameters. We heated
a vacuum furnace PTF 15/75/610 (Protherm Furnaces, Ankara, Turkey) with a power of
7000 W, with the same temperature increase for all samples—100 °C during 3600 s. The
samples were slowly cooled in the furnace to room temperature.

Table 4. Heat treatment parameters.

. Annealing Temperature Annealing Time
Material ©C) (Minute)
Ti grade IV 600 30
Ti7Nb6Al 500 10
Til5Mo 800 60

2.7. Mechanical Tests

Nano-indentation tests were performed using a nano-indenter NanoTestTM Vantage
(MicroMaterials, Wrexham, Great Britain) with a Berkovich diamond indenter. Tests were
performed for base material (BM), BM after annealing, laser treatment (LT), and LT after
annealing samples. For each sample tested, 25 (5 x 5) independent measurements with a
distance between each indentation of 30 um in both axes were performed. Measurements
were performed for two maximum force values: 50 and 200 mN. For both force values,
the loading time was 20s, the holding time with the maximum force value was 5s, and the
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unloading time was 20s. To convert the reduced Young’s modulus into Young’s modulus,
the Poisson’s ratio value for the test material was assumed as 0.23.

2.8. Analysis of Residual Stress

The nano-indentation method was used to evaluate residual stresses. The tests were
performed for Ti, Til5Mo, and Ti7”Nb6Al as base materials (BMs), after laser treatment
(LT) and heat treatment, i.e., stress relieving annealing [28]. Based on each series of
measurements, the average value of the force acting on the sample was determined for a
depth of 300 nm. The penetration value was the same for both the 50 and 200 mN force
setpoints. The next step in determining the internal stresses was to calculate the surface
area of the Berkovich indentation [29].

1
Pmax )2
he=| —————— 1
‘ (3\@Htan20 @

pe_dP 1 Vm

=3 ﬁ )

A = 3V/3h2tan?0 = 24.49h2 )
hi + h

he = ——5— 4)

where:

P—indentation load;

H—indentation displacement;

f—the half-apex angle of the conical indenter;
h—maximum depth of the indenter during measurements;
h,—depth of indentation for a force equal to 0.

Internal stresses were determined as the load difference’s quotient and the indenter’s
surface area. The difference was determined as the load before and after the stress relieving
of the samples. Formula (5) was used [28]:

o= — 5)

where:

AP—load difference causing the same displacement of the indenter (for samples before and
after stress relief annealing),
A—surface area of the Berkovich indenter impression.

The forces at set depths and resultant residual stresses were calculated as the means of
25 measurements for any alloy, load value, and the presence or absence of laser treatment.
As the standard deviations of arithmetic means were very high and no normal distribution
of data could appear, in addition to the means, the medians, i.e., middle numbers of 25
measured values, were also found.

3. Results and Discussion
3.1. Surface Topography and Composition

The samples subjected to laser modification are presented in Figure 1. The surface of
each sample was significantly modified creating distinct patterns composed of valleys and
tops, as already observed [30]. The even textures were obtained by using the overlapping
of a laser beam. In addition, blue or dark blue areas were visible on each material, resulting
from local surface overheating and oxidation. The appearance of an oxide film on the
titanium treated at a sufficient fluence is usual and often reported [9,14,23]. Such behavior
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can be explained by the oxygen adsorption by metal(s) melted by laser irradiation and
eventually the formation of oxides [2].

Figure 1. The macrophotos of laser-processed samples: (a) Ti grade IV (LT1), (b) Ti7Nb6Al alloy
(LT2), (c) Til5Mo alloy (LT3).

Figure 2 shows the SEM-observed micrographs of laser-processed surfaces. The
impacts of the laser beam on the surfaces are observed as the moderate destruction of the
top layer and its partial porosity. Numerous short cracks in the surface layer appeared
within the very thin subsurface layer. Such cracks are not often reported [31,32] as they
are prevented by compressive stresses [33,34]. In [15], the formation of the cracks was
attributed to the semi-brittle layer, which experienced high lateral tensile residual stresses.

