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Abstract  

This study investigates the use of hydride-dehydride non-spherical Ti-6Al-4V powders in laser 

powder bed fusion process and the effects of post-heat-treatments on additively manufactured 

parts. As-built parts show anisotropic microstructure with α′ martensite and some β phases. Post 

heat-treated parts exhibit α+β phases, with characteristics dependent on the heat treatment. Heat 

treatment below β-transus leads to homogenized grain structures with improved corrosion 

resistance. Electrochemical analysis reveals a very stable corrosion rate due to faster formation of 

a protective passive layer aided by the fine-structured β phase. X-ray photoelectron spectroscopy 

examines corrosion behavior and film growth mechanism in saline water. 
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1. Introduction  

Powder bed fusion (PBF) processes have garnered substantial attention across various 

industries due to the multitude of advantages they offer over traditional manufacturing techniques. 

These benefits encompass exceptional design flexibility, diminished post-processing 

requirements, and minimized material wastage [1]. The Ti-6Al-4V alloy stands out as a 

particularly well-suited material for PBF methods such as laser or electron beam techniques, 

primarily due to its outstanding weldability [2]. This alloy is in high demand owing to its highly 

favorable attributes, including remarkable strength, biocompatibility, and corrosion resistance 

[1,2]. 

Traditionally, conventional feedstock for the Ti-6Al-4V alloy was prepared using melting 

methods like plasma rotating electrode processes and atomization [3], resulting in the formation 

of spherical powder morphology. The use of spherical particles in powder bed additive 

manufacturing (AM) is deemed crucial owing to their capacity to enhance powder flow, 

spreadability, packing density, and reproducibility. These advantages ultimately contribute to the 

improvement of final part density and overall performance [1,4–7]. Fusion-based AM methods, 

including laser or electron beam powder bed fusion (L-PBF or EB-PBF), predominantly rely on 

spherical atomized powders, despite concerns related to entrapped gas within particles and the 

costs associated with powder production. 

In recent times, a misconception has arisen that non-spherical particles are unsuitable for 

achieving fully dense parts through L-PBF. Nevertheless, technological advancements have led to 
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the commercialization of several cost-effective powder production methods [8,9]. These 

techniques involve refining recycled metal scrap, machine turnings, or milled sponge in 

conjunction with blended elements. Non-spherical powders offer notably greater cost efficiency, 

with costs reduced by approximately 40-50% compared to pre-alloyed powders possessing 

spherical morphologies produced by atomization [9–13]. 

The hydride-dehydride (HDH) process represents an economical production method that 

employs hydrogen as a temporary alloying element, presenting more environmentally friendly 

alternatives. Some studies have explored the application of non-spherical HDH Ti-6Al-4V powder 

in powder bed fusion (PBF) processes. For instance, Varela et al. [14] achieved a relative density 

exceeding 98.9% using HDH Ti-6Al-4V powder with particle sizes ranging from 50-120 µm in 

the L-PBF process. Narra et al. [15] utilized HDH Ti-6Al-4V powder with particle sizes of 75-175 

µm in the EB-PBF process, resulting in a final relative density surpassing 99%. Wu et al. [16] and 

Asherloo et al. [17] optimized the L-PBF process for HDH Ti-6Al-4V powder, attaining a relative 

density of 99.9%. These studies demonstrated the capacity to manipulate the grain structure, 

influencing the size of the α′ martensite phase and the morphology of the prior β grains. Moreover, 

the utilization of coarser HDH powder in L-PBF can increase the build rate by 1.5-2 times 

compared to commercially available machines employing spherical powder (15-45 µm). 

The investigation into the electrochemical behavior and corrosion resistance of Ti-6Al-4V 

samples processed through fusion-based additive manufacturing (AM) seeks to unravel the 

influence of the manufacturing process on microstructure and corrosion tendencies. Factors such 

as cooling rate, melt pool size, and solidification rate, all affected by the fusion-based AM process, 

play a pivotal role in shaping the final microstructure of Ti-6Al-4V alloys. Laser-based techniques, 

such as laser beam direct energy deposition (LB-DED) and L-PBF, yield prior β grains and an 

acicular α′ martensite phase due to rapid cooling rates. The high cooling rate limits the time 

available for diffusional transformation, resulting in the formation of non-equilibrium fine acicular 

martensite (α' phase) and large-size columnar grain (prior β grains) due to successive layer-by-

layer fabrication [18]. Additionally, non-uniform thermal stress, known as residual stress, arises 

from temperature fluctuations. This combination of α' phase, columnar grain, and residual stress 

renders LB-PBF Ti-6Al-4V brittle, less ductile, and anisotropic. Hence, optimizing 

microstructures and properties is imperative for different applications [19]. In contrast, the EB-

PBF process results in a fine α+β dual-phase microstructure due to a slower cooling rate when 

compared to L-PBF [20].  

Post-thermal treatment effectively adjusts microstructures, properties, and residual stress in 

titanium alloys [21]. Residual stress relaxation occurs at relatively low temperatures, with phase 

transformations observed at higher temperatures [22]. In the range of 750–900 °C, the acicular α' 

phase transforms into a mixed α and β phase microstructure. Beyond the β transition temperature 

(about 995 °C), the β phase entirely replaces α' phase and prior columnar β grain. However, the 

full extent of micro/nano-structural evolution, including element diffusion and quantitative phase 

analysis, demands further exploration. Researchers have evaluated the electrochemical behavior 

of fusion-based AM processed Ti-6Al-4V powder in various manufacturing states, encompassing 

as-built and post-heat-treated conditions. Contradictory electrochemical responses have been 

documented, attributed to variances in thermal cycles, microstructure, and phase fractions within 

the tested materials [21–36]. Hence, it is imperative to methodically characterize both 

microstructure and corrosion behavior when devising a new powder specification alongside 

optimal L-PBF process parameters.  
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In a prior study by Asherloo et al. [17], a process window for the L-PBF technique utilizing 

HDH Ti-6Al-4V powder was identified, enabling the fabrication of near fully dense parts. This 

study delved into a comprehensive analysis of the microstructure and electrochemical behavior of 

these high-density components, comparing their attributes against specimens subjected to distinct 

heat treatments. The results were meticulously elucidated and compared to existing literature, 

effectively considering the intricate interplay between powder characteristics, manufacturing 

process parameters, resulting structures, defects, and material properties.  

 

2. Experimental procedures  

2.1 Materials and manufacturing process 

In this research, hydride-dehydride non-spherical Ti-6Al-4V powder from Reading Alloys 

(Kymera International) was used. The particle had a size in the range 50-120 μm as shown in 

Figure 1A. Blocks with dimensions of 20 mm × 20 mm × 60 mm (see Figure 1B) were fabricated 

using an L-PBF machine (model EOS M290) with an optimized process parameters given in our 

earlier study [17]. The as-built parts were subjected to stress relief at 650 ºC for 2 h. Subsequently, 

the parts were removed from the baseplate using a wire electrical discharge machining tool. 

