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Additive manufacturing is revolutionizing sustainable manufacturing by optimizing production 
processes and enhancing material and energy efficiency, reducing waste, and lowering resource 
consumption. Its integration with renewable energy sources further amplifies these benefits by 
reducing time, energy consumption and minimizing ecological impact. Currently, no studies have 
reported on high-temperature gas nitriding or the combined thermochemical and thermal treatment 
of Ti6Al4V alloy produced by selective laser melting (SLM) in a solar furnace (SF) using Concentrated 
Solar Energy (CSE) as a clean, renewable energy source. This paper presents the first study on 
the simultaneous thermal and gas nitriding thermochemical treatment of the Ti6Al4V ELI alloy 
manufactured by SLM, carried out in a SF using CSE and reducing post-processing times. Samples 
made of SLM Ti6Al4V ELI alloy were subjected to gas nitriding in the SF at temperatures of 900, 1050, 
and 1200 °C with short holding times of 5, 10, and 15 min. SEM–EDS, XRD analyses, and micro-
Vickers hardness tests conducted on samples nitrided in SF, using CSE, confirmed the development 
of a nitrogen compound layer and a nitrogen diffusion zone, accompanied by a significant increase 
in microhardness, but achieved within a considerably shorter processing time. Total post-processing 
time for gas nitriding in the SF is up to 73% shorter than in conventional furnace. Simultaneously with 
gas nitriding thermochemical treatment, as-fabricated microstructure of Ti6Al4V ELI alloy, an acicular 
α′ martensite, was transformed into α + β with different morphologies. This paper demonstrates the 
integration of high-temperatures solar energy technology into the thermal post-processing of Ti6Al4V 
alloy, manufactured by the SLM additive manufacturing process, through nitriding thermochemical 
treatments.
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FC	� Furnace cooling
FCC	� Face-centered cubic
HCP	� Hexagonal close-packed
LOM	� Light optical microscopy
ODL	� Oxygen diffusion zone
OM 	� Optical microscopy
PSA	� Plataforma Solar de Almeria
SCADA	� Supervisory control and data acquisition
SEM	� Scanning electron microscopy
SF	� Solar furnace
SLM	� Selective laser melting
SLMed	� Selective laser melted
XRD	� X-ray diffraction

In recent years, both researchers and industries have shown considerable interest in AM technologies, particularly 
SLM, because they enable the rapid fabrication of complex, lightweight, and customized components with efficient 
material use1,2. Today, hard materials or materials with a high melting point can be produced with SLM, such as 
Ti6Al4V alloy. Additionally, the industry recognizes AM as a green technology to achieve green and sustainable 
manufacturing due to less raw material requirements, which produces less waste, reducing scrap and carbon 
footprint3. Aerospace, automotive, chemical industries, marine applications, various corrosive environments, 
sports equipment and medicine extensively use titanium and its alloys. In the medical field, titanium is often 
used to replace heart valves, joints, and bones. Ti6Al4V alloy stands out for its high strength, excellent toughness, 
low specific weight, good resistance to corrosion, outstanding biocompatibility, and relatively low elastic 
modulus4,5. However, its low elastic modulus and thermal conductivity make it challenging to manufacture 
complex components using conventional processing methods4. Additive manufacturing technologies, on the 
other hand, enable the production of such complex parts. Because of their poor tribological properties, such as 
low abrasive wear resistance1,2, poor fretting behavior, and a high coefficient of friction6,7, industries rarely use 
titanium and its alloys in mechanical applications involving moving components. In biomedical applications, 
long-term implants made from titanium, particularly in artificial joints, can release wear particles that may 
trigger osteolysis and lead to implant rejection. Accordingly, various methods have been proposed for enhancing 
the mechanical, tribological and biocompatibility performance of Ti alloys such as heat processing and surface 
thermochemical treatments2,8.

The most well-known and used thermochemical treatments for titanium and its alloys are nitriding6,9, 
oxidation2,4 and carburizing8,10 which allow improving the surface properties. Nitriding has proven to be 
beneficial for titanium and its alloys because it allows obtaining a high hardness due to the surface compounds 
TiN and Ti2N and also the substantial solubility of nitrogen in the α-phase. In this way, there is a gradual 
transition from the surface layer with high hardness to the softer substrate (bulk material)2. Different methods 
are used for the deposition of TiN layers on titanium substrate and its alloys, such as laser nitriding10,11, plasma 
nitriding8,12, ion implantation8,13 or gas nitriding5,7. Gas nitriding stands out as a simple and cheap method 
because it does not require special equipment8,9 and also is independent of the geometry of the sample which is 
a major advantage of this method. It is also well known that gas nitriding reduces the fatigue limit of titanium 
alloys, nitrided layers exhibit high hardness, which enables them to withstand high temperatures, and high wear 
and corrosion resistance1,14. A disadvantage of gas nitriding of titanium alloys is carried out at high temperatures 
(650–1000 °C) and longtime of up to 100 hours8,10 either under the atmospheric pressure or in rarefied nitrogen. 
Prolonged exposure to high temperatures causes irreversible grain growth in the titanium matrix, resulting in 
brittle surface layers and a significant decrease in the mechanical properties of nitrided workpieces1,13. It is also 
well known that titanium is inherently highly reactive and has a strong chemical affinity for oxygen, which 
intensifies at temperatures above 600 °C. Therefore, treatments must be carried out in controlled atmosphere14,15. 
An effective approach to eliminate the negative consequences of high temperatures nitriding is to decrease the 
nitriding time as well as to identify some factors that can lead to intensification of the process6 which allow 
providing the effective surface strengthening. The use of vacuum technology elements and corresponding initial 
deformation texture can allow intensifying the process of nitriding of titanium alloys in molecular nitrogen but 
the time of treatment remains still long.

SLM is an AM process through which components are built by selectively melting powder layers, with a 
focused laser beam, from various engineering metallic materials16,17. Regarding Ti6Al4V due to the specific 
process conditions, after SLM the as-fabricated microstructure of Ti6Al4V consists of a fine acicular martensite 
(α′ phase)18. This acicular martensitic microstructure is unstable, with internal stress, and oriented. Studies 
have shown that Ti6Al4V alloy components fabricated through SLM have high yield strength, high ultimate 
tensile strength than those fabricated using traditional casting processes but a low ductility and low corrosion 
resistance as the result of the large quantity of α′ phase1,18. Therefore, the microstructure of the as-fabricated parts 
could only be modified by using post-processing heat treatment to improve mechanical properties8,18 both for 
Ti6Al4V and other alloys 16,17,19,20. Gas nitriding effectively enhances the tribological and mechanical properties 
of SLM Ti6Al4V parts, which often have complex geometries such as medical implants, because the method 
operates independently of samples/parts shape1,8 despite its long treatment duration14. The high-temperature 
gas nitriding process might be beneficial for the microstructure of Ti6Al4V produced by SLM process (which is 
an acicular martensite, α′ phase) because this microstructure must be subjected to heat treatment to improve its 
mechanical properties. The temperature, holding time, and environment, used in the gas nitriding process, lead 
to transformation of initial acicular martensite into microstructure consisting of α + β phase. Therefore, it can be 
considered as simultaneous thermal and thermochemical treatment of Ti6Al4V produced by SLM process. This 
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will allow a considerably shortening the post-processing time of Ti6Al4V parts manufactured by SLM. To date, 
there are very few studies on SLM Ti6Al4V gas nitriding and the existing ones are carried out in conventional 
(electric) furnaces. Studies have also been reported on the in-situ nitriding of Ti6Al4V by mixing different 
concentrations of nitrogen with Ar21,22 as well as studies on subjecting, first, commercially pure titanium (CP–
Ti) powder to a heat treatment in N2 environment and then processed by AM23,24. To reduce nitriding time, 
preliminary studies demonstrated a great reduction in the nitriding time when the process is carried out in 
solar furnaces due to the activating effect of concentrated solar energy on thermochemical processes at high 
temperature14,15. In25,26 was reported the use of CSE can be applied as an alternative to other types of energy 
beams for treating and modifying the surfaces of metallic materials. By delivering intense energy to small areas, 
CSE rapidly achieves high temperatures in very short times that accelerate diffusion processes. Rodriguez et al.14 
used concentrated solar energy in gaseous nitriding of Ti6Al4V alloy discs as a renewable energy and alternative 
to conventional processes. The treatment was carried out in a Fresnel lenses solar installation at 1100, 1150 and 
1200 °C with holding time of 10 min. They also studied the effect of treatment duration at 1200 °C for 5, 10, 
and 15 min, finding that the highest hardness (2100 HV) was achieved after 15 min, compared to 8 h required 
in an electric furnace. Other researchers27,28 nitrided titanium alloys using CSE and Fresnel lenses29, obtaining 
TiN and TiN0.3 films approximately 6 μm thick in only 2 min. Rodríguez et al.15 obtained films of TiN of 10 µm 
and 1400 HV after 15 min at 1000 °C while after 5 min, at the same temperature, TiN was already detected. It 
was observed improvements in time for the nitriding process14 and the rate of deposition was faster than in 
conventional furnaces27,28.