Figure 3 and Table 5 show the chemical compositions of samples after laser treatment.
For sample LT2, the weight content of aluminum decreased by more than half, and a similar
change was noted for niobium. After applying the laser treatment to the LT3 sample,
the molybdenum-to-titanium ratio was significantly reduced. Thus, even qualitatively,
all elements were present within the remelted zone; quantitatively, some of them could
either evaporate or diffuse into a deeper part of the specimen. Moreover, the change in
intensities of metallic elements was determined by the chemical and phase compositions
of the laser-treated alloys. The small relative differences in EDS-measured contents of
elements of the TC4 medical alloy showed a moderate decrease for all metals at the expense
of oxygen [18], and this observed behavior can be attributed to the formation of oxides.

The XRD spectra observed for each investigated surface are shown in Figure 3. The
symbols (*) in the graphs indicate the reflections of the precipitates detected for individual
materials, which do not result from the base material. In the case of sample LT2, the
analysis allowed the identification of niobium oxide Nb,Os (red *) appearing at 36.99° and
70.69° angles (according to JCPDS no. 30-0873]; in sample LT1, titanium oxide TiO; (black *)
(anatase) was identified by peaks at 36.98° and 53.99° angles (JCPDS no. 21-1272), while in
the LT3 sample, molybdenum oxides were identified MoO, (green *) for 37.13° and 37.95°
angles (JCPDS no. 86-0135) and MoOj3 for 39.23° (red *) angle (JCPDS no. 05-0508). The
appearance of oxides of alloying metals was then confirmed, as previously observed [14].

The microstructure and chemical composition created on the cross-sections of laser-
remelted surface layers are shown in Figure 4. The EDS analysis of the chemical composition
of the cross-sections of the remelted layers was conducted over a length of 150 um—starting
from the near-surface zone, ending on the base material zone, and the averaged results from
eight scanning lines were presented. These results confirm the presence of all significant
alloying elements and their relative stability within the remelted zone. Thus, the applied
pulse laser processing was relatively short and the fluence was small enough to avoid an
excess diffusion of metals.
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Figure 2. Surface topographies of laser-processed samples (different magnifications for each pair of
samples): (a,a”) LT1, (b,b") LT2, (c,c’) LT3.

Table 5. The chemical compositions of samples after laser treatments (based on EDS analysis).

Material Mo Nb Al (@) Ti
LT1 15.19 84.81
LT2 3.73 2.69 93.58

LT3 7.04 92.96
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Figure 3. Chemical and phase compositions of surface layers of the laser-processed samples: (a) LT1,
(b) LT2, and (c) LT3. EDS: (a’) LT1 (*TiOy), (b") LT2 (*Nb,Os), and (¢’) LT3 (*MoO, and MoOs3). XRD.

Table 6 presents the means of thickness values for all the remelted surface layers. These
values are relatively low, compared to, e.g., the 900 um zone for 500 W of laser power [35];
over 500 um with an Nd:YAG laser [17] 400-500 um at 500 W [36]. On the other hand,
in [23], the hardness changed from 165 HV to the maximum value of 256 HV at 3 um and
decreased at the depth of 9 um. It was also to note that the cited investigators reported
on the zone inside which the hardness changed from an initial surface value to reach a
constant value; it can be estimated that the remelted zone is approximately two-fold smaller.
The large fluctuations of chemical contents are difficult to explain; most likely, they can be

attributed to highly inhomogeneous subsurface zones after laser processing.
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Figure 4. Cross-sections of laser-processed samples (on left; SEM) and results of chemical analyses
(on right, EDS): (a) LT1, (b) LT2, (c) LT3.
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Table 6. Thickness values with standard deviations.

Mean Thickness + SD

Sample (um)
LT1 65.87 £ 8.82
LT2 126.42 4+ 11.90
LT3 72.50 £+ 1.56

3.2. Roughness

Table 7 shows the results of roughness measurements as arithmetic means of six tests
for each sample, along with standard deviations. The roughness of the surface layer is
significantly dependent on the laser process parameters, the preliminary surface state, and
the alloy chemical and phase composition. In some other research, the roughness Ra was
reported as only 15 to 65 nm for a pulse laser power density of 0.16 to 0.8 GW /cm? [18],
70-350 nm for laser fluence 0.8-5.9 J/cm? [10], 0.2-3.3 um for femtosecond laser [34], 50 to
230 um for 100-250 W of laser power [35], and for a nanosecond laser, the Sa value ranged
between 0.42 and 6.94 um [35]. It is incorrect to compare Ra and Sa values, as the first is
derived from 2D data in one deviation, and the second is calculated from 3D dataset over an
area. The more isotropic the surface, the closer both values are to each other; however, the
differences are usually not drastic. For our measurements, even though the Ra values were
calculated based on five parallel tests, the possible effect of texture originating from laser
beam direction anisotropy could not be neglected. What is important is that we compared
the effect of processing parameters on the roughness measured based on the same reliable
technique and according to the same standard. It was observed that Ra values we estimated
and that other researchers presented appeared in the same magnitude order [10,33].

