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This study presents a cost-effective approach to fabricating near β-Ti alloys via in-situ alloying during 
laser powder bed fusion (L-PBF). A blend of non-spherical pure Ti, 3 wt.% Fe, and 0.1 wt.% SiO2 
nanoparticles was used to induce β-phase stabilization and improve flowability. Twenty-five process 
conditions were evaluated across a volumetric energy density range of 31.75-214.30 J/mm3, achieving 
a maximum relative density of 99.21% at 89.29 J/mm3. X-ray diffraction analysis revealed that the 
β-Ti phase was partially retained at room temperature, accompanied by lattice contraction in the α’-Ti 
structure, indicating successful Fe incorporation. Elemental mapping confirmed that the Fe distribution 
was homogeneous, without significant segregation. Compared to pure Ti, the Ti-3Fe sample exhibited 
a 49.2% increase in Vickers hardness and notable improvements in yield and ultimate tensile 
strengths. These results demonstrate the feasibility of in-situ alloying with low-cost elemental pow-
ders to produce high-performance near β-Ti alloys using L-PBF.
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1. Introduction

Titanium (Ti) and its alloys are widely employed in various 
sectors, including aerospace, biomedical fields, and mobility, 
due to their high specific strength, exceptional corrosion resis-
tance, and superior biocompatibility [1, 2]. Ti is an allotropic 
metal, exhibiting two primary equilibrium phases: the α phase, 
which exhibits a hexagonal close-packed (HCP) structure at 
lower temperatures, and the β phase, which exhibits a body-cen-
tered cubic (BCC) structure at higher temperatures. The me-
chanical properties of Ti alloys are influenced by the ratio of al-
loying elements incorporated to stabilization of each phase [3, 
4]. Ti alloys are typically classified as α-Ti, α+β-Ti, or β-Ti alloys 
based on the phase stability at room temperature. The β-Ti al-
loys investigated in this study are characterized by improved 
processability and biocompatibility due to the stabilization of 
the β phase. These alloys are further classified as near β, meta-
stable β, or stable β Ti alloys, depending on the content of ele-

ments that stabilize the β phase.
The molybdenum equivalent (Moeq) formula, as defined in 

equation (1), is employed to categorize β-Ti alloys.

Moeq =  1.0(wt.% Mo) + 0.67(wt.% V) 
+ 0.44(wt.% W) + 0.28(wt.% Nb) + 0.22(wt.% Ta) 

+ 2.9(wt.% Fe) + 1.6(wt.% Cr) + 1.25(wt.% Ni) 
+ 1.70(wt.% Mn) + 1.70(wt.% Co) – 1.0(wt.% Al)

This formula provides a numerical measure that quantifies 
the degree of stabilization of the β phase, based on the addition 
of molybdenum (Mo), a well-known β-stabilizer. A higher Moeq 
value signifies enhanced β phase stability. According to this val-
ue, β-Ti alloys can be classified as detailed in Table 1 [5]. For 
instance, in this investigation, the incorporation of iron (Fe), a 
β phase stabilizing element, at a concentration of 3 wt.% yields 
an Moeq value of approximately 8.7, resulting in the formation 
of a near β-Ti alloy. This near β-Ti alloy is characterized by a 
microstructure wherein the α phase is distributed within the β 
matrix, thereby improving the alloy's strength and lowering the 
β-transus temperature, which confers advantages in hot forging 

(1)
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and precision forming operations [6]. β-stabilizers are typically 
categorized into isomorphous elements (e.g., Mo, Nb, V), 
which are fully soluble in Ti, and eutectoid elements (e.g., Fe, 
Co), which exhibit partial solubility [5, 7]. Specifically, Fe, being 
an eutectoid element, is more abundant in the Earth's crust 
compared to isomorphous elements, rendering it a cost-effec-
tive choice. Additionally, Fe contributes to solid solution 
strengthening, which has led to extensive research into the in-
corporation of Fe into Ti alloys to develop low-cost β-Ti alloys 
[8–13].

