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Abstract: The aim of this work is to investigate the β-Ti-phase-stabilizing effect of vanadium
and iron added to Ti-6Al-4V powder by means of heterogeneous powder mixtures and in situ
alloy-formation during laser powder bed fusion (L-PBF). The resulting microstructure was analyzed
by metallographic methods, scanning electron microscopy (SEM), and electron backscatter diffraction
(EBSD). The mechanical properties were characterized by compression tests, both prior to and after
heat-treating. Energy dispersive X-ray spectroscopy showed a homogeneous element distribution,
proving the feasibility of in situ alloying by LPBF. Due to the β-phase-stabilizing effect of V and Fe
added to Ti-6Al-4V, instead of an α’-martensitic microstructure, an α/β-microstructure containing
at least 63.8% β-phase develops. Depending on the post L-PBF heat-treatment, either an increased
upsetting at failure (33.9%) compared to unmodified Ti-6Al-4V (28.8%), or an exceptional high
compressive yield strength (1857 ± 35 MPa compared to 1100 MPa) were measured. The hardness of
the in situ alloyed material ranges from 336 ± 7 HV0.5, in as-built condition, to 543 ± 13 HV0.5 after
precipitation-hardening. Hence, the range of achievable mechanical properties in dependence of the
post-L-PBF heat-treatment can be significantly expanded in comparison to unmodified Ti-6Al-4V,
thus providing increased flexibility for additive manufacturing of titanium parts.

Keywords: laser powder bed fusion (L-PBF); additive manufacturing; titanium alloys; microstructure;
compression test

1. Introduction

Laser powder bed fusion (L-PBF), also referred to as selective laser melting (SLM) or laser
beam melting (LBM), is currently the most widely used technique for additive manufacturing of
metals [1]. Figure 1 shows a basic schematic of the process. Especially for demanding applications,
e.g., in the aerospace industry [2] or for medical implants [3] titanium alloys are of particular interest.
The most important titanium alloy for L-PBF applications is Ti-6Al-4V [4]. L-PBF of Ti-6Al-4V is,
in general, well understood and standard parameter sets are available for numerous commercial L-PBF
systems (e.g., EOS M 290 [5] or SLM 280 [6]). Recent scientific publications focus, for example, on the
microstructure evolution [7] or the fatigue behavior [8] of Ti-6Al-4V processed by L-PBF. However,
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the usage of alternative titanium alloys for L-PBF is rather uncommon. Reasons for this are an elaborate
development of process parameters for new alloys and the limited availability of suitable pre-alloyed
powders as starting material for L-PBF. The atomization of special alloys on demand is possible, but
generally linked with high costs. One approach for developing new Ti alloys for L-PBF is in situ
alloying from heterogeneous powder mixtures made from commercially available standard powders.
Aiming for an increased wear resistance, Gu [9] reported a similar approach for producing metal
matrix composites. For this purpose, SiC and commercially pure Ti powder were blended using a
ball mill. After L-PBF, the resulting parts showed an elevated microhardness (>980 HV0.3) and wear
resistance in comparison to pure Ti. With respect to antibacterial properties, Macpherson et al. [10]
published a study on adding Cu and Ag to Ti-6Al-4V by in situ alloying. Energy dispersive X-ray
spectroscopy (EDS) measurements showed a homogeneous distribution of the added elements after
L-PBF. Also motivated by medical applications, Sing et al. [11] investigated in situ alloying of Ti with
50 wt % Ta, and showed that a microstructure predominantly consisting of β-phase evolved. However,
no heat-treatments were performed to adjust the mechanical properties and to remove the internal
stress induced during L-PBF, and the homogeneity of the element distribution after L-PBF was partly
not investigated. Furthermore, with respect to load-bearing applications, e.g., in the aerospace industry,
alloy compositions different than those described in the abovementioned works, are required. Due to
their exceptional mechanical properties and, especially, their high cycle fatigue strength, metastable
β-Ti alloys, like Ti-10V-2Fe-3Al, are becoming increasingly important for aircraft parts [12]. Thus, aim
of this work is to investigate the modification of Ti-6Al-4V with the β-phase-stabilizing elements, V and
Fe, by means of heterogeneous powder mixtures and in situ alloying during L-PBF. Following L-PBF,
different heat-treatments were conceived and applied to the in situ alloyed samples. Subsequently,
the resulting element distribution, as a criterion for a successful in situ alloy formation, as well as the
microstructure and the mechanical properties, were analyzed.
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The irregular-shaped V and Fe powders, also with a nominal particle size distribution of <45 µm, 
were provided by PMCtec GmbH (Leun Germany) and NMD GmbH (Heemsen, Germany), 
respectively. The chemical composition of the powders was analyzed by EDS and are listed in Table 
1. Figure 2 shows scanning electron images (SEM) of the powders. For the L-PBF experiments, the Ti-
6Al-4V powder was blended with commercially pure Fe and V powder (ratio: 91.67 Ti-6Al-4V / 2.00 
Fe / 6.33 V). The mixing procedure was experimentally developed and comprises vibration sieving 
to break up potential agglomerates, and subsequent mixing for two hours in a Turbula®-mixer from 
Willy A. Bachofen AG (Muttenz, Switzerland). The intention was to achieve a relative element 
distribution throughout the heterogeneous powder mixture close to the commercial metastable β-