To date, researchers have not published any studies on high-temperature gas nitriding or on the simultaneous 
thermochemical and thermal treatment of Ti6Al4V alloy produced by the SLM process in a solar furnace using 
CSE as a renewable energy source. Therefore, a first objective of the paper is the high-temperature gas nitriding of 
Ti6Al4V produced by SLM process in solar furnace using CSE, as an alternative to conventional post-processing 
that employ electrical furnaces. In the paper, attention was also paid to the effect of concentrated solar radiation 
on the activation of the gas nitriding process of Ti6Al4V produced by SLM technology when solar furnace is 
used, which will result in reducing the thermochemical treatment time.

Materials and methods
Material and manufacturing process
Cubic samples measuring 10 × 10 × 10 mm were fabricated by selective laser melting using a Sisma Mysint100 
RM machine, from Ti6Al4V ELI powder in an Argon atmosphere. The composition of the Ti6Al4V ELI alloy 
powder, supplied by Carpenter Additive, is detailed in Table 1. All samples were manufactured in the same batch 
with the following process parameters: laser power of 200 W, layer thickness of 25 µm, hatch space of 100 µm, 
scanning speed between 1000 and 1500 mm/s. The building axes of samples were parallel to the Z direction and 
on the core surfaces it was used the island scanning strategy. In order to preserve the microstructure as it resulted 
after the selective laser melting, the samples were not subjected to stress relief treatment.

Gas nitriding thermochemical treatments
The gas nitriding thermochemical treatments were carried out in the horizontal solar furnace, SF40, from the 
research center Plataforma Solar de Almeria (PSA), Spain. Solar furnace, SF40, can deliver up to 40 kW power 
at peak concentration ratios exceeding 7000 kW/m2 (7000 suns)30. All thermochemical treatments were carried 
out in a mixed gas atmosphere composed of N2—5% H2 with heating and cooling rate of 80 °C/min and an Ar 
flow of 400 l/h. Inside the spherical vacuum chamber (Fig. 1a), the samples were placed on a zirconia felt plate 
and for measuring and monitoring the temperature of the thermochemical treatment, type K thermocouples 
were used. The internal temperature of each sample was monitored by inserting a K-type thermocouple (TK01) 
into a hole, 8 mm deep, situated at the base of the sample. The SCADA (supervisory control and data acquisition) 
software system was used to control and monitor radiation, temperature, shutter aperture, test table movement, 
as well as data acquisition.

To remove impurities and oxygen from the spherical vacuum chamber, it was cleaned with one flow of Ar 
and two of N2, before each gas nitriding treatment. Gas nitriding was performed at different temperatures, 
below and above β-transus (995 °C), presented in Table 2. For comparative analyses, gas nitriding treatments 
in the electric furnace (EF) were also carried out. Gas nitriding was performed in Nabertherm electric furnace, 
in N2 gas at atmospheric pressure and heating and cooling rate of 20 °C/min (maximum heating rate allowed 
by the Nabertherm furnace). Temperatures and holding times are also presented in Table 2. The nitriding 
thermochemical treatment cycle (900 °C, 15 min) for sample S11 (in EF, using conventional energy) and S21 
(in SF, using CSE) in Fig. 1b and c is presented. The key stages underlying the entire experimental procedure are 
illustrated in the simplified diagram shown in Fig. 1d.

Characterization methods
Cross-sections of both the as-fabricated SLM Ti6Al4V samples and those subjected to gas nitriding 
thermochemical treatment were embedded in resin and prepared through grinding and polishing using a 
LaboPol-Struers machine. Subsequent chemical etching was performed with Kroll’s reagent (100 mL distilled 

Powder Titanium [%] Aluminium [%] Vanadium [%] Iron [%] Oxygen [%] Carbon [%] Nitrogen [%] Hydrogen [%] Yttirum [%] Other [%]

Ti6Al4V ELI balance 5.50–6.50 3.50–4.50 0.25 0.13 0.08 0.03 0.0125 0.005 < 0.10

Table 1.  Ti6Al4V ELI powder composition.
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Fig. 1.  Gas nitriding thermochemical treatment. (a) Sample inside vacuum chamber of SF40 before gas 
nitriding with CSE; (b) Thermal cycle of S11 sample (900 °C, 15 min) in EF; (c) Temperature, radiation, and 
shutter aperture during gas nitriding of S21 sample in SF (900 °C, 15 min); (d) simplified diagram of the overall 
experimental procedure.
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H₂O, 6 mL HNO₃, 3 mL HF) for five seconds, followed by rinsing with water and ethanol. Optical microscopy 
(OM) was carried out on LEICA DR IRM and ZEISS Axio Imager microscopes. Scanning electron microscope 
(SEM), Merlin Gemini II of ZEISS, was used for SEM analysis which is equipped with an electron dispersive 
spectrometer (EDS, Bruker Quantax 800). Energy dispersive X-ray spectrometry (EDS) mapping was used 
to evaluate structural characteristics down to an atomic level. The composition of the nitrided surfaces was 
determined by X-ray diffraction (XRD) analyses carried out with D8 Advance Brucker diffractometer using 
Cu K-α radiation and a 2θ range of 20–90°. Vickers microhardness was measured on the cross-sections of the 
samples with FM 700 microhardness tester under a constant load of 100 gf, for 10 s. 5 measurements were made, 
in the horizontal direction, onto the nitrogen compound layer (where it is clearly visible) and on the zone/layer 
in the upper part of the cross-section (where the compound layer should have been). The average value of the five 
measurements was used in the graphic representation of the microhardness evolution. Another 5 measurements 
were made from the surface to the inside of the sample, starting from the third indentation among the five 
made in the horizontal direction. To measure the thickness of the nitrogen compound layers, SEM and OM 
micrographs were analyzed using Fiji31 and ZEISS ZEN software.

Results and discussion
It is well known that the microstructure of SLM material is obtained by extremely high cooling rate, inherent 
in the SLM process18,32 and it is completely different from that of Ti6Al4V obtained by classical technologies 
(casting or forged)33,34. Consequently, we could expect a different process kinetics of the nitriding process, 
as well as different morphologies and properties of the microstructures. In this research, as expected, the as-
fabricated SLM Ti6Al4V microstructure contains both metastable acicular martensite (α′ phase) and elongated 
prior β grains (Fig. 2a,b). Temperature and fast-growing rate result in α′ needles with specific orientation32,33 
within prior β grain.

After the nitriding thermochemical treatment in the solar furnace, the samples changed their color from bright 
gray (the color of the Ti6Al4V alloy obtained by SLM) to light or dark golden, depending on the temperature 
and holding time. The change of the sample color to golden signifies the formation of a nitrogen diffusion zone 
and, correspondingly, the development of a nitrogen compound layer, findings that align with those reported in 
previous studies2,14. The surface appearance of the samples subjected to nitriding thermochemical treatment in 
the electric furnace (EF) differed notably from those treated in the solar furnace (SF). Following EF nitriding, 
most samples exhibited a brown or dark gray surface layer, depending on the temperature and holding time. 
This gray layer was brittle, and its removal revealed the underlying final surface morphology of the EF nitrided 
samples.

SEM and XRD analyses revealed that, during the gas nitriding process in EF, the oxidation of the SLM Ti6Al4V 
samples also occurred. The resulting oxide layer impeded the nitriding process from proceeding properly, even 
though, before the actual nitriding, the electric furnace was cleaned by impurities and oxygen following the same 
preparatory steps applied in the SF process. Some authors35 consider that argon gas impurities, including oxygen 
and water vapor, could be potential sources of contamination. The resulting oxide layer inhibits the nitrogen 
diffusion into the substrate material. This phenomenon has also been observed in previous published studies36.

Sample number Furnace

Temperature [oC]

Holding time [minutes] CoolingBelow β-transus Above β-transus

S10

Solar furnace

900 5

Furnace cooling

S4 900 10

S11 900 15

S12 1050 5

S5 1050 10

S13 1050 15

S14 1200 5

S7 1200 10

S15 1200 15

S19

Electric furnace

900 5

S20 900 10

S21 900 15

S16 1050 5

S17 1050 10

S18 1050 15

S23 1200 5

S22 1200 10

S24 1200 15

Table 2.  Gas nitriding thermochemical treatments.
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Gas nitriding of SLM Ti6Al4V alloy below β-transus
The thermochemical nitriding treatment at 900 °C, with a holding time of 5 min, carried out both in SF using 
CSE (Fig. 3a) and in EF (Fig. 4a) did not result in the formation of a nitrogen compound layer on the surface 
of the samples, S10 and S19 respectively, very clearly visible and delimited, as illustrated in the OM and SEM 
micrographs in Figs. 3b,4b, and 3c, 4c, respectively. Microscopic images in Figs. 3b and 4b indicate that, 
following thermochemical treatment at 900 °C for 5 min, the microstructures of samples S10 and S19 remain 
predominantly composed of α′ martensite (because of low temperature and short time).