Meanwhile, Ti and its alloys present significant machining 
challenges at room temperature. Their low machinability hin-
ders the production of intricate shapes required by advanced 
industries when using conventional methods such as casting or 
forging. Several studies have explored the use of additive man-
ufacturing (AM) technologies, employing metal powders, to 
overcome these limitations in Ti alloy production [14-16]. One 
such method is laser powder bed fusion (L-PBF), which in-
volves the selective irradiation of a laser onto thin layers of 
metal powder, each approximately 30 μm in thickness, to con-
struct three-dimensional structures. Among various additive 
manufacturing techniques, L-PBF offers superior dimensional 
accuracy and high design flexibility, making it particularly suit-
able for fabricating complex Ti alloy geometries. In the produc-
tion of β-Ti alloys via the L-PBF process, it is essential to use 
pre-alloyed spherical powders containing β phase stabilizing el-
ements as alloying constituents to ensure a smooth process. 
However, the production of pre-alloyed powders is generally 
costly and, depending on the composition ratio, can be difficult 
to achieve, which often results in the inability to produce pow-
ders with specific compositions.

Therefore, in this study, β-Ti alloys were fabricated using an 
in-situ alloying process applied to non-spherical pure Ti pow-
der, which was individually mixed with β phase stabilizing ele-
ments, rather than utilizing pre-alloyed powders, to facilitate 
alloying during the L-PBF process. This approach not only al-
lows for the precise design of alloys with the desired composi-
tion ratios but also ensures cost-effectiveness, as the powders 

are not subjected to alloying or spheroidization processes and 
are mixed separately [17]. Indeed, studies utilizing the advan-
tages of the L-PBF based in-situ alloying process for alloy de-
sign and production have been documented. For example, a Ti-
34Nb alloy was successfully produced using the in-situ alloying 
technique with Ti and niobium (Nb) powders, where the chal-
lenges of porosity and unmelted particles were addressed by 
adjusting process parameters [18]. Similarly, another study 
demonstrated the potential of producing functional composites 
with hardness gradients by utilizing Ti and Mo powders in the 
in-situ alloying process, facilitated by layer-by-layer energy 
control [19]. Research has also been conducted to examine 
process variables and mechanical properties during manufac-
turing, not solely focused on alloy design. However, when using 
elemental powders with varying melting points and densities, 
these powders can melt and diffuse during processing, leading 
to alloying and potentially causing local concentration gradi-
ents or microstructural inhomogeneities, depending on the 
process conditions [20]. To ensure successful in-situ alloying, it 
is crucial to optimize L-PBF process parameters, such as laser 
power and scan speed, and to analyze the relative density and 
microstructure of the resulting specimens.

In this study, the Fe content was set at 3 wt.% to produce a 
near β-Ti alloy that stabilizes the β phase while allowing the co-
existence of the α phase. The mixed powder used in the in-situ 
alloying process was prepared by incorporating 0.1 wt.% SiO2 
hydrophobically treated oxide nanoparticles to improve the 
flowability of the non-spherical pure Ti powder. In a previous 
study, our research team confirmed the enhancement of flow-
ability and oxide-based strength through the dry coating of 
SiO2 nanoparticles with non-spherical hydrogenation-dehydro-
genation (HDH) Ti-6Al-4V powder [21]. We employed the 
same technique to prepare the mixed powder for this study. 
Optimal process conditions were determined by combining 25 
process variables within the volumetric energy density (VED) 
range of 31.75-214.30 J/mm3, ensuring that specimens with a 
relative density of 99 % or higher were produced. Additionally, 
pure Ti specimens were fabricated under the same conditions 
and used as a control group to assess differences in microstruc-
ture and mechanical properties based on the alloy composition. 
The phase composition and elemental distribution of the fabri-
cated specimens were analyzed using X-ray diffraction (XRD) 
and energy dispersive spectroscopy (EDS), and the microstruc-
ture of the layered specimens was examined using optical mi-
croscopy (OM) and scanning electron microscopy (SEM). 
Vickers hardness measurements and tensile tests were conduct-

Table 1. Classification of β-Ti based on Moeq values [5]
Type of Ti Moeq value
β-rich Ti 0~5
Near β-Ti 5~10
Metastable β-Ti 10~30
Stable β-Ti > 30
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ed to evaluate the mechanical properties and confirm changes 
resulting from the addition of Fe.

