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Abstract

Laser-induced nitriding was applied to Ti-6A1-4V ELI and Ti-6Al-7Nb al-
loys using a low-power blue diode laser (455 £ 5 nm, 22 W) under localized
high-purity nitrogen delivery. The effect of laser power on the microstructure,
phase composition, and microhardness of the treated layers was systematically
investigated. A multilayer structure consisting of a TiN-rich compound layer, a
remelted zone, and a heat-affected zone was formed. The total modified depth
increased with increasing laser power, reaching approximately 160-170 pm. X-
ray diffraction analysis confirmed the formation of titanium nitride phases, with
TiN reflections becoming more pronounced at higher laser power levels. A sub-
stantial increase in surface hardness was achieved, with maximum values of
approximately 1758 HV for Ti-6Al-4V ELI and 2233 HV for Ti-6Al-7Nb, com-
pared with substrate hardness values of approximately 300-330 HV. The hard-
ness gradually decreased with increasing depth, reflecting the transition from
the nitride-rich compound layer toward the substrate. The results demonstrate
that low-power blue diode laser processing enables the controlled formation
of TiN-based surface layers on biomedical titanium alloys and represents an
efficient approach for localized surface modification.
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Introduction. Titanium and its alloys are extensively used in biomedi-
cal applications such as orthopedic and dental implants due to their favourable
combination of low density, high specific strength, excellent corrosion resistance,
and good biocompatibility [1]. Among them, Ti-6Al-4V ELI and Ti-6Al-7Nb are
widely employed implant materials, where the extra-low interstitial (ELI) grade
is preferred for load-bearing applications due to its improved fracture toughness,
while Ti-6Al-7Nb has been developed as a vanadium-free alternative to enhance
long-term biocompatibility [2,3]. Despite these advantages, the relatively low
hardness and poor wear resistance of titanium alloys remain critical limitations,
particularly in articulating or fretting environments, where wear debris may lead
to adverse biological responses and implant failure [4].

Surface modification techniques have therefore been widely investigated to
improve the tribological performance of biomedical titanium alloys without com-
promising their bulk mechanical properties. Among these approaches, thermo-
chemical treatments such as nitriding, oxidation, and oxynitriding have proven
effective in enhancing surface hardness and wear resistance through the formation
of hard ceramic phases including TiN, TiyN, and TiOz [5]. However, conventional
gas nitriding and oxidation processes typically require high processing tempera-
tures and long treatment times, which may result in grain coarsening, distortion,
or degradation of mechanical properties, particularly in metastable oc+ 3 titanium
alloys [6,7].

Laser surface engineering has emerged as a powerful alternative for thermo-
chemical surface modification due to its localized energy input, high heating and
cooling rates, and precise controllability. Laser-assisted nitriding and oxidation of
titanium alloys have been shown to produce hardened surface layers with refined
microstructures and minimal thermal influence on the substrate [8,9]. In reactive
laser processing, the interaction between the laser-induced melt pool and a reac-
tive gaseous atmosphere enables in-situ formation of nitride, oxide, or oxynitride
layers, depending on processing conditions and gas composition [10].

Most previous studies on laser-assisted nitriding and oxynitriding of titanium
alloys have focused on high-power laser systems, such as CO5 or fibre lasers, often
exceeding several hundred watts [11,12]. In contrast, investigations employing
low-power diode lasers remain limited, despite their advantages including high
electrical efficiency, compact design, and suitability for precise surface treatment
of biomedical components [13]. Furthermore, comparative studies addressing the
influence of alloying elements, particularly aluminum, vanadium, and niobium, on
nitride layer formation and surface-hardening behaviour remain limited in the lit-
erature. The use of low-power blue diode lasers for reactive nitriding of biomedical
titanium alloys remains largely unexplored.

In this study, reactive laser nitriding of Ti-6A1-4V ELI and Ti-6Al-7Nb al-
loys was performed under a nitrogen atmosphere using a low-power (22 W) diode
laser equipped with a custom-designed nozzle for localized nitrogen delivery. The
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microstructural evolution, phase composition, and microhardness distribution of
the treated surfaces were systematically investigated. Particular attention was
given to the relationships between laser-processing conditions, nitride layer devel-
opment, and surface-hardening behaviour, as well as to the comparative response
of the two biomedical titanium alloys.

Experimental. Biomedical titanium alloys Ti-6A1-4V ELI and Ti-6Al-7Nb
were used as substrate materials. The nominal chemical composition (wt.%)
of Ti-6Al-4V ELI was 5.5-6.5 Al, 3.5-4.5 V, < 0.25 Fe, < 0.13 O, < 0.08 C,
< 0.05 N, < 0.012 H, balance Ti, while Ti-6Al-7Nb contained 5.5-6.5 Al, 6.5
7.5 Nb, <0.25 Fe, <0.20 O, <0.08 C, < 0.05N, < 0.012H, balance Ti.