Also, the long, columnar prior β grains, specific to the SLM Ti6Al4V microstructure, are still visible both in 
the cross section of the S10 samples, nitrided in SF (Fig. 3b), and of the one treated in EF (Fig. 4b).

Line scan SEM–EDS analysis presenting the elemental distribution along the scanning path on the top 
surface of the cross-section is shown in Fig. 3c–e. On the upper surface of sample S10, a light-colored area in 
the outermost surface is observed, which can be attributed to a nitrogen diffusion zone within the Ti6Al4V 
substrate. Specifically, an interstitial solid solution of nitrogen in the HCP α-titanium phase, as previously 
reported8,36. Figure 3d and e illustrate that the nitrogen concentration in the outermost white area is higher than 
Al and V, indicating that a nitriding duration of only 5 min is sufficient to generate a nitrogen-rich surface layer. 
Aluminum and vanadium are expelled from N—rich area toward the interior of the sample. At the peak intensity 
within the white region, the nitrogen content (mass percent, wt%) reaches 11.197%, while aluminum and 
vanadium contents are 3.872% and 0.0%, respectively. Beneath this outermost white zone, nitrogen concentration 
gradually decreases with depth, towards the inside of the sample, whereas Al slightly increases. A very slightly 
increase in vanadium content is also observed within the β-phase laths. These results reveal that during SF gas 
nitriding, using CSE, additional factors such as solar radiation which contribute to the intensification of nitrogen 
diffusion into the SLM Ti6Al4V alloy37. The SEM micrograph in Fig.  3c reveals a predominantly bilamellar 
microstructure, characterized by α-phase laths embedded in a β-phase matrix (lamellae—like). Although the α 
lamellar phase dominates, the presence of β-phase lamellae are also discernible.

Following thermochemical gas nitriding in the electric furnace (EF) at 900  °C for 5  min, the surface of 
sample S19 became light brown (Fig. 4a), totally different from the appearance of sample S10 treated by SF gas 
nitriding. SEM (Fig. 4c) and EDS (Fig. 4d,e) analyses reveal the formation of a porous surface layer, attributed 
to oxidation occurring during gas nitriding in EF. This oxidation is also confirmed by the line scan SEM–EDS 
results (Fig. 4e), which demonstrate a substantial presence of oxygen. The formation of this oxide layer impeded 
nitrogen uptake, due to the greater affinity of titanium for oxygen than for nitrogen38. Oxygen has a higher 
solubility in α-phase, which makes it difficult to avoid the formation of oxides, as also noted in reference2. It 
should be mentioned that, regarding the thermochemical gas nitriding treatment, in the electric furnace, the 
oxidation appeared regardless of nitriding temperature and holding time, as will be discussed in the subsequent 
subsection. The optical microscopy (Fig. 4b) reveals, much more clearly than for the S10 sample nitrided in SF, 
the presence of α′ martensite and columnar prior β grains.

SEM analysis (Fig. 5a,b) carried out on internal areas of samples subjected to gas nitriding at 900  °C for 
5 min reveals that, due to the short holding time, the initial microstructure characteristic of the Ti6Al4V alloy 
produced by SLM, primarily composed of α′ acicular martensite, was not entirely transformed into the lamellar 
α + β phase (the microstructure is a mixture of α and β plates)18,33. However, there are fine needles of the α′ 
phase in the microstructure. It is found that in sample S10 treated in SF (Fig. 5a), vanadium segregation and 
subsequent β-phase formation is more prominently compared to sample S19, which was nitrided in EF (Fig. 5b).

Figure 6a–e presents the results of thermochemical gas nitriding treatment conducted using CSE for 10 min. 
The LOM micrograph in Fig. 6b reveals that columnar grains can still be identified even though the holding time 
increased from 5 to 10 min. These initial columnar grains, were also identified in samples treated in EF, appear 
more distinctly defined in this case, with clearer grains boundary.

Fig. 2.  Microstructure of as-fabricated SLM Ti6Al4V ELI. Optical micrographs of the top (a) and internal (b) 
area of sample cross-section.
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In the outermost region of the cross-section, intermittent white areas are identified in both the LOM 
(Fig. 6b) and SEM (Fig. 6c) micrographs, which are indicative of nitrogen-enriched areas. This high nitrogen 
concentration is corroborated by the line scan EDS analysis presented in Fig. 6d and e. As shown in Fig. 6e, the 
maximum nitrogen content, measured at a depth (point) of 1.206 µm, is 11.502%, while the concentrations of the 
alloying elements vanadium and aluminum are 0.931% and 3.057%, respectively. The underlying area beneath 
this nitrogen-rich surface layer also exhibits high nitrogen content relative to the sample interior, with nitrogen 
concentration gradually decreasing from the surface inward, consistent with expected diffusion behavior.

Fig. 3.  Gas nitriding at 900 °C for 5 min in solar furnace. (a) sample S10 after nitriding, (b) cross-section 
microstructure from LOM on top part of the sample, (c) SEM image on the top part of S10 sample, (d,e) line 
scan SEM–EDS analysis on the top of S10 sample cross-section.
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In the case of thermochemical gas nitriding conducted in EF at 900 °C for 10 min (Fig. 7a–e), SEM (Fig. 7c) 
and SEM–EDS (Fig. 7d–e) analyses reveal the formation of a porous surface layer on the sample surface. Beneath 
this, a continuous white layer is observed, as indicated in both Fig.  7c and d. SEM–EDS line scan analysis 
(Fig. 7e) confirms that these layers are characterized by a high O2 concentration. Nitrogen content, by contrast, is 
extremely low, suggesting that oxidation was more intense than the nitriding. In the area labeled with 1 (Fig. 7e), 
located at a depth of 12.281  µm, the O2 content reaches 28.022%, while N2 is entirely absent (0.0%). In the 
subsequent layer (the area marked with 2), situated below the oxygen-rich region (label 1), nitrogen is extremely 
low with an average concentration of 0.45%, whereas O2 has an average level of 0.92%.

Fig. 4.  Gas nitriding of S19 sample, at 900 °C for 5 min in electric furnace. (a) sample S19 after nitriding, (b) 
OM of cross-section microstructure on top part of the sample, (c) SEM image on the top part of S19 cross-
section, (d,e) line scan SEM–EDS analysis on the top of S19 cross-section.
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The average concentrations of aluminum and vanadium are 2.23% and 2.96%, respectively. The absence or 
significantly low presence of nitrogen, in contrast to the sample nitrided in SF using CSE, is attributed to the 
absorption and deposition of surface oxides, which suppressed the nitriding process. It is well known that the 
oxidation process of Ti6Al4V is more intense than nitriding and the diffusion of nitrogen in titanium is slower 
than that of oxygen, as also reported in previous studies35,37. The thermochemical gas nitriding at 900 °C for 
10 min also led to the transformation of acicular martensite α′ into a mixture of α-phase in matrix β, as observed 
in the interior microstructure of the samples (Fig. 8a,b). The microstructure of the S4 sample nitrided in SF 
(Fig. 8a) contains a higher volume fraction of α plates compared to S20 sample treated in EF (Fig. 8b) as well as 
sample nitrided in SF at the same temperature but with a holding time of 5 min (Fig. 5a).

Gas nitriding at 900 °C for 15 min, in SF, using CSE, resulted in higher absorption and diffusion of nitrogen in 
the SLM Ti6Al4V substrate (Fig. 9a–e) compared to nitriding in SF, for 5 and 10 min respectively, and nitriding 
in EF under identical thermochemical conditions (Fig. 10). The SEM (Fig. 9c) and SEM–EDS (Fig. 9d and e) 
analyses reveal the formation of a discontinuous white surface layer on sample S11, characterized by a high 
nitrogen concentration, which could be associated with the Ti2N phase, as previously reported8. According to 
the SEM–EDS line scan (Fig. 9e), the nitrogen content reaches 13.36% at a depth of 1.32 µm. Beneath this layer, 
a continuous area (layer) is observed (Fig. 9c–e), containing an average nitrogen concentration of 3.86%. In 
this area, vanadium (an average of 1.56%) is expelled towards the interior of the substrate. In this layer, the β 
plate phase is absent present in minimal quantities. This area could correspond to the beginning of the nitrogen 
compound layer formation.

As observed in the samples nitrided in the EF at 900 °C for 5 and 10 min, the sample nitrided for 15 min 
(Fig. 10a–e) also exhibited the formation of a surface oxide layer, as confirmed by SEM and SEM–EDS analyses 
(Fig. 10c–e). The SEM–EDS line scan (Fig. 10e) indicates a high oxygen concentration within both the porous 
surface layer and the bright white layer, with a peak oxygen content of 33.38% detected at a depth of 11.58 µm. 
In contrast, the nitrogen content at the same location is significantly low, at only 2.29%. Unlike the SF nitrided 
sample (S11), the sample treated in EF (S21) does not exhibit the formation of a nitrogen compound layer, as 
evidenced in Fig. 10c–e.