2. Experimental

In this experiment, non-spherical pure Ti powder (<45 μm, 
Samhwa Steel), spherical Fe powder (40-50 μm, Avention), and 
hydrophobic surface-treated SiO2 nanoparticles (5-15 nm, Sky-
spring Nanomaterials) were used. To assess the size and distri-
bution of the base Ti and alloying element Fe powders, particle 
size analysis (PSA; Particle Size Analysis, Shympatec, HELOS 
QUIXEL) was conducted. To improve the flowability of the 
non-spherical pure Ti powder, SiO2 nanoparticles were 
dry-coated at a 0.1 wt.% ratio using a turbula mixer at 3000 rpm 
for 3 hours. Fe powder was then mixed with the SiO2-treated Ti 
powder at a 3 wt.% ratio under the same conditions.

To evaluate the flow characteristics of the mixed powder and 
its suitability for the PBF process, Hall flowmeter measurements 
were conducted, and apparent density and tap density were 
measured using a tap densimeter. The time it took for 50 g of 
powder to fall through a standard funnel with a 25 mm diame-
ter orifice was measured five times, and the average time was 
used for Hall flowmeter analysis. For a quantitative evaluation of 
flow characteristics, the Hausner ratio, calculated as the ratio of 
apparent density to tap density, was derived and compared.

The mixed powder was used to fabricate specimens with di-
mensions of 10 ×  10 ×  5 mm using an L-PBF machine (AnyX-
120, CSCAM). The additive manufacturing process was carried 
out in a high-purity argon atmosphere, with recoating speed, 
layer thickness, and hatch spacing fixed at 30 mm/s, 0.03 mm, 
and 0.14 mm, respectively. Laser power and scan speed were 
set as process variables, resulting in the fabrication of 25 speci-
mens with different laser powers and scan speeds.

For phase analysis of the fabricated specimens, X-ray diffrac-
tion (XRD; D8 ADVANCE, Bruker) was performed within a 
20-90° diffraction angle range at 3 °/min, and elemental distri-
bution was analyzed using energy dispersive spectroscopy (EDS; 
ZEISS, Gemini360). Microstructural analysis was carried out 
using scanning electron microscopy (SEM; ZEISS, LEO “SU-
PRA 55”), and optical microscopy (OM; ZEISS, Axioscope 5).

To compare the mechanical properties before and after alloy-
ing, Vickers hardness measurements were performed with a 
500 gf load and 10-second dwell time for 10 cycles, and the av-
erage value was calculated. Tensile tests were conducted using 
ASTM E8 specimens (Fig. 1) produced under the same condi-
tions, and the average value was derived after three measure-

ments using a tensile testing machine (SHIMADZU CORPO-
RATION, AG-Retrofit).

3. Results and Discussion

3.1 Powder preparation
The morphologies of the Ti and Fe powder used in this study 

are shown in the SEM images in Fig. 2(a) and (b). Fig. 2 (a) 
particles produced via HDH process exhibit a non-spherical 
morphology, whereas (b) particles produced by gas atomization 
feature a rounded, spherical shape. Fig. 2(c) presents the parti-
cle size analysis results, indicating that the d50 of Ti is 32.19 μm 
and that of Fe is 42.66 μm. Given that the size difference be-
tween the Ti base material and the Fe alloy element powder is 
several μm, powders with a relatively small particle size differ-
ence were selected to ensure the stability of the mixed powder 
and the process. No Fe peaks were detected in the X-ray dif-
fraction (XRD) pattern after powder mixing (Fig. 2(d)), which 
can be attributed to the low Fe content of 3 wt.%.

The results of the flowability evaluation, which confirm the 
applicability of the L-PBF process to the mixed powder, are 
presented in Table 2. A previous study conducted by our re-
search team [21] demonstrated that the addition of 0.1 wt.% 
SiO2 nanoparticles to non-spherical Ti-6Al-4V powder signifi-
cantly improved its flow characteristics, making it suitable for 
the L-PBF process. Therefore, a similar evaluation of the flow-
ability of Ti-3Fe powder, both before and after dry coating with 
0.1 wt.% SiO2 nanoparticles, was performed. The Ti-3Fe pow-
der mixture without SiO2 addition exhibited extremely poor 
flow properties, making measurement with a Hall flowmeter 
unfeasible. In contrast, the Ti-3Fe + 0.1 wt.% SiO2 powder mix-
ture showed flow properties comparable to those reported in 

Fig. 1. Schematic of the tensile specimen according to ASTM E8 
standards
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previous studies. Specifically, the Hausner ratio, which is calcu-
lated by dividing the apparent density by the tap density, indi-
cates excellent flowability when it approaches 1 [22]. The mixed 
powder with SiO2 addition exhibited even better flow proper-
ties, with a value of 1.15 – approximately 0.05 lower than the 
values reported in previous studies. The flow property evalua-
tion results when SiO2 nanoparticles were added to Ti-3Fe 
powder were comparable to, or in some cases superior to, those 
observed in previous studies that successfully achieved layer-
ing. Therefore, we conclude that there should be no issues in 
applying the L-PBF process to this material.