 

 
Figure 1. (A) powder size distribution and morphology of the used hydride-dehydride non-spherical Ti-6Al-4V 

powder [37], and (B) examples of L-PBF processed blocks for this study. 

 

2.2 Post processing and sample preparations 

Three distinct heat-treatment procedures were employed on the fabricated as-built (AB) 

samples. Two of the samples underwent heat treatment at temperatures of 850 ± 2 ºC (HT1) and 

1045 ± 2 ºC (HT2) for 2 h, followed by furnace cooling with a rate of 1.7 °C/min. These 

temperature levels represent different ranges above and below the transus temperature (995 ºC) 

[38]. The third condition involved subjecting the samples to hot isostatic pressing (HIP) at 

899 °C ± 14°C and a pressure of 1034 ± 34 bar for 2 h, followed by water quenching. To examine 

the microstructure and texture, samples were prepared from the vertical (xz) and horizontal (xy) 

directions. For optical microscopy observations, the samples were hot mounted then ground up to 

2400 grit SiC paper, polished with a 1 µm Alumina solution, and etched with Kroll's reagent. For 

texture analysis, samples were ground to using a 800-grit SiC paper, then polished with 1 µm and 
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0.05 µm alumina solutions, and finally polished with 0.04 µm colloidal silica. For electrochemical 

testing, samples with surface area of 20 mm × 20 mm were connected to wire and cold mounted, 

then ground up to 1200-grit SiC paper prior to the electrochemical tests. 

 

2.3 Material Characterization 

For optical microscopy observations, a VHX 7100 Keyence microscope was used. A JEOL 

5900LV scanning electron microscope (SEM) equipped with an electron backscattered diffraction 

(EBSD, Oxford Instruments) was employed. AzTec software was used for data collection at the 

operational accelerating voltage and step size were 20 keV and 0.5 µm, respectively. Post-

processing was performed on the raw EBSD data using HKL Channel 5 software package. MTEX, 

a MATLAB-based toolbox [39], was used to reconstruct grains and do grain/texture analysis. An 

X-ray diffraction machine (model ARL XTRA X-ray diffractometer) was used for phase analysis 

equipped with Cu-Kα radiation at an accelerative voltage and current of 35 kV and 30 mA, 

respectively. The 2θ range was 20-100° with a scan rate of 1 s/step and scan step size of 0.02°. To 

extract crystallography parameters, the collected XRD data was analyzed using MAUD software.  

 

2.4 Electrochemical Measurement  

Electrochemical studies such as (i) open circuit potential (OCP), (ii) potentiodynamic 

polarization (PD), and (iii) electrochemical impedance spectroscopy (EIS) were carried out on 

samples using a conventional three-electrode cell connected to a computer-controlled impedance 

instrument (Gamry Instruments, Interface 1010E potentiostat). The working electrodes were 

mounted samples with an effective surface area of 1 cm². The counter electrode was a graphite rod 

and the reference electrode was an Ag/AgCl electrode saturated with 3M KCl. Experiments were 

conducted in a 3.5 wt.% NaCl solution at ambient temperature. The specimens were placed in 

saline water for 3600 s to stabilize the surface chemistry. EIS measurements were performed with 

an AC amplitude of 10 mV and frequencies ranging from 105 to 10-2 Hz and the Gamry Echem 

Analyst software was used to analyze data. Potentiodynamic polarization measurements were 

conducted within the potential range of -0.5-2.5 V at a scan rate of 1 mV/s. All the electrochemical 

tests were repeated more than three times. 

 

2.5 XPS analysis after electrochemical test 

The Ti thin film was studied using a Phi 5600 XPS system. Monochromated Al-Kα = 

1486.6 eV x-rays were used to study the sample. The spectra were referenced to the C 1s spectra 

of adventitious carbon present in the sample at a binding energy (BE) of 285.02 eV. A depth profile 

was done using Ar ion sputtering, at a beam voltage of 1 kV over various intervals until 300 s of 

total sputtering was done, which is when the electrochemical corrosion film appeared to be gone. 

The core level BE scans were taken with Epass of 23.5 eV, step size of 0.05 eV, and dwell time of 

0.1 s. The data was fitted using Gaussian-Lorentzian peaks with ratio of 70:30, and Gaussian-

Lorentzian asymmetric lineshapes for Ti0 with α = 1.1, 𝛽 = 5, and a Gaussian of width 

characteristic of m = 7 [40]. The spin-orbit splitting for Ti2+, Ti3+, Ti4+, and Ti0 were approximately 

5.73, 5.60, 5.66, and 6.13 eV, respectively [41]. The spin orbit area ratio was held at 2:1. An 

iterative Shirley background was used to fit all the photopeaks. 

 

3. Results and Discussion  

3.1 Microstructural observations  

3.1.1 Optical microscopy 
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Figure 2 shows the  microstructure of the as-built (with a relative density of 99.94 % measured 

using 2D image analysis and Archimedes principle [17]) and post heat-treated L-PBF processed 

HDH Ti-6Al-4V samples obtained by optical microscopy. The optical micrographs of the AB 

samples demonstrated columnar prior β grain in the xz plane associated with the preferential 

solidification in L-PBF process due to heat transfer orientations in the melt pool, and grain growth 

toward the build direction (e.g., of <001> direction). On the xz plane, prior β grains with a width 

of 85 ± 35 µm grew over multiple deposited layers with several millimeters in length. However, 

cross-sections in the xy plane showed equiaxed prior β grains associated with the scan strategy. 

High magnification optical micrographs of the AB specimens revealed a large fraction of acicular 

α′ martensite with the length of several tens to hundreds of micrometers in the microstructure of 

the L-PBF processed Ti-6Al-4V alloy. It is known that the high cooling rate associated with the 

laser melting processes (~5600-6500 °C/s [42]) results in non-equilibrium transformation of β to 

α′. Also, small scale melt pool size (e.g., 70-300 µm) leads to a high thermal gradient of ~105 ºC/s 

along the build direction, results in a non-equilibrium cooling condition. These are two main 

reasons of acicular α′ martensite formation rather than the equilibrium α phase in Ti-6Al-4V alloy 

[26,32,43]. Presence of nano scale β phase up to ~2 % is possible in the AB specimens due to the 

cyclic thermal history [42,44]. 

 

 
Figure 2. Optical micrographs (OM) from horizontal (H) and vertical (V) cross-sections of the as-built (AB), heat-

treated at 850 ºC (HT1), and heat-treated at 1045 ºC (HT2), and hot isostatically pressed at 900 ºC (HIP) L-PBF 

processed HDH Ti-6Al-4V parts.  
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The post heat-treatments of hot isostatically pressing (899 ºC - HIP), sub- (850 ºC - HT1) and 

above (1045 ºC – HT2) transus temperature evolved microstructure of the as-deposited L-PBF 

processed Ti-6Al-4V samples. As indicated in Figure 2, the grain structure was unchanged after 

HIP and HT1 treatments in which the prior β grains with columnar and equiaxed structure were 

seen in the xz and xy sections, respectively. At higher magnifications on the optical micrographs 

of the HIP and HT1 cross-sections, the acicular α′ martensite structure was transformed into the α 

phase surrounded by β crystal precipitates due to segregation of V element. When lamellar α + β 

phases formed in the prior β grains, the resultant microstructure was a fine basket-weave 

microstructure. Moreover, continuous columnar (on xz plane) or equiaxed (on xy plane) grain 

boundary α phase (αG.B.) was evident in both HIP and HT1 conditions, indicating that the intrinsic 

morphologies of the prior β grains did not evolve by the sub transus heat-treatments [25,31,45,46]. 