Gas nitriding at 900  °C for 15  min resulted in transformation, to the greatest extent, of the α′ acicular 
martensite into a mixture of α and β- phases (Fig. 11a–c). In the microstructure of the sample nitrided in SF, 
primary columnar grains were no longer observed, but some areas still contain α′ acicular martensite. This 
indicates that the selected temperature and holding time were insufficient to fully transform the initial fine 
martensite into α and β phases (Figs. 11a,9b). It is also found that the α-phase laths appear slightly coarser 
compared to those observed following gas nitriding for 5 and 10 min at the same temperature.

Gas nitriding in EF at 900 °C for 15 min had a lower effect on the bulk microstructure of the SLM Ti6Al4V 
alloy, as seen in sample S21 (Fig. 11b,c) when compared to the microstructure of sample (S11) nitrided in SF. The 
microstructure of the sample S21 consists of a mixture of α and β and still contains columnar β grains (Fig. 11c) 
containing α′ acicular martensite, as also mentioned in the works33,34. It is found that the temperature of 900 °C, 
related to the thermochemical gas nitriding treatment, promotes coarsening of width of α and β- phase in the 
substrate material, particularly for nitriding in SF, as noted in earlier studies39,40. It is worth noting that most gas 
nitriding procedures reported in the literature employ significantly longer holding times, typically at least one 
hour5,41, with only a few exceptions14,27.

Gas nitriding of SLM Ti6Al4V alloy above β-transus
The samples made of SLM Ti6Al4V ELI alloy were subjected to the thermochemical gas nitriding treatment 
at temperatures, above β-transus, of 1050 °C and 1200 °C respectively with holding times of 5, 10, and 15 min, 
respectively. After the gas nitriding process, in SF, using CSE, all the samples exhibited a surface coloration from 
light to dark golden indicating nitrogen absorption and diffusion. In contrast, samples nitrided in EF obtained 
a color from light to dark gray indicating that an oxide layer was deposited on their surface (a brittle layer that 

Fig. 5.  Internal microstructure of SLM Ti6Al4V after nitriding at 900 °C, for 5 min. (a) microstructure of S10 
sample nitrided in SF, (b) microstructure of S19 sample nitrided in EF.
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was subsequently removed). Sample S12, nitrided in the SF at 1050 °C for 5 min, along with corresponding LOM 
and SEM–EDS analyses, is presented in Fig. 12a–e. The LOM and SEM micrographs (Fig. 12b and c) reveal the 
formation of a layer on the upper (labeled with A in Fig. 12c), lateral, and lower surfaces of the sample. This layer 
is clearly demarcated from the substrate by an irregular interface.

This area corresponds to the nitrogen compound layer (TiN + likely Ti2N), while underneath the compound 
layer there is the nitrogen diffusion zone (α-Ti(N)). These interpretations align with findings reported in 

Fig. 6.  Gas nitriding at 900 °C for 10 min in solar furnace. (a) sample S4 after nitriding, (b) cross-section 
microstructure from OM on top part of the sample, (c) SEM image on the top part of S4 sample, (d,e) line scan 
SEM–EDS analysis on the top of S4 sample cross-section.
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references2,42 and are further supported by microhardness measurements. This compound layer was formed on 
all samples subjected to gas nitriding, in solar furnace, at temperatures above β-transus (1050 °C and 1200 °C 
respectively) and its thickness increases with increasing temperature and holding time. These findings are 
consistent with the papers8,43. The LOM (Fig.  12b) and SEM (Fig.  12c) micrographs of the cross-section of 
sample S12 clearly illustrate the formation of the nitrogen compound layer. Figure 12d and e show the result of 
the line scan SEM–EDS analysis in the upper part of the cross-section. It is found that the layer corresponding 
to the compound layer exhibits a high nitrogen concentration, containing an average percentage of 3.68%. The 

Fig. 7.  Gas nitriding of S20 sample, at 900 °C for 10 min in electric furnace. (a) sample S20 after nitriding, (b) 
OM of cross-section microstructure on top part of the sample, (c) SEM image on the top part of S20 cross-
section, (d,e) line scan SEM–EDS analysis on the top of S20 cross-section.
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thickness of the nitrided layers, calculated as the average of six measurements, as well as the microhardness 
values, in Table 3 are summarized. Discussions on the microhardness results are addressed in the subsection 3.3.

The results of the analyses obtained after subjecting the sample S16 to gas nitriding in EF, at 1050 °C, for 
5  min, in Fig.  13a–e are presented. In the LOM micrographs (Fig.  13b) and SEM (Fig.  13c), it is found the 
presence, in the upper part, of an area (labeled with B in Fig. 12c) completely different from the one obtained 
after nitriding in SF (Fig. 12b and c). Above this area, a layer is identified which, following the SEM–EDS line 
scan analysis (Fig. 13d and e), is confirmed to be an oxide layer because, in this layer, the average concentration 
of oxygen is 27.69%. Comparable areas to that labeled with B in Fig. 13c were also identified in the samples 
nitrided in EF at 1050 and 1200 °C, respectively, with holding times of 10 and 15 min. This area (layer) can be 
considered an oxygen diffusion zone (ODL) that led to a microstructure, in the largest proportion, bi-modal 
or duplex with α equiaxed grains. Since oxygen is an α stabilizer, its presence in a high percentage led to the 
formation of the area with the equiaxed microstructure44,45, being the well-known greater affinity of titanium 
for oxygen than for nitrogen45,46. The higher volume fraction of α-phase in this area and the high temperature of 
thermochemical treatment determined the rapid formation of rutile (TiO2)44,47 according to the XRD analysis.

EDS analysis in the point 1 (Fig. 14a, spectrum 1) reveals that the chemical composition, listed in the inset 
(Fig. 14b), of this layer contains a high amount of oxygen, which confirms the result of the line scan analysis, 
that is, formation of oxides on the sample surface (likely, α case). Underneath this layer, the presence of some 
areas, separated from each other, that do not contain β-phase plates, was found (Fig. 14a, label C). The result of 
EDS analysis, in point 2 (Fig. 14c, spectrum 2) and line scan SEM–EDS (Fig. 13e) reveals that Al (percentage 
average of 4.05%, in line scan analysis) and N2 (3.1%) have the highest percentages, which indicates that it is 
possible that these areas represent the nitrogen solid solution phase in Ti, α-Ti(N). It should be emphasized that 
the N-Kα, V-Lα, and Ti-Lα spectra overlap at approximately 0.39 keV5,47. Hence, the concentrations for nitrogen 
could be inaccurate.

Micrographs from the central area of the samples, after nitriding at 1050 °C, with a holding time of only 
5  min, show a lamellar α + β microstructure (Fig.  15a–b). An increase in processing temperature promoted 
the increase of the α-phase lamellae, which is in accordance with48,49. In the microstructure of sample S12, 
nitrided in SF (Fig. 15a), it can be seen that the lamellae of α-phase are much more clearly delimited by β-phase, 
compared to the microstructure of S16 sample (Fig.  15b). Colonies of long parallel α plates appear in both 
microstructures (Figs. 12b,c, 13b,c) which is consistent with50,51. The microstructure of S12 sample contains 
more colonies, compared to that of S16 sample. In the latter, the presence of areas in which the lamellae of the 
α-phase are in the initial phase of formation and are not very well delimited by the β-phase (Fig. 15b) can be 
found. It is also found that the β-phase exhibits a lower vanadium content compared to the microstructure of 
S12 sample, nitrided in SF.

Increasing the holding time to 10 min during the thermochemical nitriding treatment in SF, at a temperature 
of 1050 °C, resulted in increased nitrogen absorption (Fig. 16a–e), also demonstrated by the dark golden color 
of the sample (S5) (Fig. 16a). The LOM and SEM micrographs of the cross-section of S5 sample (Fig. 16b and 
c respectively) reveal the presence of a nitrogen compound layer with a slightly greater thickness (an average 
value of 11.96 ± 2.85 µm) than the one after nitriding in SF, for 5 min (Fig. 12b,c, Table 3). Which proves that 
the holding time influences the thickness of the compound layer. Line scan SEM–EDS, shown in Fig. 16d–e, 
indicates the presence of nitrogen in the corresponding TiN layer (an average percentage of 3.83%). At the level 
of the microstructure (Fig. 16c and d), it is found that the area underneath the nitrided layer contains both the 
lamellar α + β and α equiaxed phase (duplex microstructure on narrow areas). As it was shown in other studies5,7, 
nitrogen penetration into the substrate material, as an α stabilizer38, leads to the formation of a microstructure 
with α equiaxed grains52,53.