Table 7. Roughness results with standard deviations.

Roughness Ra
Sample [um]
BM LT
1 0.17 £0.03 0.22 £ 0.05
2 0.16 £+ 0.04 1.05 £ 0.09
3 0.38 £0.03 1.68 £ 0.06

3.3. Mechanical Properties

For each of the materials, base, laser treatment, and annealed base and laser treatment,
a load-strain hysteresis diagram was plotted during the nano-indentation measurement.
The shape of the unloading curve directly affected the mechanical properties of the material
determined by the Oliver-Pharr method. The unloading curve started from the value of the
maximum indenter depth. Its end occurred at the maximum depth for which the indenter
was in contact with the surface of the sample. An example of such a curve is shown
in Figure 5. The graphs illustrate the shape of the curve for the 13th nano-indentation
measurement for all groups of samples. A decrease in the depth of maximum indentation
after annealing compared to samples without annealing was observed for all samples
tested. The decrease was observed for both bare materials (BMs) and laser-treated (LT)
samples. The slope angle of the unloading curve indicates the plastic—elastic nature of the
tested material [37]. In the case of the measurement with a maximum force of 50 mN, it
was observed that the angle of the unloading curve (the tangent relative to the top 60%
of the obtained force-displacement values) concerning the x-axis was smaller than for the
measurement with a maximum force of 200 mN, which may indicate a change similar to
the tested material depending on the maximum depth at which the measurement was
performed. As the force and maximum depth increased, the material showed a decreasing
plastic—elastic character. The greatest changes in the hysteresis shape for the samples before
and after annealing was observed for sample number 3 (Til5Mo).
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Figure 5. Indentation curves of BM and LT samples and annealed BM and LT samples ((1)—Ti grade
1V; (2)—Ti7Nb6Al; (3)—Til5Mo) loaded with a maximum force of 50 and 200 mN.

The results of the nano-indentation tests are summarized in Table 8. The chemical
composition of the material influences the hardness and Young’s modulus. The laser
treatment significantly toughened the surface layer, as demonstrated by the hardness
increasing by over 30% and Young’s modulus decreasing by over 15%. The effect resulted
from the formation of a small-grain recrystallization zone within the subsurface layer.
Compared to the other results, laser irradiation with a femtosecond laser resulted in an
increased hardness to 408 HV [34]; from 300 to 440 HV [35]; from 217 HV to 348 HV; Ra
from 50 to 230 um; hardness from 300 to 770 HV; [18] Ra from 15 to 65 nm; hardness from
330 to 440 HV [12]; and hardness of 8 GPa [19,33]. These values correspond to the present
results and the decreasing Young’s modulus values with increasing hardness. The most
considerable increase in hardness was obtained for the Ti7Nb6Al alloy. As regards Young’s
modulus, its increase corresponded with the previous result [23], showing a change in the
E value from 40 to 60 GPa at 3 um.

Table 8. Hardness and Young’s modulus results after nano-indentation test.

BM LT
Sample Hardness Young’s Hardness Young's
(GPa) Modulus (GPa) Modulus
(GPa) (GPa)
1 5.46 + 0.58 169.13 +9.26 7.19 +2.49 130.61 £ 6.51
2 5.17 + 0.65 153.34 +11.44 7.45 + 1.40 132.01 £+ 15.32
3 591 +1.26 128.44 4+ 16.43 7.04 £+ 0.69 97.50 £+ 13.04
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The effect of annealing on mechanical behavior is illustrated by the D change in
hardness for Ti specimens shown in Figure 6 for native substrates, and in Figure 7 for

laser-processed titanium. The hardness distribution maps for the Ti6 Al7Nb and Til5Mo
samples are shown in Figures S1-54 in the Supplementary Materials.
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Figure 6. Three-dimensional hardness maps of the BM and annealed BM of Ti samples.
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Figure 7. Three-dimensional hardness maps of the LT and annealed LT of Ti samples.