α grains within the prior β grains were in the range 2-125 µm.  

For heat-treatment above the transus temperature (1045 ºC – HT2), microstructure evolution 

was significant such that a typical lamellar α + β microstructure was observed in prior β gains with 

a diameter ranging ~300-700 µm and α plate colonies with lath lengths up to several hundred 

micrometers and width of ~ 20 µm. Heat-treatment at 1045 ºC caused the acicular α′ martensite to 

transform to β phase. For a slow furnace cooling rate of 1.7 ºC/min, transformation of β → α 

occurred, thus lamellar α + β phases formed in the equiaxed prior β grains. Although all the post 

heat-treatments (HIP, HT1, HT2) resulted in formation of a lamellar microstructure, the α lath 

width was significantly finer for the lower temperature HIP and HT1 heat treatments.  

 

3.1.2. Scanning electron microscopy  

Figure 3 showed SEM micrographs of the as-built and post-heat treated samples. As 

mentioned before, α′ martensite dominates in the as-built sample (see Figure 3) with a small 

fraction of β nano particles. As reported by Yu et al. [47], the 𝛼′ → 𝛼 + 𝛽 process requires 

diffusion, thus the position and shape of the precipitations can be controlled with dwell time and 

peak temperature. The martensitic decomposition starts above 400 °C and by increasing the 

temperature, the fraction of decomposed α′ martensite increases [48].  Moreover, the β phase forms 

initially as nano-scale particles which then evolves to short needle morphology with increasing 

temperature; the present study confirmed this phenomenon. High magnification micrographs of 

the as-built condition (i.e., stress relieved at 650 °C for 2h) showed randomly dispersed nano-scale 

granular β phase. Additional post-process heat-treatment at 850 °C for 2h (HT1) converted some 

of the particles into small needles. Heat treatment above the transus temperature (HT2) converted 

all α′ to β phase and, on slowly cooling, a large fraction of the β transformed to α phase; the 

remaining β was stabilized via enrichment in V. Because of the complete transformation to β phase 

during the heating cycle above the transus, equiaxed prior β grains formed, followed by β → α 

transformation on cooling below the transus. Also, α formed both within grains and at prior β grain 

boundaries. Hot isostatic pressing (HIP, ~900 °C for 2h under 100 MPa) led to complete 

aggregation of granular β to form longer needle shaped β at the grain boundaries. The 

decomposition of α′ martensite resulted in formation of lamellar α + β phase within the prior β 

grain, however, the columnar prior β grains remained unchanged (see Figure 2). The brighter 

needle-shaped features in SEM micrographs of as-built condition were labeled as α′ martensite 

because these are V-enriched [49], i.e., higher (average) atomic number than the matrix. The same 

argument was made for the heat-treated samples. Brighter regions in the SEM micrographs denote 

V-enriched regions, assumed to be β. 
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Figure 3. Scanning electron micrographs from the cross-sections of samples in as-built + stress relieved at 650 °C for 

2h (AB), heat-treated at 850 °C for 2h (HT1), heat- treated at 1045 °C for 2h (HT2), and hot isostatically pressed (HIP, 

~900 °C for 2h under 100 MPa) conditions. The first, second, and third rows showed micrographs at 500X, 2,000X, 

and 10,000X magnifications, respectively. 

 

To study the microstructure and texture evolution in manufactured parts, EBSD analysis was 

conducted. Figure 4 shows inverse pole figure maps (IPF-Z) and reconstructed prior β grains on 

both xz and xy sections. Reconstruction of β grains used the established Burgers orientation 

relationship between the α′ and (parent) β, i.e., [0001]α || [110]β and [2 1̅ 1̅ 0]α || [1̅ 1 1̅]β. In the xz 

section, the presence of columnar grains was obvious, reflecting the layer wise deposition process 

of L-PBF and the regrowth of grains from previously deposited layers into the new ones. However, 

interruptions in grain regrowth were observed in the vertical cross-section, which can be attributed 

to two factors: (1) the scan rotation of 67° and (2) instability and non-uniform thermal gradient 

within the melt pool [50]. These factors account for the variation in orientation of the prior β grains 

after the deposition of new layers, resulting in what is commonly known as stray grains [51]. On 

the xy section, the EBSD pole figure (see Figure 4) indicates a random texture. Columnar grain 

growth is expected in L-PBF processed alloys using a laser scan rotation of 0° or 90° [52]. 

However, applying a laser scan rotation of 67° produced a more random distribution, thereby 

reducing the texture in the L-PBF processed parts. This directly impacts the corrosion behavior of 

L-PBF processed materials as we will describe. 
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Figure 4. (First row) IPF maps, (second row) phase maps, and (third row) reconstructed prior β grains extracted from 

the EBSD data of vertical and horizontal cross-sections of each heat-treatment condition. In HT2 samples, a higher 

fraction of  phase and grain coarsening are seen in phase maps and reconstructed prior β grains, respectively.  
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EBSD data was acquired for the different heat-treated conditions was carried out to quantify 

the microstructural evolution of the parts, Figure 4. The IPF maps show minor change in α/α′ lath 

spacings (see below) after HT1 (850 °C for 2h) and HIP (900 °C for 2h under 100 MPa) processes. 

On the other hand, HT2 (1045 °C for 2h) resulted in significant coarsening of the lamellar α+β. As 

mentioned before, cooling slowly below the transus temperature results in large α laths along with 

large lath shaped β phase (see Figure 3). Measurement of α/α′ lath width using EBSD data revealed 

slightly wider α/α′ laths after HT1 (averaged 1.83 µm) and HIP (averaged 2.25 µm) processes 

compared to as-built (averaged 1.45 µm) condition. Also, no significant difference was observed 

between the α/α′ lath width in xz and xy sections. Once more, the completely different α lath 

formation after HT2 heat-treatment was confirmed by the significantly higher average α lath size 

of 28.19 µm (see Figure 5).  

 

 
Figure 5. α/α′ lath width measured using the EBSD data for vertical and horizontal cross-sections of each heat-

treatment condition. Numbers on top of each box plot show the average lath width in each condition. 

 

Further microstructural investigations were carried out to understand the influence of heat-

treatment on the microstructure of the L-PBF processed Ti-6Al-4V parts. The Burgers relationship 

governing the hexagonal closed packed (HCP) to body centered cubic (BCC) transformation [53], 

causes α/α grain boundaries in titanium alloys to be one of the types summarized in Table 1 based 

on the calculations by Wang et al. [54] and Gey et al. [55] that are considered high angle grain 

boundaries (HAGB). 
 