3.2 L-PBF process and sample fabrication
Even when the same material is used, characteristics such as 

microstructure and relative density can vary depending on the 
process conditions for specimens produced by the L-PBF pro-
cess. This variation arises because the morphology and geo-
metric structure of the melt pool formed during the process are 
influenced by the process variables. Therefore, it is essential to 
determine the optimal combination of the four key L-PBF pro-
cess variables: laser power (P), scan speed (v), hatch spacing (h), 
and layer thickness (t). The volumetric energy density (VED), 
calculated using equation (2), serves as a quantitative thermo-
dynamic indicator and is primarily used to optimize the L-PBF 
process [23].

              (2)

In this study, the process conditions were optimized by fixing 
the layer thickness and hatch spacing, while laser power and 
scan speed – the variables related to the laser irradiation – were 
selected as the primary variables. A total of 25 process condi-
tions, involving different laser power and scan speed settings 
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Fig. 2. (a), (b) Scanning electron microscopy image of Ti and Fe powder, (c) particle size analysis results of the powder, (d) X-ray diffraction 
patterns before and after mixing of the powders

Table 2. Flow characteristics of Ti-3Fe mixed powder before and 
after the addition of SiO2

Ti-3Fe Ti-3Fe + 0.1 wt.% SiO2

Hall flowmeter (Standard, s/50 g) No flow 92.61 ±  3.14
Hall flowmeter (Carney, s/50 g) No flow 16.75 ±  0.94
Hausner ratio 1.40 1.15
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within the VED range of 31.75-214.30 J/mm3, were combined 
to produce the specimens shown in Table 3.

As mentioned above, VED is a thermodynamic quantitative 
indicator, meaning it quantifies the amount of energy injected 
per unit volume. However, it does not account for the geomet-
ric behavior determined by the depth of the molten pool 
formed during the process, nor its internal dynamics [24]. For 
example, even when two specimens yield the same VED value 
with different combinations of process variables, their micro-
structures and mechanical properties may vary depending on 
the specific variables employed. Therefore, in this study, VED 
was not used as an absolute indicator for process optimization, 
but rather as a comparative value between different process 
conditions. Optimization was performed based on the relative 
density and microstructure analysis of the produced samples.

3.3 Phase and microstructure analysis
XRD pattern analysis of the produced specimens (Fig. 3) re-

vealed that the α’-Ti peak was dominant overall, although some 
β-Ti peaks remained at room temperature. This is due to the 
transformation of the β phase into α’ martensite caused by the 
rapid cooling during the L-PBF process. As no peaks corre-
sponding to the α-Fe phase or the intermetallic compounds 
TiFe or TiFe2 were observed, it can be inferred that Fe exists in 
a dissolved state within the Ti lattice rather than as a separate 
phase. Furthermore, when comparing the XRD patterns of 
pure Ti specimens produced under the same conditions, it was 
observed that the α’-Ti peak of Ti-3Fe shifted slightly towards 
the high-angle region (increased 2θ). Peak shifts to the low- or 
high-angle regions can result from various factors, but in this 
study, we focused on the changes in the Ti lattice caused by the 
addition of Fe to interpret this phenomenon.