The results of the thermochemical nitriding treatment in EF are shown in Fig. 17a–e. The micrographs in 
Fig. 17b and c reveal the presence of the area (layer) with the bi-modal microstructure but the α-phase grains 
coarsened due to the longer holding time and the oxygen influence. Comparing with the sample nitrided in SF 

Fig. 8.  Internal microstructure of SLM Ti6Al4V after nitriding at 900 °C, 10 min. (a) microstructure of S4 
sample nitrided in SF, (b) microstructure of S20 sample nitrided in EF.
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(S5), no nitrogen compound layer is identified (Table 3), but the presence of the oxide layer is found (Fig. 17c–e). 
SEM–EDS line scan analysis (Fig. 17d–e), indicates a low concentration of nitrogen in the upper layers of the 
sample cross-section, also confirmed by the low microhardness compared to that after nitriding at 900 °C for 
the same holding time.

The gas nitriding thermochemical treatment at 1050 °C, for 10 min, determined, in the internal microstructure 
of the samples, the transformation of the α′ initial martensite into the Widmanstätten microstructure (Fig. 18a–
d), a result that is in agreement with2,14.

Fig. 9.  Gas nitriding at 900 °C for 15 min in solar furnace. (a) sample S11 after nitriding, (b) cross-section 
microstructure from OM on top part of the sample, (c) SEM image on the top part of S11 sample, (d,e) line 
scan SEM–EDS analysis on the top of S11 sample cross-section.
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After gas nitriding at 1050 °C, for 15 min, in SF (Fig. 19a–e), the color of the sample surface became darker 
(dark gold), which proves that the deposited film is richer in nitrogen (Fig. 19a). LOM and SEM analyses of the 
cross-section of S13 sample (Fig. 19b,c), reveal an increase in consistency and thickness of the nitrided compound 
layer (Table 3). Additionally, a very thin, discontinuous, bright white layer is observed at the outermost surface 
of this compound layer (Fig. 19c–e). XRD analysis confirms the presence of the TiN phase within the compound 
layer. The average nitrogen content in this layer is 4.7%, nearly twice the value measured in the discontinuous 
areas (2.4% N2) of the sample nitrided in EF at the same temperature and holding time (Fig. 20c–e).

Fig. 10.  Gas nitriding of S21 sample, at 900 °C for 15 min in electric furnace. (a) sample S21 after nitriding, (b) 
OM of cross-section microstructure on top part of the sample, (c) SEM image on the top part of S21 cross-
section, (d,e) line scan SEM–EDS analysis on the top of S21 cross-section.
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Nitriding in EF at 1050 °C for 15 min (Fig. 20a–e) induced a color change in sample S18 to light brown, as 
observed following oxide layer removal (Fig. 20a). LOM and SEM analyses of the cross-section (Fig. 20b, c) 
distinctly reveal the presence of a discontinuous layer, with areas similar to those identified in Fig. 14a, label C. 
According to line scan analysis (Fig. 20d,e), these areas contain an average percentage of 2.4% N2. These areas 
could be considered as the beginning (initial stage) of compound layer formation.

Figure  21a,b presents the XRD patterns of SLM Ti6Al4V samples subjected to nitriding at 1050  °C for 
15 min, carried out in both SF (Fig. 21a) and EF (Fig. 21b). The α-Ti phase is detected in both samples. XRD 
for the nitrided SF sample (Fig. 21a) confirms the presence of face-centered cubic (FCC) TiN peaks (identified 
2θ ≈ 42.25) and the tetragonal TiN peaks (identified 2θ ≈ 73.8 and 50, respectively). Also, in this XRD profile 
(Fig. 21a) it can be seen that the α-Ti peaks were shifted to smaller angles, because of the diffusion of nitrogen 
atoms in the titanium lattice. These findings are consistent with54,55. In the published studies1,2 the formation 
of nitrogen compound layers (TiN) and diffusion zone (nitrogen in solid solution, α-Ti(N)) was after holding 
times of at least one hour8,56. In the research presented in2, during the nitriding of Ti6Al4V manufactured by 
SLM, at 1050 °C, the compound layer was identified after a holding time of 2 h. While nitriding in SF, using 
CSE, at 1050 °C, nitrogen compound layers were formed after only 5 min. The formation of this phase, with 
thicknesses similar to or greater than those obtained after holding times (in conventional furnaces) of over an 
hour, leads to the conclusion that the gas nitriding thermochemical process, using CSE, is accelerated by the 
solar radiation14,57. The XRD pattern shown in Fig. 21b, for nitriding in EF, indicates no TiN peaks. Instead, the 
oxide phase of Ti, TiO2 (rutile) is identified. These findings are in line with results published in2,5 and14,45. The 
XRD analysis reveals dominant diffraction peaks corresponding to rutile (TiO₂), indicating significant oxide 
formation on the surfaces of samples nitrided in EF. This result confirms the presence of surface oxidation, 
which is attributed to titanium higher chemical affinity for oxygen compared to nitrogen, even though the 
same nitriding conditions as in SF were applied. According to44,58 α-phase forms rutile rapidly in the presence 
of oxygen. It is well known that anatase is the metastable phase of TiO2 and rutile is the thermodynamically 
stable structure59,60. According to the literature59,61, anatase has a lower thermal stability than rutile and can be 
converted into rutile at temperatures of 600–700 °C, 1000 °C62,63 or higher.

The diffractogram, after nitriding for 15 min, at 1050 °C (Fig. 21a), confirms the presence of the metastable 
phase, anatase, even though the temperature is high. Previous studies64,65 demonstrated that the transformation 
of the anatase into rutile, in addition to time and temperature, could be influenced by factors such as the shape of 
the particles, the presence of {112} facets66, impurities, manufacturing methods and sample preparation, heating 
rate, holding time, atmosphere67,68. It has also been demonstrated that the thermodynamic stability is dependent 
on the particle size and anatase can be more stable than rutile when the crystal diameters are smaller than about 

Fig. 11.  Internal microstructure of SLM Ti6Al4V after nitriding at 900 °C, 15 min. (a) SEM microstructure of 
S11 sample nitrided in SF, (b) SEM microstructure of S21 sample nitrided in EF, (c) LOM microstructure of 
S21 sample nitrided in EF.
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14 nm66. Based on the previous discussion, the transformation of anatase to rutile during nitriding in SF of SLM 
Ti6Al4V alloy using CSE could have been influenced by some of the factors aforementioned. This aspect could 
be an interesting topic for future research, taking into account that the anatase phase has better photocatalytic 
activity67,69 and preserving or promoting its formation is desirable.

As expected, the temperature and holding time used for nitriding in both SF and EF also resulted in 
transformation of the α′ martensite phase (Fig. 22a,b). The micrographs show that the internal microstructure 

Fig. 12.  Gas nitriding at 1050 °C for 5 min in solar furnace. (a) sample S12 after nitriding in SF, (b) cross-
section microstructure from LOM on top part of the sample, (c) SEM image on the top part of S12 sample, 
(d,e) line scan SEM–EDS analysis on the top of S12 sample cross-section.
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of the SF nitrided sample (Fig. 22a) is lamellar with continuous β-phase and coarse lamellae. The colonies are 
also larger due to the slow cooling in the furnace. Instead, after the thermochemical treatment of nitriding in 
EF (Fig. 22b), the microstructure is bi-modal (duplex) with areas where the β-phase is lamellar, continuous and 
very well defined (high content of V, coarse lamellar), areas with discontinuous lamellar β-phase (thin lamellar) 
and also areas where the β-phase is in the initial phase of formation (mixture of α and very thin/particles of β-
phase) (Fig. 22b, label A).

SEM micrographs reveal coarsening40 of the α lath as well as growth of the β-phase. In comparison to the 
β-phase in the samples nitrided at 900 °C, after nitriding at 1050 °C and 1200 °C, the β-phase shows a more 
organized and directed pattern70, particularly in the samples nitrided in SF and on certain areas of those nitrided 
in EF. These results are in line with the previous studies71,72. In addition, equiaxed α grains were observed only 
after 15 min, at 1050 °C (Figs. 19c and 20c). Figure 23a–e shows the sample (S14) and the results of the LOM, 
SEM analyses after the gas nitriding in SF, at 1200 °C, for 5 min. Increasing the nitriding temperature determined 
both the increase in the thickness of the nitrogen compound layer (Fig. 23b,c) (an average of 17.93 ± 1.35 µm, 
Table 3) and its nitrogen concentration to an average of 4.07% (Fig. 23d–e). Increasing the concentration of 
N2, after a holding time of 5 min, also determined the increase in microhardness (Table 3). These results are 
consistent with previously published results14,28.