Table 1. List of α/α boundary types expected from the Burgers orientation relationship between BCC and HCP crystal 

structures in titanium. Type 1 corresponds to two identical or similar α lath orientations resulting in a low angle grain 

boundary; these were not analyzed quantitatively in this study. 

α/α boundary type Misorientation angle (°) Misorientation axis 

2 60 [1 1 2̅ 0] 

3 60.83 [1.377̅̅ ̅̅ ̅̅ ̅ 1̅ 2.377 0.359] 

4 63.26 [10̅̅̅̅  5 5 3̅] 

5 90 [1 2.38̅̅ ̅̅ ̅̅  1.38 0] 

6 10.53 [0 0 0 1] 
 

 

The Type 1 α/α boundary is a low angle grain boundary (LAGB) between two closely oriented 

α grains. The relative frequency of misorientations (reduced to angle) between α grains reveals the 

distribution of these types, see Figure 6a,b. Heat-treating samples below the transus temperature 

(i.e., HT1 and HIP) does not affect the misorientation distribution between the α grains; however, 

when the samples are heat-treated above the transus, the main peak shifts from ~65° to ~60° which 
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is an obvious change of α/α boundary type, i.e., HT2 is the only heat treatment that changes the 

distribution. 
 

 
Figure 6. (a,b) Misorientation distribution in laser powder bed fusion Ti-6Al-4V powder extracted from the IPF-Z 

maps of EBSD micrographs after various heat-treatments. (c,d) α/α boundary type distribution calculated based on the 

misorientation distribution extracted from the EBSD data. 

Figure 6c,d shows the distribution of each α/α boundary type by sample. The dominance of 

type 4 in the as-built specimen is due to the high cooling rates associated with the L-PBF process 

as reported in Refs. [56,57]. The same dominance of type 4 persists in HT1 and HIP. This is 

because the orientation of  grains does not change at temperatures below transus (see Figure 7a), 

instead, only the V atoms diffuse out of the  laths to form  phase and the Al atoms diffuse in, 

thus thickening the  laths. However, for heat-treatment above the transus, all of the  laths 

transform to  phase. While cooling down through the transus, new and larger  grains nucleate 

and grow during the  →  solid state transformation. This fresh nucleation of  grains will force 

the material to go through a new variant selection process and have completely different 

distribution of / boundary types [58,59].  

The effect of post heat-treatment on the anisotropy of the parts was examined, see Figure 7, 

and the maximum pole density was extracted from each pole figure and plotted against the heat-
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treatment temperature. As expected, there is negligible difference between the pole densities of α 

grains in the xy and xz sections, regardless of the heat-treatment temperature. As stated before, the 

heat-treatment below transus does not change the α grain orientations, however, heat-treatment 

above the transus changes the α grain orientations drastically which is attributed to the fact that 

above transus, all the α grains transform to beta and new α grains nucleate during the β → α 

transformation. Orientation of prior β grains, however, demonstrated different behavior compared 

to the α grains. Vertical cross-sections had higher anisotropy compared to the horizontal cross-

sections when the samples were heat-treated below the transus temperature because this does not 

change the columnar growth of the beta from printing. By heat-treating the samples above the 

transus temperature, however, the change in prior β grains texture is significant. 

 

 
Figure 7. The extracted maximum pole density from the (a) HCP {0001} pole figure, and (b) BCC {001} pole figure. 

The blue dashed line in both plots denotes the βtransus temperature based on Ref. [60]. 

 

3.2 Phase analysis using X-ray diffraction 

Figure 8a displays the XRD patterns and corresponding index peaks obtained from the as-

built and differently post heat-treated samples. The peak positions in the post heat-treated 

specimens shifted slightly towards lower 2θ values, suggesting an increase in lattice parameter. 

Both α and α′ phases have an HCP crystal structure, hence the collected XRD patterns remain the 

same with slight variations in the lattice parameters and their ratio. Thus, the α phase becomes 

more dominant due to α′decomposition into α+β. During the high cooling rate of the L-PBF 

process, the diffusion of V in the solid solution is suppressed, albeit not entirely. This diffusionless 

transformation results in a V-rich supersaturated martensite phase. Consequently, the post heat-

treatment process facilitates the diffusion of V to the β phase, which has a higher capacity for V 

dissolution compared to the α and α′ phases. As a result, a gradual convergence from α′ to α phase 

occurs, accompanied by an increase in the proportion of the β phase [25,26,29,30,61]. More 

detailed analysis of the XRD results will be available in a forthcoming paper. 
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Figure 8. XRD patterns of the as-built and differently heat-treated L-PBF processed Ti-6Al-4V alloy; (left) vertical 

and (right) horizontal cross-sections. 
 

 

3.3 Electrochemical analysis 

3.3.1 Potentiodynamic polarization test 

Electrochemical behavior of L-PBF processed Ti-6Al-4V parts were studied in a 3.5% NaCl 

solution to understand how microstructural evolution in differently heat-treated parts affect 

corrosion resistivity. The potentiodynamic polarization plots obtained from immersing the samples 

in the NaCl electrolyte are presented in Figure 9. By subjecting the samples to a potential scan of 

±25 mV around their open circuit potential (OCP), a linear relationship between voltage and 

current was observed, with the slope of this relationship referred to as the polarization resistance 

(Rp). The fitted results of potentiodynamic polarization curves are listed in Table 2.  

The corrosion rate can be directly calculated by utilizing the equation below, which involves the 

surface-normalized corrosion current [26]:  

𝑣 = 𝐾 ×
𝑎.𝑖𝑐𝑜𝑟𝑟

𝐷
                                                    (Eq. 1) 

where 𝐾 is a material constant (3272  
𝑚𝑚

𝐴 .  𝑐𝑚 .  𝑦𝑒𝑎𝑟
), 𝑎 is the equivalent weight of the Ti-6Al-4V 

alloy (11.768 
𝑔

𝑒𝑞𝑢𝑖𝑣.
), 𝑖𝑐𝑜𝑟𝑟  is the corrosion current (

𝛍𝐀

𝐜𝐦𝟐), and 𝐷 is the bulk density of Ti-6Al-4V 

alloy (4.45 
𝑔

𝑐𝑚3
). The calculated parameters are summarized in Table 2.  

The electrochemical behavior of all samples, regardless of their cross-section orientation, 

exhibited corrosion potentials 𝐸𝑐𝑜𝑟𝑟 within the range of -0.12 to -0.058 V. A vertical anodic branch 

was observed in all specimens, indicating passivation behavior. The passivation current 𝑖𝑝 

represents the point at which the passivated region begins, and higher values of passivation current 

indicate a longer duration for the formation of the oxide film on the specimen's surface, which is 

undesirable. The passivation current for most samples ranged from approximately 4 to 5 
𝜇𝐴

𝑐𝑚2, 

except for the HT2-V sample (refer to Table 2). The higher corrosion rate observed in the vertical 

section of the HT2 sample may be attributed to the larger size of β grains in this sample. The EBSD 

data showed that mean size of the β grain in the xz section of HT2 specimen was approximately 
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2.5 times larger than that in the xy section. The presence of larger β grain sizes reduced formation 

of a uniform passive oxide film on the surface [45].  