The atomic radii of Ti and Fe are generally known to be 147 
pm and 126 pm, respectively [25]. According to the Hume- 
Rothery rule [26], two atoms can form a solid solution through 
substitution when the difference in their radii is within 15 %. Ti 

Table 3. L-PBF process conditions and resulting volumetric energy density (VED)

Sample number Laser power (W) Scan speed 
(mm/s)

Hatch spacing 
(mm)

Layer thickness 
(mm)

VED 
(J/mm3) Relative density (%)

1 80 600 0.14 0.03 31.75 93.66
2 80 500 0.14 0.03 38.10 94.63
3 80 400 0.14 0.03 47.62 95.08
4 80 300 0.14 0.03 63.49 96.20
5 80 200 0.14 0.03 95.24 96.96
6 100 600 0.14 0.03 39.68 97.48
7 100 500 0.14 0.03 47.62 97.57
8 100 400 0.14 0.03 59.52 96.47
9 100 300 0.14 0.03 79.37 95.73
10 100 200 0.14 0.03 119.05 97.90
11 120 600 0.14 0.03 47.62 98.68
12 120 500 0.14 0.03 57.14 98.91
13 120 400 0.14 0.03 71.43 97.12
14 120 300 0.14 0.03 95.24 96.31
15 120 200 0.14 0.03 142.86 97.98
16 150 600 0.14 0.03 59.52 98.52
17 150 500 0.14 0.03 71.43 99.12
18 150 400 0.14 0.03 89.29 99.21
19 150 300 0.14 0.03 119.05 98.83
20 150 200 0.14 0.03 178.57 99.01
21 180 600 0.14 0.03 71.43 99.07
22 180 500 0.14 0.03 85.71 98.63
23 180 400 0.14 0.03 107.14 98.62
24 180 300 0.14 0.03 142.87 98.92
25 180 200 0.14 0.03 214.30 98.56
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Fig. 3. X-ray diffraction patterns of Ti-3Fe and pure Ti fabricated specimens, and enlarged regions ① and ② for peak shift analysis

Table 4. Interplanar spacing (d), lattice constants (a, c), and 
calculation results

Pure Ti Ti-3Fe
d100 (Å) 2.559 (2θ= 35.09°) 2.557 (2θ= 35.11°)
d002 (Å) 2.341 (2θ= 38.40°) 2.329 (2θ= 38.65°)
a (Å) 2.957 2.953
c (Å) 4.682 4.658
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and Fe have a radius difference of approximately 14.29 %, which 
means they fall within the range where solid solution formation 
is feasible during alloying. Therefore, when the relatively small-
er-radius element Fe is dissolved into the Ti matrix, lattice con-
traction occurs in the solid solution, resulting in distortion and 
a decrease in interplanar spacing and lattice constants [27]. The 
interplanar spacing (d) was calculated using peak angle (2θ) of 
the (0002) and (101¯0) planes of α’-Ti (in Fig. 3) by plugging it 
into Bragg’s law (3). The derived interplanar spacing was then 
used to calculate the lattice constants (a, c) of the α-Ti HCP 
structure using equation (4), thereby confirming the change in 
lattice constants [28].

                  (3)

        (4)

The calculation results are presented in Table 4. The theoreti-
cal calculations, based on the peak angle, reveal that the lattice 
constants a and c of Ti-3Fe decreased by 0.14 % and 0.51 %, re-
spectively, compared to pure Ti with no Fe added. This indi-
cates that the reduction in interplanar spacing and lattice con-
stants, caused by the addition of Fe, resulted in a shift of the 
XRD peaks towards the high-angle region. This suggests that 
the Fe elements added during the powder mixing stage formed 
a solid solution with Ti.

The results of the relative density measurements according to 
the VED of 25 specimens are shown in Fig. 4(a). While there 
was a general trend of increasing relative density with higher 

VED values, no specific correlation, such as a linear propor-
tional relationship, was observed. However, specimens within 
the 70-90 J/mm3 range exhibited relatively high relative densi-
ties. Specimen #18, with a VED value of 89.29 J/mm3, had the 
highest relative density at 99.21 %. EDS mapping of specimen 
#18 in Fig. 4(b) reveals that the added Fe is uniformly distribut-
ed throughout the Ti matrix. Accordingly, specimen #18 was 
designated as the optimal condition, and all subsequent analy-
ses were performed on specimens fabricated under that setting.