Nitriding in EF, at 1200 °C, for 5 min, revealed, as in the previous EF nitridings, the occurrence of oxidation, 
which led to the deposition of an oxide layer onto the sample surface (Fig. 24a–e) and, consequently, influenced 
the process nitriding. SEM micrographs of the sample cross-section (Fig. 24c–e) indicate that, even after the 
temperature of 1200  °C, no nitrogen compound layer is present (Table 3), in contrast to the layer formed 
under identical conditions in SF (Fig. 23c–e). Instead, a layer enriched in aluminum (label B in Fig. 24c–e) was 
identified beneath the oxide layer. This Al-rich layer was observed to increase in thickness with longer holding 
times. The line scan SEM–EDS analysis (Fig. 24d,e) confirms the presence of the oxide layer. Also, the high 
content of Al, in the layer labeled B, is confirmed both by the line scan analysis (Fig. 24d,e) and by the one in 
spectrum 1 in Fig. 25.

The formation of this layer, which was also identified in studies published by other researchers45,73, can be 
caused by the presence of oxygen, which, like nitrogen, is an α-phase stabilizer. It is well known that oxygen has 
a large solubility in α-Ti (HCP phase) compared to β-Ti (BCC phase). Diffusion of oxygen in the Ti substrate 
(through the oxide scales) can lead to an increase of the α-phase proportion (as α-phase stabilizer) because of it 
can transform the β-phase into the α + β phase or into the total α-phase, according to45.

During nitriding in SF, no gray brittle layers was deposited on the samples (through XRD analysis, only a 
weak signal associated with anatase was identified) most likely due to the atmosphere in SF contained a very 
small amount of oxygen and nitrogen had high purity. The acceleration of the nitriding process under solar 
radiation, as noted in37, likely contributed to enhanced nitrogen uptake. The resulting nitrided layer significantly 
improved the oxidation resistance of the SLM Ti6Al4V alloy, acting as an effective protective barrier against 
oxygen ingress into the substrate7,74.

The temperatures of thermochemical treatments consistently induced modifications in the core 
microstructure of the SLM Ti6Al4V alloy, transforming the initial acicular martensite into α and β lamellae 

Treated Sample code Temperature [oC]
Holding time 
[minutes]

Thickness 
compound layer 
[µm]

Microhardness, HV

Compound layer
Area where should be 
compound layer Substrate

Untreated S0 368.87 ± 29.82

Solar furnace

S10

900

5 – 378.20 ± 35.61

S4 10 – 404.83 ± 34.16

S11 15 – 430.03 ± 44.21

S12

1050

5 10.73 ± 1.35 487.15 ± 45.60

S5 10 11.96 ± 2.85 570.73 ± 16.45

S13 15 12.73 ± 1.65 625.85 ± 32.98

S14

1200

5 17.93 ± 1.35 576.63 ± 55.85

S7 10 21.18 ± 2.50 735.70 ± 23.25

S15 15 23.35 ± 2.35 813.23 ± 37.47

Electric furnace

S19

900

5 – 523.23 ± 32.28

S20 10 – 658.56 ± 54.63

S21 15 – 566.90 ± 31.43

S16

1050

5 – 578.78 ± 21.45

S17 10 – 527.50 ± 37.09

S18 15 – 577.03 ± 12.93

S23

1200

5 – 653.33 ± 30.98

S22 10 – 613.70 ± 37.62

S24 15 – 593.83 ± 6.32

Table 3.  Average values of compound layer thickness and microhardness.
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with various morphologies2, including Widmanstätten and bimodal microstructures. Nitriding at 1200 °C in SF 
promoted the conversion of martensite into Widmanstätten structure in areas situated at certain depths from 
the outer nitrided surfaces (Fig. 26a), while the areas inside the sample exhibited a lamellar α + β phase. The high 
processing temperature also determined coarsening of the α-phase (Fig. 26b) inside the coarsened grains. After 
nitriding in EF, the microstructure is a mixture of α phase colonies, with α-phase coarsened, and areas with thin 
lamellar β-phase and very small particles (Fig. 26c,d).

Increasing the holding time to 10 min during gas nitriding in SF led to an intensified nitriding process, as 
evidenced by an increase in the average thickness of the nitrogen compound layer to 21.18 ± 2.50 µm (Fig. 27b,c; 
Table 3) and a corresponding rise in nitrogen content to an average of 4.5%, based on SEM–EDS analysis 
(Fig. 27d,e). This enhanced nitrogen diffusion is confirmed by the darker golden color of sample S7 (Fig. 27a), 

Fig. 13.  Gas nitriding of S16 sample, at 1050 °C for 5 min in electric furnace. (a) sample S16 after nitriding, (b) 
OM of cross-section microstructure on top part of the sample, (c) SEM image on the top part of S16 cross-
section, (d,e) line scan SEM–EDS analysis on the top of S16 cross-section.
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in comparison to the 5 min nitrided sample (Fig. 23a). Additionally, the microhardness of the compound layer 
increased significantly, reaching an average value of 735.7 ± 23.25 HV (Table 3).

Gas nitriding in EF at 1200 °C after 10 min did not result in the formation of a nitrogen compound layer, 
as indicated in Table 3 and illustrated in Fig.  28a–e. This contrasts with the results under identical thermal 
conditions in SF, where compound layer was formed. An increase in the thickness of the Al—rich layer (Fig. 28c–
e) is evident beneath the O2—rich layer (Fig. 2e). The area that can be similar to the diffusion zone (Fig. 28c) 

Fig. 14.  SEM–EDS spot analysis and quantification results. (a) spectrum 1 on the cross-section of S16 sample; 
(b) elemental peak intensities of the spectrum1; (c) elemental peak intensities of the spectrum2.
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appears slightly reduced in width but exhibits a higher density of equiaxed α-phase, while the volume fraction 
of β-phase decreased. As previously explained and corroborated with published studies45,76, nitrogen, as oxygen, 
is a stabilizing alloying element for α-Ti and nitrogen dissolved in the β-phase (β-Ti) transform the β-phase 
into α-Ti. These transformations are substantiated by the decrease in microhardness compared to the sample 
microhardness subjected to 5 min holding time, as well as in samples treated under similar conditions in SF.

As shown in Fig. 29a,b, the internal microstructure consists of α + β lamellae grouped in colonies with the 
same orientation. As highlighted in the literature39,40, this is the typical result for the heat treatment in which 
the slow cooling rate is applied. It is also known that high ductility values of titanium are associated with the 
lamellar α + β microstructure, where the α laths are grouped in colonies76,77. Considering the high temperature, 
even though the holding time was only 10 min, in the areas close to the nitrogen compound layer (Fig. 27c,d) 
or the outer surface (Fig.  28c) it is found the formation of the coarsened equiaxed α—phase as well as the 
Widmanstätten structure.

Nitriding in SF at 1200 °C, for 15 min (Fig. 30a–e), increased the nitrogen concentration in the compound 
layer to 5% (Fig. 30d,e). The darker golden color of the sample (Fig. 30a) confirms the presence of the nitride 
layer whose average thickness has increased to 23.35 ± 2.35 µm (Fig. 30b,c; Table 3). SEM–EDS maps of chemical 
components (Ti, Al, V, N) distribution performed on the cross-section of S15 sample, in Fig. 31a–e are presented. 
The high nitrogen content of the compound layer is also revealed in its distribution map (Fig. 31c) as well as 
by the high value of its microhardness of 813.23 ± 37.47 HV (Table 3). As mentioned previously, it is difficult 
to clearly differentiate between nitrogen and titanium because the N-Kα spectrum overlaps with that of Ti and, 
consequently, it is possible that the nitrogen inside the mapping area is not accurate, as was highlighted in 
references5,47. Figure 31e) shows a low distribution of vanadium within nitrogen compound layer, indicating 
its inward migration and diffusion zone. This redistribution contributes to an increased fraction of the β-phase 
and a corresponding increase in vanadium content within this area, phenomenon confirmed by the SEM–EDS 
peaks in Fig. 30e).

Holding time of 15 min in EF resulted in the formation of an oxide layer on the surface of the S24 sample 
(Fig. 32a–e), accompanied by an increase in aluminum concentration underneath this oxide layer (from 7.4% 
after 5 min to 11.2% at 15 min) (Fig. 32d–e). Simultaneously, a reduction in vanadium content was observed, a 
trend confirmed by the elemental distribution in the SEM–EDS maps (Fig. 33a–f). Nitrogen content within the 
Al-rich layer is low and exhibited an inverse correlation with the holding time, decreasing from 0.86% at 5 min 
to 0.69% at 10 min, and further to 0.48% at 15 min. This decrease confirms that oxygen is absorbed faster by the 
SLM Ti6Al4V ELI alloy and the oxide layer acts as a barrier in the nitriding process.

The internal microstructure of samples nitrided at 1200  °C for 15  min confirms the transformation of 
acicular martensite α′ into Widmanstätten structure, predominantly lamellar (Fig. 34a–d) with the phase α and 
β coarsened, particularly during nitriding in SF (Fig. 34a,b). The SF nitrided sample contains, in some areas, 
basketweave structures and equiaxed α-phase.