In the potential range of 1.75-2 V, all specimens exhibited an increase in current density (refer 

to Table 2). This range is considered as the break potential of the passive film (Eb). Several factors 

could explain this phenomenon, such as oxygen evolution on the surface, degradation and 

reformation of the oxide film, or the formation of another type of oxide within the TiO2 matrix 

[62]. In the present study, the increase in current density could be attributed to a change in the 

electronic structure of the formed oxide film, indicating the occurrence of another type of oxidation 

process within the primary oxide film [63,64]. The subsequent vertical anodic branch observed 

after the change in the oxide film represents the repassivation of the sample. The range of potential 

at which a passive film forms, denoted as ΔE and shown in Figure 9, was found to be slightly 

broader in the HT1 specimens compared to the as-built and other heat-treatment conditions. No 

pitting was observed within the measured dataset up to a potential of approximately 2.5 V, 

indicating the stable formation of a passive film without any fluctuations in current density. This 

finding aligns with previous literature, which indicates that the pitting potential in the Ti-6Al-4V 

alloy can be as high as 2.5 V [65]. 

Regarding the corrosion rates, all the specimens are classified to be “very stable” based on the 

standard resistance class [26]. Although the microstructure of the as-built specimen showed 

differences in vertical (columnar grains) and horizontal (equiaxed grains) sections, the corrosion 

rate values were similar. This can be explained by non-equilibrium transformation of β → α′ due 

to the high cooling rate and formation of α′ martensite as the dominant phase in the microstructure 

of the as-built samples. The applied heat-treatment and resultant evolution in microstructure 

altered the corrosion rate. At temperature of 850 ºC (HT1), α + β was present in the microstructure 

with minimum growth of prior β grains. It was seen that the corrosion rate decreased from 2.08 × 

10-3 
𝑚𝑚

𝑦𝑒𝑎𝑟
 (horizontal cross-section) and 2.06 × 10-3 

𝑚𝑚

𝑦𝑒𝑎𝑟
 (vertical cross-section) in AB samples to 

1.32 × 10-3 
𝑚𝑚

𝑦𝑒𝑎𝑟
 (Horizontal cross-section) and 1.71

𝑚𝑚

𝑦𝑒𝑎𝑟
 (vertical cross-section) in HT1 samples. 

Typically, the metastable α′ phase in the L-PBF processed Ti-6Al-4V alloy becomes less stable 

when exposed to a corrosive environment. 

Increasing temperature of post heat treatment can enhance β grains size after decomposition 

of α′ phase. This coarsening of β grains leads to higher rate of alloying element segregation 

(vanadium in β, and aluminum in α) and less uniformity in the formed film, thus, compromises the 

integrity of the oxide film on the surface [66,67]. For the heat-treated conditions, the corrosion rate 

was lower in the xy section compared to the xz section, which could be associated with the 

equiaxed prior β grains (see Figure 4). Finally, the horizontal (xy) cross-section of the HT1 part 

had the lowest corrosion rate because of the more complete decomposition of the α′ and presence 

of the nobler α and still extremely small β particles. In titanium alloys, β phase shows the highest 

corrosion resistance followed by the α and α′ phases [23,32]. The small β particles do not 

compromise the integrity of the oxide film. Therefore, the small β particles along with the nobler 

α phase and equiaxed prior β grain structure resulted in a better corrosion resistance of the HT1-H 

sample amongst all other samples. However, despite the increased presence of β phase in the HT2 

sample, there was no improvement in corrosion resistance, which can be attributed to the coarse 

grain size. 
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Figure 9. Potentiodynamic polarization curves in 3.5 %  NaCl solution for the (left) vertical and (right) horizontal 

cross-sections of L-PBF processed HDH Ti-6Al-4V samples in as-built (AB) and differently heat-treated including 

annealing treatment at 850 ºC (HT1), annealing treatment at 1045 ºC (HT2), hot isostatically pressed at 899 ºC (HIP) 

conditions. 

 

Table 2. Analyzed data from the polarization test in 3.5 % NaCl solution collected from the as-build and differently 

heat-treated L-PBF processed Ti-6Al-4V samples. 

Sample  𝐢𝐜𝐨𝐫𝐫(
𝛍𝐀

𝐜𝐦𝟐) 𝐄𝐜𝐨𝐫𝐫 (𝐕) 𝐑𝐩(
𝛀

𝐜𝐦𝟐) 𝐄𝐛(𝐕) 𝐢𝐩 (
𝛍𝐀

𝐜𝐦𝟐) ∆𝐄 (𝐕) 𝐯 (
𝐦𝐦

𝐲𝐞𝐚𝐫
) 

AB-H 0.240 -0.120 0.568 1.50 4.9 0.968 2.08 × 10-3 

HT1-H 0.153 -0.085 0.352 1.79 4.02 1.285 1.32 × 10-3 

HT2-H 0.190 -0.086 0.304 1.71 4.07 1.152 1.64 × 10-3 

HIP-H 0.215 -0.069 0.296 1.72 4.5 1.130 1.86 × 10-3 

AB-V 0.238 -0.083 0.293 1.67 4.3 1.115 2.06 × 10-3 

HT1-V 0.198 -0.058 0.328 1.75 4.7 1.280 1.71 × 10-3 

HT2-V 0.305 -0.119 0.282 1.60 12.4 1.092 2.64 × 10-3 

HIP-V 0.262 -0.085 0.241 1.74 4.8 1.183 2.27 × 10-3 
 

 

3.3.2 Electrochemical impedance spectroscopy 

The EIS test was performed to evaluate the electrochemical behavior and stability of the 

formed oxide film after immersion in saline water, Figure 10. In the Nyquist plot shown in Figure 

10a-b, the arc radius can be used to evaluate the polarization resistance of the parts. The HT1 

sample exhibited a larger arc radius, suggesting a better polarization resistance [68]. Also, these 

findings support the PD data in which the higher heat-treatment temperatures diminished corrosion 

resistance (i.e., leading to smaller arc size) and the arc radius and corrosion resistivity followed 

the HT1>HIP>HT2 trend. Regarding the Bode plots in Figure 10c-d, at high frequencies of 103-

105 Hz, the absolute impedance value (|Z|) reaches a plateau, and the phase angle drops to zero. 

By investigating intermediate frequencies ranging 100-103 Hz, it is evident that the phase angle 

approaches 90° which is an indicator of passivation behavior of the exposed L-PBF processed Ti-
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6Al-4V surfaces to saline water which confirms the vertical anodic branch in the PD data (see 

Figure 9).  