Fig. 5 show OM and SEM images of Ti-3Fe and pure Ti spec-
imens fabricated under the same conditions in their as-built 
state. As shown in Fig. 5(a) and (b), both types of specimens 
formed a non-equilibrium lamellar α’ martensite phase due to 
the rapid melting and cooling that occurs during the L-PBF 
process. The same microstructure is observed in the SEM im-
ages in Fig. 5(c) and (d), which is typical of specimens pro-
duced by L-PBF. Ti alloys containing 3 wt.% Fe exhibit the 
same α’ martensite-dominated microstructure as pure Ti speci-
mens, as they correspond to near β-Ti alloys and undergo no 
phase transformation. When approximately 9 wt.% or more of 
Fe is added, dendritic-shaped TiFe or TiFe2 precipitates are typ-
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Fig. 4. (a) Relative density measurements as a function of volumetric energy density (VED), (b) energy dispersive spectroscopy mapping of 
specimen #18

Fig. 5. (a), (c) Optical microscopy images of pure Ti and Ti-3Fe as-built specimens, (b), (d) scanning electron microscopy images of pure Ti 
and Ti-3Fe as-built specimens

J Powder Mater 2025;32(4):288-298294

ically observed [29]. However, such intermetallic compounds 
were not observed in this study due to the low Fe content.

3.4 Mechanical properties
Fig. 6 shows a graph comparing the Vickers hardness of 25 

Ti-3Fe specimens with that of 25 pure Ti specimens, both of 
which were under the same process conditions. The average 
values obtained from 10 measurements are presented in Table 
5. The hardness values for the Ti-3Fe and pure Ti specimens 
were 470.80 HV and 315.56 HV, respectively, showing an im-
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Fig. 6. VED-Vickers hardness graph of Ti-3Fe and pure Ti specimens

Table 5. Comparison of average Vickers hardness values for 
specimen #18 Ti-3Fe and specimen #18 pure Ti
Specimen Vickers hardness (HV)
Ti-3Fe 470.80 ±  29.34
Pure Ti 315.56 ±  4.65

J Powder Mater 2025;32(4):288-298 295

provement in hardness of Ti-3Fe alloy approximately 49.19 % 
compared to pure Ti. This enhancement is attributed not only 
to the solid solution strengthening effect caused by the incor-
poration of Fe into Ti lattice (as confirmed in Section 3.3), but 
also to oxide dispersion strengthening resulting from the addi-
tion of SiO2 nanoparticles to improve flowability. Two 
strengthening pathways are distinguished. Fe (composi-
tion-driven) acts as a β-stabilizer and dissolves in the Ti ma-
trix; the absence of Fe or Ti-Fe intermetallic reflections togeth-
er with high-angle XRD peak shifts (lattice contraction) evi-
dences solid-solution formation. This composition change 
provides a direct contribution to the observed increases in 
strength/hardness and aligns with the work hardening behav-
ior in some stress-strain curves. SiO2 (microstructure-driven) 
promotes martensite grain size reduction under the L-PBF 
process (pinning-assisted refinement). In our research team’s 
previous study [21], SiO2 treatment of Ti-based powders pro-
duced an ~36.8 % decrease in martensite grain size verified by 
EBSD IPF maps, accompanied by higher hardness/strength, 
supporting a grain-refinement-mediated contribution relevant 
here. Because dispersion-related effects were not quantitatively 
isolated in the present dataset, we do not assign a numerical 

partition between the Fe and SiO2 contributions. This limita-
tion is deemed addressable by targeted nanoscale characteriza-
tion-e.g., high-resolution TEM/STEM-EDS (and, where ap-
propriate, APT or synchrotron XRD)-which is expected to en-
able quantitative resolution of dispersion-related contribu-
tions.

The Ti-3Fe alloy exhibits superior strength compared to pure 
Ti due to the solid solution strengthening effect and the oxide 
dispersion strengthening effect induced by the addition of SiO2 
nanoparticles, both of which were discussed in the previous 
section. As shown in Fig. 7 and Table 6, which present the 
stress-strain curve and tensile properties derived from actual 
tensile tests, the yield and ultimate tensile strengths of the Ti-
3Fe alloy increased by 44.6 % and 52.3 %, respectively, com-
pared to pure Ti. However, the elongation of the Ti-3Fe alloy is 
slightly lower than that of pure Ti, which can be attributed to 
lattice distortion caused by addition of Fe, as observed previ-
ously. While the addition of Fe enhances strength through solid 
solution strengthening, it also induces brittle behavior due to 
stress concentration caused by lattice distortion [30, 31]. In 
summary, the addition of Fe improves yield strength, tensile 
strength, and hardness through solid solution strengthening 
and the oxide dispersion strengthening effect of the added SiO2 
nanoparticles. However, lattice distortion leads to embrittle-
ment, resulting in a decrease in elongation.