Cylindrical specimens were machined from bar stock with a height of 5 mm
and diameters of 16 mm (Ti-6A1-4V ELI) and 12 mm (Ti-6Al-7Nb). Prior to laser
processing, the samples were mechanically prepared by sequential grinding with
SiC abrasive papers of increasing grit size, followed by polishing with diamond
suspensions to obtain a mirror-like surface. The samples were then rinsed with
distilled water and air dried. For metallographic examination, the polished cross-
sections were etched with Kroll’s reagent for 30 s.

Laser surface treatment was performed using a blue diode laser (455 £+ 5 nm)
with a maximum power of 22 W, equipped with a coaxial nozzle for localized ni-
trogen delivery (Fig. 1). High-purity nitrogen (99.9999%) was used as the reactive
atmosphere at a constant flow rate of 25 L/min. The samples were processed at
30%, 50%, 70%, and 90% of the nominal maximum laser power of 22 W, corre-
sponding to actual power settings of approximately 6.6, 11.0, 15.4, and 19.8 W,

laser head

N2 gas flow

diode laser
beam (455 nm)

coaxial gas nozzle

TiN-based layer Ti substrate

scanning direction )
> melt pool / reaction zone

Fig. 1. Schematic illustration of the laser surface
treatment setup with coaxial nitrogen gas delivery
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respectively. A beam spot of approximately 100 pm and a scanning speed of
1000 mm/min were used for all processing conditions.

The microstructure and thickness of the modified layers were examined by
optical microscopy on cross-sections prepared perpendicular to the scanning direc-
tion using standard metallographic procedures. The thicknesses of the compound
layer and the total modified region were determined from the cross-sectional op-
tical micrographs by measuring the distance from the treated surface to the cor-
responding microstructural boundaries. The compound-layer thickness was iden-
tified from the near-surface nitride-rich region, whereas the total modified depth
included the compound layer, remelted zone, and heat-affected zone. Phase com-
position was analyzed by X-ray diffraction (Tongda TDM-10, Cu Ka radiation,
20 = 20-80°), and phase identification was performed using reference databases.

Microhardness profiles were measured on polished cross-sections using a Vick-
ers indenter (HV0.01) with indentations applied from the surface toward the sub-
strate.

Results and discussion. Microstructure. Representative cross-sectional
micrographs (Fig. 2) reveal that laser processing in nitrogen produces a multilayer
structure consisting of a compound layer, remelted zone, and heat-affected zone
(HAZ), followed by the substrate. The thickness of the modified region increases
with laser power in both alloys.

At 30% power, only a shallow modified layer is formed (~ 40-45 pm), indi-
cating near-threshold melting. Increasing the power to 50% leads to a substantial
increase in depth (~ 95-100 pm) and the formation of a stable melt pool with cel-
lular and columnar structures. At 70%, the compound layer reaches ~ 55-57 pm,
while the total modified depth increases to ~ 135-145 pm.

At 90%, the compound layer thickness remains nearly constant (~ 56-57 pm),
whereas the HAZ expands significantly, resulting in a total depth of ~ 170 pm.
Local surface irregularities and cracking are observed at this condition. The oc-
currence of local cracking at 90% power suggests that the highest energy input
introduces excessive thermal loading of the surface. The rapid heating and cool-
ing associated with laser processing can generate high local thermal stresses, par-
ticularly within the hard nitride-rich surface layer. In addition, the nearly un-
changed compound-layer thickness between 70% and 90% power, together with
the pronounced increase in HAZ depth, indicates that the additional laser energy
primarily promotes deeper thermal modification rather than further compound-
layer growth. Consequently, intermediate laser power provides a more favourable
balance between nitride layer formation, surface hardening, and preservation of
surface integrity.

The results indicate a transition from limited melting at low power to stable
reactive melting at intermediate power, followed by saturation of compound layer
growth at higher power, where further energy input primarily increases the HAZ
depth.
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Fig. 2. Cross-sectional microstructures of Ti-6Al-4V ELI (A-D) and Ti-6Al-7Nb (E-H)
after laser nitriding at 30%, 50%, 70%, and 90% of 22 W

The evolution of the multilayer structure is governed by laser power, which
controls melt pool temperature and nitrogen incorporation. At low power, lim-
ited melting produces a thin compound layer, while increasing power leads to a
stable melt pool and enhanced nitride formation. At higher power, the compound
layer thickness approaches saturation (~ 55-57 pm), and further energy input
mainly increases the HAZ depth, indicating diffusion-limited growth, consistent
with previous studies [14, 15].