The presence of the coarsened, equiaxed α-phase in sample (S24) nitrided in EF, mainly in the areas closer to 
the outer surfaces (Fig. 32c,d) is attributed to strong ingress of the oxygen into the sample.

Microhardness measurement
The formation of α′ martensite after the selective laser melting of the Ti6Al4V ELI powder contributes to an 
increase of the alloy hardness78 compared to Ti6Al4V alloy obtained by conventional processes. The average 
hardness of the as-fabricated SLM Ti6Al4V was (368.87 ± 29.82) HV0.01 which is in accordance with the 
previous results for Ti6Al4V fabricated by SLM2,33. High standard deviation attributed to the martensitic phase 
and inhomogeneity of the microstructure. These factors are also reported in the studies presented in2,18. All 
gas nitriding treatments resulted in an increase of the samples surface hardness (Table 3), accompanied by a 
progressive decrease in hardness from the treated surface toward the bulk material. The highest surface hardness, 
of 838.7 HV, was measured on the compound layer after nitriding in SF, at 1200 °C, with a holding time of 15 min. 

Fig. 15.  Internal microstructure of SLM Ti6Al4V after nitriding at 1050 °C, 5 min. (a) SEM microstructure of 
S12 sample nitrided in SF; (b) SEM microstructure of S16 sample nitrided in EF.

 

Scientific Reports |        (2025) 15:28193 20| https://doi.org/10.1038/s41598-025-13552-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The average value of the microhardness corresponding to the five measurements on the compound layer is 
813.23 ± 37.47 HV (Fig. 36a). As shown in Fig. 35a the hardness of the area in the upper part of the cross-section 
of the sample nitrided at 900 °C, in SF, is slightly higher than substrate (also higher than the hardness of the 
as-fabricated Ti6Al4V ELI alloy). At temperature of 900 °C, the compound layer well delimited by the substrate 
is still not formed (Figs. 3, 6, and 9) and this increase in microhardness confirms that nitrogen diffusion in the 
SLM Ti6Al4V alloy has taken place. The hardness of the samples substrate, nitrided in SF, shows a slight decrease 
compared to the hardness of the as-fabricated sample (S0). This decrease was due to increasing of alpha-Ti grains 

Fig. 16.  Gas nitriding at 1050 °C for 10 min in solar furnace. (a) sample S5 after nitriding in SF, (b) cross-
section microstructure from LOM on top part of the sample, (c) SEM image on the top part of S5 sample, (d,e) 
line scan SEM–EDS analysis on the top of S5 sample cross-section.
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compared to the microstructure of the non-thermochemically treated samples (S0), which presents a thinner 
microstructure (α′ martensite). Towards the inside of the sample, the microhardness approaches that of the S0 
sample (untreated) because of the microstructure still contains α′ martensite. These findings are in line with9,40. 
Figure 35b, microhardness profile after nitriding in EF, shows a significant increase in hardness in the upper part 
of the sample cross-section compared to the hardness of the untreated one (S0) (Table 3). It is also higher than 
that obtained after nitriding in SF (Fig. 35a).

The high microhardness observed in the samples nitrided in the EF (Figs. 35b, 36b, 37b) is attributed to the 
increased oxygen content2 and the presence of an oxide layer, as was previously demonstrated in this work, which 
influenced the nitriding process in EF. Consequently, it is considered that it would not be appropriate to compare 
the microhardness of the samples nitrided in SF with those in EF. Microhardness profile of samples nitrided 

Fig. 17.  Gas nitriding of S17 sample, at 1050 °C for 10 min in electric furnace. (a) sample S17 after nitriding, 
(b) OM of cross-section microstructure on top part of the sample, (c) SEM image on the top part of S17 cross-
section, (d,e) line scan SEM–EDS analysis on the top of S17 cross-section.
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at 1200 °C, in SF, in Fig. 36a is presented. As previously demonstrated, the temperature of 1200 °C resulted in 
an increase in the thickness (Table 3) and nitrogen concentration of the compound layer, and therefore to the 
increase of its hardness with the increase of holding time.

Despite the shorter holding times, an increase in microhardness was also observed in the underneath 
(nitrogen diffusion zone) of the nitrided layer. This microhardness progressively decreases with increasing depth 
from the surface toward the interior, further confirming a corresponding decrease in nitrogen concentration 
from the compound layer to the bulk material.

The average values of the microhardnesses measured on nitrogen compound layers related to the holding 
times of 5, 10 and 15  min respectively, at 1200  °C, in SF, were 576.63 ± 55.85 HV, 735.70 ± 23.25 HV and 
respectively 813.23 ± 37.47 HV (Table 3). Figure 37a,b shows microhardness profiles obtained after a holding 
time of 10 min at nitriding temperatures of 900, 1050, and 1200 °C. An increase in nitriding temperature from 
900 to 1050, and 1200 °C respectively (holding time of 10 min) resulted in a visible increase in the thickness 
of the nitrogen compound layer (Fig. 38a–c, and Table 3) as well as an increase of the microhardness (Fig. 37), 
findings that stand in contrast to the assertions made in reference36.

Holding for only 10 min at 900 °C led to the increase of the microhardness of the nitrogen diffusion zone, 
from 351.3 ± 17.84  HV (the microhardness average value of the substrate which is very close to that of the 
as-fabricated microstructure, 368.87 ± 29.82), to 404.83 ± 34.16  HV (Table 3). Increasing the temperature to 
1050  °C and 1200  °C respectively, at the same holding time, determined the formation of the nitrided layer 
(Fig. 38b,c) and also the increase of its microhardness to 570.73 ± 16.45 HV (compared to the average value of 
the substrate of 426.23 ± 45.10 HV) and respectively 735.70 ± 23.25 HV (with the microhardness of the substrate 
of 464.40 ± 35.87 HV) (Table 3).

Comparing the microhardness measured after SLM Ti6Al4V ELI nitriding in SF (Figs. 36a and 37a) and EF 
(Figs. 36b and 37b) (Table 3), it was found that most of them are higher after nitriding in SF even though the 
surface and microstructure of the samples after nitriding in EF contains a high percentage of oxygen. However, 
the quickly formed oxide layer on the surface of the samples acted as a barrier to the diffusion of nitrogen 
but also to the subsequent diffusion of oxygen in the upper layers. To date, the available literature on the gas 
nitriding of Ti6Al4V ELI alloy produced by SLM remains scarce. Furthermore, no studies have been identified 
that specifically investigate the gas nitriding of SLM Ti6Al4V in a solar furnace using CSE. As mentioned, and 
demonstrated previously, it is well known that the microstructure of the SLM Ti6Al4V alloy is completely 

Fig. 18.  Internal microstructure of SLM Ti6Al4V after nitriding at 1050 °C, 10 min. (a,b) LOM and SEM 
microstructure of S5 sample nitrided in SF; (c,d) LOM and SEM microstructure of S17 sample nitrided in EF.
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different from the alloy obtained by conventional processes and as a consequence the SLM Ti6Al4V alloy 
behaves differently to the conventional thermal and thermochemical treatments applied to the Ti6Al4V alloy 
manufactured by classical processes, as also stated in33,79. Valente et al.2, in their research, after gas nitriding in 
the electric furnace, at 1050 °C, of Ti6Al4V manufactured by SLM, indicated a hardness, measured at a depth 
of 20 µm from the sample surface, of 772 ± 65 HV but after a holding time of 2 h. According to the authors2, 
the highest hardness, of 963 ± 52 HV, was obtained after nitriding at a temperature of 1000 °C, also at a depth of 
20 µm. But this microhardness value was obtained after a holding time of 16 h. Kao et al.1, after gas nitriding, at 

Fig. 19.  Gas nitriding at 1050 °C for 15 min in solar furnace. (a) sample S13 after nitriding in SF, (b) cross-
section microstructure from LOM on top part of the sample, (c) SEM image on the top part of S13 sample, 
(d,e) line scan SEM–EDS analysis on the top of S13 sample cross-section.
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900 °C, for 160 min, in the electric furnace, of the SLMed Ti6Al4V, obtained a hardness of 776 ± 9 HV. In this 
research the nitriding of SLMed Ti6Al4V ELI in SF, for only 15 min, led to the increase of the microhardness 
in the nitrogen diffusion zone to 430.03 ± 44.21 HV (Table 3, Fig. 35a), more than half of the microhardness 
obtained in the research presented in1.