Meanwhile, in the stress-strain curve shown in Fig. 7, pure 
Ti exhibits a nearly horizontal curve with little increase in 
stress until fracture occurs after yield, shows a tendency for 
stress to increase even after the yield point. This behavior is 
typical characteristic of work hardening, which results from 
delayed necking due to the continuous accumulation of dislo-
cations within the Ti-3Fe alloy during plastic deformation. 
Work hardening refers to the phenomenon where the strength 
of a material increases as the degree of deformation increases 
during plastic deformation. Accordingly, in this study we in-
terpret the work hardening as arising from two indirect effects 
associated with Fe addition. First, Fe addition primarily ele-
vates the initial yield strength via solid-solution strengthening, 
while also giving rise to lattice distortion and solute-induced 
stress fields that can impede dislocation motion and retard dy-
namic recovery. As Fe is solubilized into the Ti lattice, as previ-
ously described, lattice distortion and a stress field arise due to 
differences in atomic radii, which induce the solid solution 
strengthening effect [32]. The stress field generated at this 
stage acts as additional resistance during dislocation move-
ment, delaying their rearrangement and annihilation. As a re-
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Fig. 7. Stress-strain curve of Ti-3Fe and pure Ti specimens

Table 6. Tensile test results for each specimen: yield strength, 
ultimate tensile strength, and elongation
Properties Ti-3Fe Pure Ti
Yield strength (MPa) 1063.85 ±  50.63 735.73 ±  2.16
Ultimate tensile strength (MPa) 1245.45 ±  44.86 817.66 ±  8.83
Elongation (%) 5.22 ±  0.26 14.33 ±  1.10
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sult, the dislocation density retention time increases, and stress 
continues to accumulate, serving as a mechanism that pro-
motes work hardening. Second, based on reports that solute 
alloying in Ti alloys reduces the stacking-fault energy (SFE) 
[33], Fe addition likewise leads to an approximately linear de-
crease in SFE; since lower SFE generally increases strain hard-
ening [34], we regard this as an additional indirect effect of Fe 
addition. Therefore, in the elongation region of Fig. 7, the Ti-
3Fe alloy shows a post-yield rise in stress indicative of work 
hardening, confirming that Fe addition not only induces sol-
id-solution strengthening but also contributes to work harden-
ing. In contrast, the pure Ti specimen exhibits an essentially 
flat post-yield segment, and no discernible work hardening 
was observed for pure Ti under our test conditions.

4. Conclusion

In this study, near β-Ti was produced by adding 3 wt.% of Fe 
powder, a eutectoid β-stabilizer, and 0.1 wt.% of SiO2 nanopar-
ticles to improve flowability to pure Ti powder, and then in-
ducing alloying during the process using an in-situ alloying 

method. To compare the microstructure and mechanical 
properties before and after Fe addition, pure Ti specimens 
were used as a control group for comparative analysis.

- �Based on two process conditions (laser power and scan 
speed) of L-PBF, 25 specimens with different process con-
ditions were produced, and the process conditions were 
optimized for specimens with a relative density of 99 % or 
higher. To analyze the effect of the alloying element Fe, 
pure Ti specimens were produced under the same opti-
mized process conditions, and their microstructure and 
mechanical properties were compared and analyzed.

- �XRD pattern analysis confirmed the presence of the β 
phase at room temperature and the peak shift phenome-
non in the high-angle region. In this study, we interpreted 
this phenomenon by focusing on the decrease in interpla-
nar spacing and lattice constants due to dissolved Fe in the 
Ti matrix. The lattice constants a and c of the actual HCP 
structure were calculated to have decreased by 0.14 % and 
0.51 %, respectively, using equations (3) and (4). Addition-
ally, EDS mapping confirmed that Fe was uniformly dis-
solved throughout the specimen.

- �When comparing the mechanical properties of pure Ti 
specimens and Ti-3Fe specimens, the hardness of Ti-3Fe 
specimens improved by approximately 49.19% compared 
to pure Ti specimens, and the yield strength and ultimate 
tensile strength increased by 44.6 % and 52.3 %, respective-
ly. However, the elongation of the Ti-3Fe specimen showed 
a slight decrease compared to the pure Ti specimen, which 
was attributed to brittleness induced by internal stress con-
centration resulting from lattice distortion.
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