The obtained 3D distributions of the tested materials indicated an uneven distribution
of mechanical properties (nanohardness) on the tested surface. As the force increased (from
50 to 200 mN), an increase in the uniformity of the distribution of the tested properties
was observed for all groups of specimens. This was probably due to a decrease in the
influence of the roughness of the tested surface with an increase in the maximum force,

which influenced the increase in the maximum depth of the measurement performed. In
the case of samples after laser treatment (Figure 7), a more uneven distribution of properties
was obtained, which, due to the increase in the surface roughness after the laser treatment
process, confirmed the previous hypothesis. The 3D distribution maps presented for Ti
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specimens for all cases studied showed an increase in hardness after annealing, which was
greater for measurements performed with a lower maximum force (50 mN). The increase in
hardness after annealing was already observed in a previous study [27] with a simultaneous
reduction in residual tensile stresses. Similar results have been previously reported; the
higher the annealing temperature, the greater the hardness, the effect disappearing only for
annealing over 1000 °C, and the effect was attributed to the formation of martensite during
cooling following annealing [38]. Moreover, it might also be the effect of the rearrangement
of the dislocated structure within a thin subsurface layer, mainly its movement towards the
surface, stopping and interacting, resulting in the appearance of surface cracks.

Based on the obtained results, the differences in the average values of the forces causing
the same indentation were calculated for samples before and after stress relief annealing, to
determine the stresses at the same embedding depths. Tables 9 and 10 show the values of
the mean values of differences together with the standard deviations between the loading
forces, 50 or 200 mN, and the forces measured at a depth of 300 nm, before and after stress
relief annealing. Moreover, as the normal distribution of data (25 measurements for each
value) was uncertain, the medians were also obtained for each such group and presented in
Tables 11 and 12. Residual stresses of native materials and following laser treatment were
determined assuming a constant measurement depth of 300 nm and indentation area of
2.2041 nm?.

Table 9. Differences between an imposed and residual force value and resultant residual stress values
following stress relief annealing for different bare alloys and loadings. The means and standard
deviations are shown.

Means of
Differences of

Material

Maximum Load

Forces at the

Mean Resultant

(mN) Assumed Depth Stress Value (GPa)
(mN)

50 5.31 +1.38 2.41 4+ 0.63
BM1

200 5.88 4+ 3.09 277 +£1.29

50 5.82 +1.83 2.64 + 0.82
BM2

200 5.76 + 3.22 272 +1.35

50 9.94 4+ 6.32 451 +2.87
BM3

200 8.15 4+ 8.25 3.96 + 3.91

Table 10. Differences between an imposed and residual force value and resultant residual stress
values following stress relief annealing for different laser-processed alloys and loadings. The means

and standard deviations are shown.

Maximum Load

Means of
Differences of

Mean Resultant

Material (mN) A:s(::;lees da:)t?;th Stress Value (GPa)
(mN)
50 8.08 +2.29 3.66 + 1.04
LT 200 8.50 £ 1.52 3.86 + 0.67
50 5.73 £ 1.05 2.60 £+ 0.47
L2 200 10.42 4+ 2.83 473 +1.28
50 11.06 + 1.65 5.02 £ 0.58
LT3 200 11.97 £ 1.04 5.43 + 047
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Table 11. Differences between an imposed and residual force value and resultant residual stress
values following stress relief annealing for different bare alloys and loadings. The medians are shown.

Median of Forces at

. Maximum Load Mean Resultant
Material (@N) the Assumed Depth Stress Value (GPa)
(mN)

50 4.48 2.03

BM1
200 5.16 2.34
50 5.09 2.31

BM2
200 5.65 2.56
50 11.36 5.15

BM3
200 13.89 6.30

Table 12. Differences between an imposed and residual force value and resultant residual stress
values following stress relief annealing for different laser-processed alloys and different loadings.
The medians are shown.