Phase analysis. Figure 3 presents the XRD patterns of the untreated and
laser-treated samples. The untreated alloys are dominated by o-Ti reflections,
with minor 3-phase contributions.

After laser nitriding, additional diffraction peaks corresponding to TiN are
observed, confirming the formation of nitride phases. The TiN reflections gen-
erally become more pronounced with increasing laser power. At 30% power, the
nitride reflections are relatively weak, whereas at 50-70% they become clearly
defined and are most pronounced at 90% power. This evolution is consistent
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Fig. 3. XRD patterns of Ti-6A1-4V ELI (left) and Ti-6Al-7Nb (right) substrates and samples
laser-treated under nitrogen at 30%, 50%, 70%, and 90% of the nominal 22 W power
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with the progressive development of the TiN-containing surface layer. However,
because XRD peak intensity may also be influenced by phase fraction, crystallo-
graphic texture, and measurement conditions, the changes in peak intensity are
interpreted qualitatively rather than as a direct quantitative measure of nitro-
gen concentration. Minor contributions from TisN cannot be excluded because of
peak overlap, whereas no distinct TiOg reflections are detected. A small uniform
peak shift is attributed to sample displacement during measurement.

Overall, the XRD results confirm the formation and progressive development
of TiN-based surface layers during laser processing in nitrogen. The increasingly
pronounced TiN reflections are consistent with enhanced nitride formation at
higher laser power. The absence of distinct oxide reflections indicates that nitrid-
ing is the dominant reaction under the applied processing conditions, although
minor contributions from TisN cannot be excluded.
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Fig. 4. Cross-sectional microhardness profiles (HV0.01) of Ti-6A1-4V ELI (left) and Ti-6Al-7TNb
(right) as a function of depth from the laser-treated surface under nitrogen at 30%, 50%, 70%,
and 90% of the nominal 22 W power
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Microhardness. The microhardness profiles (Fig. 4) show a significant in-
crease in surface hardness after laser nitriding for both alloys. Maximum values
are observed near the surface (~ 5 yum), reaching ~ 1758 HV for Ti-6Al-4V ELI
and ~ 2233 HV for Ti-6A1-7Nb, compared to ~ 300-330 HV for the substrates.

Hardness decreases gradually with depth, reflecting the transition from the
nitride-rich compound layer to the remelted and heat-affected zones. The hard-
ened region extends up to ~ 70 pm in Ti-6Al-4V ELI and ~ 90 pm in Ti-6Al-7Nb
at higher laser powers.

Increasing laser power leads to higher surface hardness and deeper hardened
layers, with maximum values at ~70% power and slight saturation at higher power.
Ti-6Al-7Nb exhibits consistently higher hardness than Ti-6Al-4V ELI.

The results confirm that laser nitriding produces pronounced surface hard-
ening consistent with the formation of TiN-based layers and the observed mi-
crostructural evolution. The high hardness values are attributed to the formation
of TiN-based phases, consistent with literature data for laser-nitrided titanium al-
loys [15]. Maximum hardness is achieved at ~ 70% power, while slight reduction
at higher power may be related to remelting or defect formation.

Conclusions. Laser-induced nitriding of Ti-6A1-4V ELI and Ti-6Al-7Nb
alloys was successfully achieved using a 455 nm diode laser under a nitrogen
atmosphere. The treatment produced a multilayer surface structure composed
of a nitride-rich compound layer, a remelted zone, and a deeper heat-affected
zone. The thickness of the modified region increased with increasing laser power,
reaching total depths of approximately 160-170 pm at the highest processing
conditions.

X-ray diffraction analysis confirmed the formation of TiN-based phases on
the treated surfaces. The TiN reflections became progressively more pronounced
with increasing laser power, consistent with enhanced development of the nitride-
containing surface layer. No distinct TiO5y reflections were detected under the
applied processing conditions, although minor contributions from TisN cannot be
excluded.

Laser nitriding resulted in a substantial increase in surface microhardness.
Maximum values of approximately 1758 HV for Ti-6A1-4V ELI and 2233 HV for
Ti-6Al-7TNb were obtained, compared with substrate hardness values of approxi-
mately 300-330 HV. The hardness gradually decreased with increasing depth, re-
flecting the transition from the nitride-rich compound layer through the remelted
and heat-affected zones toward the unaffected substrate.

Among the investigated processing conditions, approximately 70% of the
nominal laser power provided the most favourable combination of nitride layer
development and surface hardness. Increasing the power to 90% produced only
a limited further increase in compound-layer thickness while increasing the heat-
affected depth and promoting local surface irregularities and cracking. These
results demonstrate that low-power blue diode laser nitriding is an effective ap-
proach for localized surface hardening of Ti-6Al-4V ELI and Ti-6Al-7Nb alloys.
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