 

 
Figure 10. The EIS measurements for vertical and horizontal planes of the L-PBF processed HDH Ti-6Al-4V powder 

in AB, HT1, HT2, and HIP conditions tested in 3.5% NaCl solution: (a,b) Nyquist plots and (c,d) Bode plots. 

 

Figure 11a-b shows the proposed electrical equivalent circuits used to fit to the EIS spectra, 

in which Rs is the solution resistance, Rct is the barrier inner layer resistance, Rf is the porous layer 

resistivity, CPE1 is the porous outer layer capacitance, and CPEdl is the barrier inner layer 

capacitance. The m and n values show the essence of the produced passivation films i.e., CPE is 

an ideal capacitor if m or n equal to 1, and CPE is an ideal resistor if m or n equal to 0. The obtained 

values for n were between 0 < n < 1 and they were close to 1, suggesting capacitive behavior for 

all samples. The summarized values of the fitting parameters obtained from analyzing the EIS data 

using the equivalent circuits mentioned above can be found in Table 3. 
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Table 3. The EIS fitting parameters for the xz and xy planes of L-PBF processed Ti-6Al-4V in AB, HT1, HT2, and 

HIP conditions.  

Sample  
Rs 

(𝐊𝛀.𝐜𝐦𝟐) 

Rct 

(𝐊𝛀.𝐜𝐦𝟐) 

CPEdl 

(𝛍𝐅. 𝐜𝐦−𝟐) 
n 

Rf 

(𝐊𝛀.𝐜𝐦𝟐) 

CPE1 

(𝛍𝐅. 𝐜𝐦−𝟐) 
m 

AB-H 0.009544 645.90 10.47 0.66 18.1 38.11 0.86 

HT1-H 0.00762 989.80 25.38 0.81 0.004 9.224 1 

HT2-H 0.00950 497.50 11.23 0.79 0.002 21.03 0.96 

HIP-H 0.007823 643.60 20.89 0.81 0.059 34.4 0.88 

AB-V 0.009171 390.70 37.51 0.89 - - - 

HT1-V 0.006766 412.40 41.99 0.89 - - - 

HT2-V 0.01057 343.20 24.64 0.79 6.46 30.82 0.93 

HIP-V 0.05656 361.60 38.05 0.90 - - - 

 

 

 
Figure 11. Equivalent circuit used for impedance spectra analysis with (a) one-time constant and (b) two-time 

constants. (c) Schematic of protective passive film with duplex structure formed on the L-PBF processed Ti-6Al-4V 

substrate. 

 

Typically, EIS measurements are conducted on metal surfaces to analyze the surface state 

immersed in an electrolyte. In titanium alloys, the oxide layer is usually composed of two layers 

with a thin barrier inner layer and a porous outer layer which increase the layer/solution surface 

area (see Figure 11c) [69,70]. Thus, instead a mix of the conventional Randles equivalent circuit 

with one-time constant phase element (CPEdl) – in which a thick barrier layer is assumed to form 

on surface – and in a few cases, an equivalent circuit with two constant phase elements (CPE1 and 

CPEdl) were fitted to the EIS data to extract EIS parameters indicating formation of a barrier layer 

and porous film on top of it (see Figure 11a,b). In the vertical sections, the impedance spectra of 

AB, HT1 and HIP specimens were fitted by one-time constant phase element, while the impedance 

spectrum of HT2 was fitted by two-time constant phase elements. In the horizontal sections, the 

impedance spectra of all specimens were fitted by two-time constants. These findings aligned with 

the proposed equivalent circuits by Pan et al. [71] on the passive film formation of the exposed 

titanium alloys to saline water. In fact, when the outer passive film is thin and pores are filled with 

the electrolyte (see porous layer in Figure 11c), it can be assumed that the effect of the porous 
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layer on the electrochemical behavior is limited. Instead, the inner layer (or barrier layer in Figure 

11c) dominates the impedance behavior during corrosion test and Randles equivalent circuit with 

one-time constant phase element is suitable.  

As shown in Table 3, the resistivity of the inner barrier layer (Rct) is notably higher than the 

porous layer (Rf), suggesting that the electrochemical behavior is mainly controlled by the inner 

barrier layer. Furthermore, lower frequencies (10−2 Hz) in Bode plot correlate with charge transfer 

(Rct) of the oxide layer. Thus, the higher Rct value corresponds with slower corrosion reaction on 

the sample surface because of higher interfacial charge-transfer resistance [72,73]. A thicker 

passive layer forms on regions in which the α phase is present and exposed to the electrolyte due 

to higher accelerated passivation tendency of this phase compared to α′ and β phases [34]. The 

HT1 sample in both horizontal and vertical cross-sections demonstrated the best corrosion 

resistance as supported by the highest Rct.  

 
 

3.4 Analysis of the formed oxide film 

Figure 12 depicts the XPS spectra of the Ti 2p region at different sputtering times, ranging 

from 0 s to 300 s, including intermediate times such as 10 s, 20 s, 40 s, 60 s, 120 s, and 300 s. The 

spectra exhibit the presence of three distinct valence states of titanium ions within the passive film: 

Ti4+, Ti3+, and Ti2+, indicating the coexistence of TiO2, Ti2O3, and TiO. These results suggest that 

a non-equilibrium electrochemical reaction occurs at the surface, as the presence of multiple 

oxidation states is not typically expected in an ideal corrosion process. Notably, Ti4+ predominates 

in the electrochemical testing in 3.5 wt% NaCl. However, as the sputtering time increases, the 

proportions of Ti3+ and Ti2+ progressively rise while the fraction of Ti4+ diminishes. This 

observation suggests a conversion of Ti4+ to Ti3+ and Ti2+, with a higher concentration of Ti3+ and 

Ti2+ nearer to the film surface, indicating the non-equilibrium presence of oxygen. This 

phenomenon may indicate the diffusion-controlled behavior of oxygen at the interface between 

the surface and solution. 

Table 4 presents the atomic percentages of titanium (Ti) ions in different valence states at 

various sputtering times. Initially, Ti4+ ions constitute 90.47 % of the passive film surface. 