Median of Forces at

. Maximum Load Median of Resultant
Material (@N) the Assumed Depth Stress Value (GPa)
(mN)

50 6.14 2.79

LT1
200 9.41 4.27
50 5.35 242

LT2
200 8.77 3.98
50 11.52 5.23

LT3
200 11.87 5.39

When discussing the results, it is useful to consider the sign and magnitude of stresses
and the effects of loading and alloy grade. Considering the loading value, the higher the
load, the higher the resultant stress. Finally, titanium and Ti7Nb6Al alloys demonstrated
similar values of excessive stress, and the Til5Mo alloy showed much higher values. The
stresses assessed were always tensile. Such behavior after laser treatment was already
observed as, e.g., 402 £ 60 MPa in [39]. The residual stresses present in thin layers reached
0.1-3 GPa in compression, and up to 1 GPa in tension [15]. It is known that [14] laser
texturing created overall tension. Here, obtained residual stresses are, as a rule, tensile
and distinctly higher than those reported in the other research. These discrepancies can
be explained by different laser processing parameters and, only to some extent, different
substrates, including the measurement technique, applied load, and indent depth, as
discussed in detail below.

As concerns the laser processing conditions, by increasing the number of laser pulses,
the mechanical state of the adjacent area is more affected. The textured surfaces exhibited
tensile residual stresses in the surface between the dimples and compressive residual
stresses at the bottom of the dimples. The pulse period is very important for the width of
the heat-affected zone and the level of residual stresses [34]. For example, for a femtosecond
laser, such a zone is below 2 um; for a nanosecond laser, it increases to 40 um; and here,
the applied pulse period was much longer. Thus, only the tensile stress induced by the
femtosecond laser could be negligible if some special measures were not used. In the
other research [40], compressive residual stress assessed at 350 MPa was observed in the
near-surface zone. This maximum tensile stress of 100 MPa appeared at a depth of ~2 mm,
and at ~6 mm, the residual stress again became compressive [36]. When increasing the
laser energy from 6 to 8 J, the compressive residual stresses increased from 450 to 510 MPa
and the affected depth from 500 to 600 um. In a similar laser treatment [41], a compressive
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stress field was evident throughout the sample thickness at both locations, decreasing from
a peak compression of 600 to 800 MPa at the surface to a minimum compressive stress of
200 MPa at the interior [31]. When increasing the laser power, a rapid increase followed by
the decrease in residual compressive stress could be observed. This might be evidence that
the laser energy can not only melt the metals, but it also can affect the dislocated structure
and movement.

We believe that the high values of our results, close to those already obtained [27],
are specific to the test technique. In [38], residual stresses were shown to be substantially
related, among the others, to the dimensions of macroscopic and microscopic stresses,
intergranular interactions caused by neighboring grain morphologies and orientations, the
presence of different phases or precipitates, variations within individual grains, and can be
attributed to, e.g., dislocations and twinning. Moreover, it is also significantly influenced
by the depth at which the stresses are measured.

The research technique we used is in accordance with the results obtained in earlier
studies [42], proving that high tensile stresses can appear in the Ti6Al4V titanium alloy
melted with the Nd:YAG laser, measured using the X-ray diffraction method.

4. Conclusions

The laser pulse treatment of the Ti, Til5Mo, and Ti7Nb6Al alloys resulted in changes
in different material and mechanical surface characteristics, such as surface topography,
roughness, chemical composition, hardness and Young’s modulus, and level of intrinsic
stresses. The effects were dependent, to a varying extent, on the alloy kind.

The impacts of the laser beam on the surfaces were observed as an appearance of pores
and short cracks within the thin subsurface layer, presumably caused by the high lateral
tensile stresses present in the brittle surface-remelted layer.

The hardness of the remelted alloys ranged between 66 and 126 MPa, being the lowest
on single-phase titanium and higher for two alloys.

The laser surface processing increased the roughness as a well-known consequence of
melting and high-speed crystallization of the surface layer. The effect of the alloy type was
negligible because of similar energy absorption levels by all Ti-based materials.

The laser treatment made the surface layer tougher as proved by the hardness in-
creasing by over 30%, and Young’s modulus decreasing by over 15%. The effects resulted
from the formation of a small-grain recrystallization zone within the remelted layer. The
chemical composition significantly influenced the hardness and Young’s modulus.

All materials possessed residual tensile stresses, in particular, the Til5Mo alloy. This
effect was specific to the measurement depth, the number of laser pulses, and the laser
power.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app13106276/s1, Figure S1: Three-dimensional hardness maps
of the BM and annealed BM of Ti7Nb6Al samples, Figure S2: Three-dimensional hardness maps of
the BM and annealed BM of Til5Mo samples, Figure S3: Three-dimensional hardness maps of the LT
and annealed LT of Ti7Nb6Al samples, Figure S4: Three-dimensional hardness maps of the LT and
annealed LT of Til5Mo samples.
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