In the studies published in14,15, after gas nitriding of Ti6Al4V alloy manufactured by conventional methods 
(mill-annealed and with α + β microstructure), for 15 min, at 1200 °C, using Fresnel lens and respectively 1000 °C 
in SF, microhardness of 2100 HV14 and 1400 HV respectively were reached. In the present work, after nitriding 
in SF, microhardness close to those mentioned in14,15 was not reached. The maximum hardness obtained after 
nitriding in SF at 1200  °C, for 15  min, was 838.7 HV. This can be explained by the fact that, as previously 

Fig. 20.  Gas nitriding of S18 sample, at 1050 °C for 15 min in electric furnace. (a) sample S18 after nitriding, 
(b) OM of cross-section microstructure on top part of the sample, (c) SEM image on the top part of S18 cross-
section, (d,e) line scan SEM–EDS analysis on the top of S18 cross-section.
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pointed out, the Ti6Al4V alloy manufactured by SLM behaves totally different from the one obtained by classical 
processes. To date, the nitriding kinetics of Ti6Al4V alloy produced by SLM has not been investigated. Even 
more notably, there is a complete absence of published studies addressing the nitriding kinetics of this alloy 
when treated in SF using CSE.

Heating and processing times
The previously presented results reveal that the gas nitriding thermochemical treatment of SLM Ti6Al4V ELI, 
using CSE and considerably shorter holding times, led to results similar or at least close to those obtained after 
nitriding in EF, using conventional energy, but, in these cases, with much longer process times. Obtaining 
excellent results after gas nitriding, in SF, but in much shorter process times, confirm previous studies14,37 as well 
as the authors conclusions that the application of CSE enhances the nitriding process. Specifically, CSE exerts 
an activating effect that promotes accelerated nitrogen diffusion within the Ti6Al4V alloy produced by SLM.

Figure  39a shows the graphic representation of the heating times calculated as the average value of the 
heating times (the time until the temperature of 900, 1050, and 1200 °C is reached and then the holding time 
begins) for the thermochemical nitriding treatments with a holding time of 5, 10, and 15 min. In Fig. 39b the 
estimated values of the total times (heating, holding, cooling) for each process are represented. The time values 
were extracted from the data recorded by the SF process monitoring and control software system, SCADA, and 
regarding the thermochemical nitriding treatment in the electric furnace, the time values were taken from the 
displayed data by the monitoring and control system of the Nabertherm electric furnace. It is more than obvious 
from Fig. 39 that the nitriding thermochemical treatment using CSE is much more efficient compared to the 
one that used conventional energy, in EF. When using CSE in SF, the heating time required for gas nitriding is 
reduced by up to 74% compared to using conventional energy in EF. In SF, the shortest heating time was 10 min 

Fig. 22.  Internal microstructure of SLM Ti6Al4V after nitriding at 1050 °C, 15 min. (a) SEM microstructure of 
S13 sample nitrided in SF; (b) SEM microstructure of S18 sample nitrided in EF.

 

Fig. 21.  XRD analysis of SLM Ti6Al4V samples gas nitrided at 1050 °C for 15 min. (a) XRD for sample 
nitrided in SF, (b) XRD for sample nitrided in EF.
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to reach the temperature of 900 °C. While in EF, to reach the same temperature, 45 min were needed. The total 
process times for nitriding in SF are shorter than in EF by up to 73%. In SF, for example, the total time for 
thermochemical treatment carried out at 1200 °C, for 15 min, is 42 min, while 135 min were required for the 
same process in EF.

Fig. 23.  Gas nitriding at 1200 °C for 5 min in solar furnace. (a) sample S14 after nitriding in SF, (b) cross-
section microstructure from LOM on top part of the sample, (c) SEM image on the top part of S14 sample, 
(d,e) line scan SEM–EDS analysis on the top of S14 sample cross-section.
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Conclusions
Recognized as a sustainable technology, the most important environmental impact that can be attributed to AM 
is the reduction of resource consumption, waste and pollution. When combined with renewable energy sources 
like CSE, which has the ability to generate extremely high temperatures in a very short time, the sustainability 
potential of AM is further enhanced. In this work, the first study is presented regarding the thermal and gas 
nitriding thermochemical treatment, carried out simultaneously, of the Ti6Al4V alloy manufactured by SLM 
process, in the solar furnace, using CSE as a source of renewable energy. The main findings are summarized as 
follows:

Fig. 24.  Gas nitriding of S23 sample, at 1200 °C for 5 min in electric furnace. (a) sample S23 after nitriding, (b) 
OM of cross-section microstructure on top part of the sample, (c) SEM image on the top part of S23 cross-
section, (d,e) line scan SEM–EDS analysis on the top of S23 cross-section.
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	1.	 The results confirmed that CSE can be used as an alternative energy source (green, renewable energy) in 
post-process, at high-temperatures gas nitriding thermochemical treatments, of the SLM Ti6Al4V alloy.

	2.	 Gas nitriding post-processing using CSE can be completed in considerably shorter time than traditional 
thermochemical nitriding processes that rely on conventional energy sources such as electric furnaces. 
When using CSE, the gas nitriding duration is reduced by up to 73% compared to the conventional furnace.

	3.	 Nitriding in SF, using CSE, led to the formation of the nitrogen compound layer and the diffusion zone after 
short holding times of only 5, 10 and 15 min, respectively.

	4.	 All nitriding treatments conducted in SF led to an increase in the microhardness of the SLM Ti6Al4V alloy. 
The maximum microhardness, reaching 838.7 HV, was recorded in the compound layer after nitriding at 
1200 °C for only 15 min.

	5.	 All gas nitriding thermochemical treatments in SF, even at short holding times, led to the modification of the 
internal microstructure, transforming the initial α′ martensite into α + β phases of different morphologies 
and sizes.

	6.	 The application of CSE enabled thermochemical nitriding of the SLM Ti6Al4V alloy at heating and cooling 
rates of 80 °C/min—significantly higher than conventional furnace maximum of 20 °C/min—thereby reduc-
ing the gas nitriding post-process time.

	7.	 The results achieved through short-duration nitriding using CSE confirm that the photoactivation mecha-
nism of titanium alloy nitriding, as outlined in reference37, also applies to the Ti6Al4V alloy produced by AM 
emerging technology (particularly, SLM process), even though the nitriding kinetics of such alloy is not very 
well studied, yet. Therefore, further research is needed to substantiate these findings.

Fig. 25.  Spot analysis showing elemental peak intensities of the spectrum1.
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Fig. 26.  Internal microstructure after nitriding at 1200 °C, 5 min. LOM and SEM micrographs after nitriding 
in SF (a,b) respectively EF (c,d).
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Fig. 27.  Gas nitriding at 1200 °C for 10 min in solar furnace. (a) sample S7 after nitriding in SF, (b) cross-
section microstructure from LOM on top part of the sample, (c) SEM image on the top part of S7 sample, (d), 
(e) line scan SEM–EDS analysis on the top of S7 sample cross-section.
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Fig. 28.  Gas nitriding of S22 sample, at 1200 °C for 10 min in electric furnace. (a) sample S22 after nitriding, 
(b) OM of cross-section microstructure on top part of the sample, (c) SEM image on the top part of S22 cross-
section, (d,e) line scan SEM–EDS analysis on the top of S22 cross-section.
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Fig. 29.  Internal microstructure after nitriding at 1200 °C, 10 min. LOM and SEM micrographs after nitriding 
in SF (a) respectively EF (b).
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Fig. 30.  Gas nitriding at 1200 °C for 15 min in solar furnace. (a) sample S15 after nitriding in SF, (b) cross-
section microstructure from LOM on top part of the sample, (c) SEM image on the top part of S15 sample, 
(d,e) line scan SEM–EDS analysis on the top of S15 sample cross-section.
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Fig. 31.  SEM–EDS maps showing elemental distributions of chemical elements of S15 cross-section view after 
gas nitriding in SF at 1200 °C, 15 min. (a) area of interest, (b–e) distribution of Al, N, Ti, V.
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Fig. 32.  Gas nitriding of S24 sample, at 1200 °C for 15 min in electric furnace. (a) sample S24 after nitriding, 
(b) OM of cross-section microstructure on top part of the sample, (c) SEM image on the top part of S22 cross-
section, (d,e) line scan SEM–EDS analysis on the top of S24 cross-section.
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Fig. 34.  Internal microstructure after nitriding at 1200 °C, 15 min. LOM and SEM micrographs after nitriding 
in SF (a,b) respectively EF (c,d).

 

Fig. 33.  SEM–EDS maps showing elemental distributions of chemical elements of S24 cross-section view after 
gas nitriding in EF at 1200 °C, for 15 min. (a) area of interest, (b–f) distribution of Al, N, O, Ti, V.
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Fig. 37.  Microhardness profile of samples of SLM Ti6Al4V nitrided for 10 min. at 900 °C, 1050 °C, and 
1200 °C in solar furnace (a) and electric furnace (b).

 

Fig. 36.  Microhardness profile of samples gas nitrided at 1200 °C in solar furnace (a,b) electric furnace.

 

Fig. 35.  Microhardness profile of samples nitrided at 900 °C. (a) solar furnace, (b) electric furnace.
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Data availability
All original data generated and/or analysed in the current study are included in the article, further inquiries can 
be directed to the corresponding author.
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