However, as the sputtering time increases up to 300 s, the proportion of Ti4+ ions decreases to 

35.28 %. Chloride ions (Cl-) in the saline water hinder the generation of Ti4+ ions. Additionally, 

vacancies can be developed when the adsorbed Cl- ions enter oxygen vacancies through an 

autocatalytic effect [74]. These newly formed oxygen vacancies impede the conversion of Ti4+ 

ions to Ti3+ and Ti2+ ions, as demonstrated by the peak around 532 eV binding energy in the O 1s 

spectrum, which corresponds to off-lattice oxygen [75]. This peak is commonly referred to as the 

oxygen vacancy peak, despite the understanding that a missing oxygen atom cannot emit a 

photoelectron. The XPS spectra of the O 1s region also confirms a higher concentration of oxygen 

vacancies on the surface at shorter sputtering times [76,77]. After 10 s of sputtering, the fraction 

of Ti3+ ions increases in the passive film immersed in the saline water. Furthermore, after 60 s of 

sputtering, there is a slight increase in the fraction of Ti2+ ions, accompanied by a significant 

reduction in the fraction of Ti4+ ions. The literature suggests that suboxides including Ti2O3 and 

TiO can form at the passive film and the metal interface during the initial stages of corrosion, 

gradually transforming into the more stable TiO2 [24,78,79]. Consequently, a lower concentration 

of TiO (6.03 %) is detected after 60 s of sputtering, in agreement with the results displayed in 

Figure 12. Additionally, the presence of Ti0 concentration after 300 s of sputtering suggests that 

the interaction of aluminum (Al) and/or vanadium (V) with oxygen vacancies is more favorable 

than that of titanium, resulting in the formation of metallic Ti. 
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Figure 12. XPS spectra showing the Ti 2p and O 1s regions for L-PBF processed Ti-6Al-4V alloy. The data was 

collected after polarization tests in saline water. The alloy surface was sputtered using an Ar+ ion beam with different 

sputtering times to quantify the oxide film composition. 
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The XPS spectra of the O 1s region were analyzed to examine the passive film surfaces, and 

the resulting atomic percentages of different oxygen states are summarized in Table 4. As the 

sputtering time increases, the atomic percentage of oxygen vacancies (OV) decreases, indicating a 

lack of interaction between chloride (Cl-) ions and OV on the lower surface, preventing the 

generation of new oxygen vacancies. The O 1s spectra were deconvolved into the metal-O-metal 

bond (OL) or O 1s, the OV bond, and absorbed water (H2O). The peak corresponding to the OL 

primarily originates from titanium oxide (TiO2) which is related to the presence of highly 

concentrated Ti4+ in the passive film (Figure 12). The absorbed H2O is highest after 300 s of 

sputtering, which may be related to the increased roughness on the sample surface due to pitting 

corrosion. Concurrently, the concentration of OV decreased with prolonging sputtering. Further 

information on the XPS data can be found in the supplemental Tables 1 and 2. 

The presented XPS analysis of the Ti 2p region confirms the gradual transition of TiO2, Ti2O3, 

and TiO as the primary constituents of the passive film, progressing from the outer layer to the 

inner side of the formed oxide film. The formation of a passive oxide layer includes (1) formation 

of a thin layer TiO on Ti alloy, (2) oxidation of TiO to Ti2O3 which initiates the dehydration 

process, (3) transformation of Ti2O3 (trivalent state) into TiO(OH)2 (tetravalent state), (4) 

dehydration of TiO(OH)2 and formation of the most stable titanium oxide (TiO2) at the outermost 

surface of the oxide film [9,80,81]. In this process, both TiO and Ti2O3 films which are present in 

the inner layers at the metal/film interface, will continuously form because of oxygen diffusion. 

Finally, the formation of the oxide film is accelerated by the presence of Cl- ions, thus, rapidly 

covering the bare base plate with a passive film [82,83].  

Table 4. The atomic ratio of Ti and O valances at different sputtering times. 

Sputter Time 

(s) 

Ti4+ 

(%at) 

Ti3+ 

(%at) 

Ti2+ 

(%at) 

Ti0 

(%at) 

O 1s 

(%at) 

OV 

(%at) 

H2O 

(%at) 

0 90.47 5.41 4.13 0 53.38 45.82 0.80 

10 85.15 9.59 5.26 0 59.69 36.06 4.25 

20 76.68 16.08 7.24 0 65.96 34.04 0 

40 72.93 19.60 7.47 0 71.10 28.90 0 

60 62.85 31.12 6.03 0 70.50 29.50 0 

120 60.41 32.65 6.93 0 71.68 28.32 0 

300 35.28 25.40 14.18 25.14 72.60 27.40 0 

 

3.5. Process-microstructure-electrochemistry relationships  

Anisotropy in the anodic dissolution behavior of fusion-based AM processed Ti-6Al-4V 

alloys in a NaCl electrolyte can be attributed to the microstructure. This is primarily linked to the 

dominant presence of acicular α′ phase in the fusion-based Ti-6Al-4V alloy, which negatively 

impacts corrosion resistance. The width of α/α′ laths, the phase fraction of α/α′ and β, and their 

distribution significantly influence the electrochemical behavior and corrosion rate. Decreasing 

the width of α-laths enhances corrosion resistance in a NaCl electrolyte. Surprisingly, the 

annealing treatment of Ti-6Al-4V did not result in inferior anodic dissolution resistance compared 

to the as-fabricated alloy, as reported by Li et al. [46], likely due to microstructural alterations 

affecting the anodic dissolution characteristics. 
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Scan strategy during L-PBF often lead to variations in microstructure and resultant properties 

in fusion-based AM metals [7,18,84,85]. Distinct microstructural characteristics and corrosion 

behavior were observed on different section planes of AM processed Ti-6Al-4V [28,32–34,36,46]. 

These microstructural dissimilarities are likely to cause variations in electrochemical corrosion 

resistance between different section planes, such as the horizontal (xy plane) and build direction 

(z plane). In this research, implementing a scan rotation of 67° transformed the initially columnar 

grain structure into grains with a more randomized orientation. This modification effectively 

reduced the inherent anisotropy of the L-PBF manufactured Ti-6Al-4V components and led to 

isotropic electrical behavior in different planes. 

Fusion-based AM processed Ti-6Al-4V alloys often exhibit microstructural anisotropy and 

residual stress up to 150 MPa, which reduces corrosion resistance [33,46]. To mitigate the 

corrosion rate, relieving residual stress through stress relief treatment at 650 °C for 2 h is essential 

[86]. After this treatment, anodic dissolution behavior in AM processed Ti-6Al-4V alloy is 

attributed to microstructural characteristics [87] and solute partitioning among constituent phases 

[88]. Both increased grain size and homogenization of α-laths weaken resistance to dissolution. 

However, larger fractions of β can significantly enhance anodic dissolution resistance for Ti-6Al-

4V, which is attributed to the superior stability of the passive film formed on β phase compared to 

α/α′ phase. The composition-driven potential difference between α and β phases leads to the 

formation of galvanic cells. The extent of galvanic effect depends on solute concentration 

differences between the α/α′ and β phases, which tends to decrease after heat treating below the 

βtransus temperature. This change was observed in conditions such as AB (after stress relief), HT1, 

and HIP treatments. The α/α′ lath width measurements indicated that heat treatment above the 

βtransus temperature (HT2) led to a more uniform microstructure, coarser α lath width, and a higher 

fraction of β phase, resulting in a dominant galvanic effect, lower corrosion resistivity, and reduced 

corrosion resistance compared to other samples. 

In general, the formation of a stable passive film on the surface of Ti-based alloys inhibits 

anodic dissolution. The presence of a thermodynamically stable TiO2 oxide layer plays a crucial 

role in improving the resistance to dissolution for Ti-based alloys. The thickness of the passive 

film is influenced by migration and diffusion rates in the oxide films and dissolution rates at the 

oxide films/electrolyte interface. The observed high passive film resistance, relatively low passive 

film capacitance derived from electrochemical impedance spectroscopy (EIS) at the corrosion 

potential (Ecorr), and low corrosion rates indicate the stability of the passive film. X-ray 

photoelectron spectroscopy (XPS) results indicate that the passive film on L-PBF processed Ti-

6Al-4V is mainly composed of a TiO2 layer that is likely amorphous but includes hydrated TiO2 

at the oxide/solution interface and suboxides TiO and Ti2O3 in the lower layers at the metal/oxide 

interface. 

When exposed to corrosive environment, Ti-based alloys possess a strong self-passivation 

ability because of formation of a passive film with a layer thickness up to 50 μm and is capable of 

regenerating if disrupted [89]. Passive films naturally form on the surface of Ti-based alloys and 

effectively hinder the process of anodic dissolution. The presence of a thermodynamically stable 

TiO2 oxide layer significantly contributes to enhancing the resistance against dissolution in Ti-

based alloys [88]. The thickness of this passive film is typically influenced by factors such as the 

rate of migration and diffusion within the oxide films, as well as the dissolution rate at the interface 

of the oxide films and the electrolyte [90]. In this study, the strong resistance offered by the passive 

film, coupled with the relatively low passive film capacitance determined through EIS at the Ecorr, 

along with the observed low corrosion rates, indicates the stability of this passive film. The XPS 
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results provided insight into the composition of the passive film on L-PBF processed Ti-6Al-4V, 

revealing a predominantly TiO2 layer. This layer consists of hydrated TiO2 at the interface between 

the oxide and the solution, and it also contains suboxides TiO and Ti2O3 in the underlying layers 

situated at the junction between the metal and the oxide. These observations agreed with earlier 

studies [23,24,31–33,36,45,46,88,91,92]. 

 

4. Conclusion  

This study aimed at understanding the effect of post heat-treatment on texture and grain 

evolution as well as electrochemical behavior of the L-PBF fabricated hydride-dehydride non-

spherical Ti-6Al-4V parts in saline water. The following conclusions are drawn: 

• The applied scan rotation of 67 ° altered the fully columnar grains to more randomly oriented 

grains, thus, mitigating the anisotropic nature of the Ti-6Al-4V parts fabricated using L-PBF. 

• Electrochemical studies showed a slight improvement in corrosion resistivity of the heat-

treated sample below transus temperature. The formation of nanoscale β phase alongside α 

phase expedited formation of a passive layer on the surface exposed to saline water. The 

calculated corrosion rates were in the range of 1.5-2 × 10-3 mmpy, considered as a very stable 

oxide film formation on the exposed surface to 3.5 wt.% NaCl solution.  

• By employing heat treatment to enhance the microstructure, uniform electrochemical 

characteristics were established between the horizontal and vertical orientations of L-PBF 

processed Ti-6Al-4V. Under a passivation potential of 0.45 V and a passive current density of 

4.5 μA.cm-2, the material developed a passive film with a breakdown potential of ~1.75 V. 

• The XPS analysis of passive film on L-PBF Ti-6Al-4V revealed a mixture of TiO2, Ti2O3, and 

TiO, indicating a non-equilibrium electrochemical reaction. While Ti4+ dominates initially in 

3.5 wt% NaCl, longer sputtering led to increased Ti3+ and Ti2+ proportions, implying a 

conversion of Ti4+ to lower oxidation states nearer to the surface due to non-equilibrium 

oxygen presence. This phenomenon might signify the diffusion-controlled movement of 

oxygen at the boundary between the surface and the surrounding solution. 

• The constituent phases and their morphology evolved after heat-treatment at different 

conditions. The stress relief treatment at 650 ºC on the as-built parts led to the appearance of 

trace amounts of nanoscale β phase in 𝛼′ martensite. By increasing the temperature to sub- 

(850 ºC - HT1) and above (1045 ºC – HT2) transus temperature, 𝛼′ → α+β phase transformation 

was documented with optical and scanning electron microscopy. HIP treatment at ~900 ºC 

resulted in a similar microstructure as in HT1 with slightly larger β particles.  
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Supplementary Table 1: Summary of the peak position, full width at half maximum (FWHM), and surface area 

related to the fitted lines on Ti 2p spectrum. Data is for the 1 kV beam voltage. 

0 s 

 Ti4+ 3/2 Ti4+ 1/2 Ti3+ 3/2 Ti3+ 1/2 Ti2+ 3/2 Ti2+ 1/2 Ti0 3/2 Ti0 1/2 

Position 458.75 464.46 458.00 462.53 457.50 460.23 N/A N/A 

FWHM 1.10 2.02 0.90 2.20 1.50 1.80 N/A N/A 

Area 8387.60 4193.80 501.11 250.55 382.44 191.22 N/A N/A 

10 s 

Position 459.14     464.81 457.86     462.87     457.00     460.35 N/A N/A 

FWHM 1.27     2.20     1.10     2.20     1.20     1.80 N/A N/A 

Area 15829.51 7914.76     1782.44    891.22     977.74 488.87 N/A N/A 

20 s 

Position 457.82 463.48 459.12 464.78 457.17 460.57 N/A N/A 

FWHM 1.5 2.4 1.31 2.32 1.5 2.12 N/A N/A 

Area 3609.46 1804.73 17215.17 8607.58 1625.57 812.79 N/A N/A 

40 s 

Position 459.16 464.82 457.78 463.38 457 460.58 N/A N/A 

FWHM 1.36 2.38 1.46 2.36 1.45 1.76 N/A N/A 

Area 17994.46 8997.23 4835.69 2417.84 1841.8 920.9 N/A N/A 

60 s 

Position 459.21 464.87 457.87 463.47 457.4 460.57 N/A N/A 

FWHM 1.37 2.38 2.21 2.83 1.2 1.75 N/A N/A 

Area 16142.03 8071.02 7993.52 3996.76 1549.48 774.74 N/A N/A 

120 s 

Position 459.12 464.68 457.51 462.79 456.2 459.95 N/A N/A 

FWHM 1.5 2.53 1.5 3 1.5 1.5 N/A N/A 

Area 16777.63 8388.82 9067.71 4533.86 1925.6 962.8 N/A N/A 

300 s 

Position 459.09 464.55 457.79 462.82 456.82 460.14 455.61 461.01 

FWHM 1.48 2.17 1.25 2.08 1.21 1.83 1.45 2.82 

Area 10284.91 5142.46 7405.29 3702.65 4132.11 2066.06 7326.75 3663.37 
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Supplementary Table 2: Summary of the peak position, full width at half maximum (FWHM), and surface area 

related to the fitted lines on O 1s spectrum. Data is for the 1 kV beam voltage. 

0 s 

 O 1s OV H2O 

Position 530.25 532.26 534.10 

FWHM 1.31 1.91 0.70 

Area 11911.98 10224 179.58 

 