Figure 1. Schematic of the L-PBF process.

2. Materials and Methods

The predominantly spherical Ti-6Al-4V with a particle size distribution of 15–45 µm, used in this
work, was obtained from AP&C Advanced Powders and Coatings Inc. (Boisbriand, QC, Canada).
The irregular-shaped V and Fe powders, also with a nominal particle size distribution of <45 µm, were
provided by PMCtec GmbH (Leun Germany) and NMD GmbH (Heemsen, Germany), respectively.
The chemical composition of the powders was analyzed by EDS and are listed in Table 1. Figure 2
shows scanning electron images (SEM) of the powders. For the L-PBF experiments, the Ti-6Al-4V
powder was blended with commercially pure Fe and V powder (ratio: 91.67 Ti-6Al-4V/2.00
Fe/6.33 V). The mixing procedure was experimentally developed and comprises vibration sieving
to break up potential agglomerates, and subsequent mixing for two hours in a Turbula®-mixer from
Willy A. Bachofen AG (Muttenz, Switzerland). The intention was to achieve a relative element
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distribution throughout the heterogeneous powder mixture close to the commercial metastable β-alloy
Ti-10V-2Fe-3Al. Since an exact Al concentration of the target alloy is not achievable by adding Fe and
V to Ti-6Al-4V powder, the resulting nominal elemental distribution is 82.5 Ti/10 V/2 Fe/5.5 Al and,
therefore, shows a slightly higher aluminum content than the target alloy. Despite the non-spherical
particle shape of the Fe and V powders, the powder system obtained from the mixing procedure can
be recoated to homogeneous layers without significant imperfections. This was verified visually by an
illumination setup and a high-resolution camera.

Table 1. Chemical composition of the powder batches used in this study determined by EDS analysis.

Material Ti Al V Fe Si

Specification
Ti-6Al-4V (wt %) [13] bal. 5.5–6.75 3.5–4.5 0.0–0.3 -

Ti-6Al-4V (wt %) 89.3 6.3 4.2 0.2 -
Fe (wt %) - - - 99.8 0.1
V (wt %) - - 99.9 - -

standard deviation < 0.1 wt %
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Figure 2. SEM images of the powders used in this work: (a) Ti-6Al-4V powder, (b) V powder,
(c) Fe powder.

To analyze the effect of the addition of V and Fe to Ti-6Al-4V by in situ alloying on the microstructure
and the mechanical properties, 30 cylindrical samples with the dimensions Ø 7.5 mm × 19 mm were
manufactured using a SLM 50 L-PBF-machine from Realizer GmbH (Borchen, Germany). Eighteen
samples were built with Ti-6Al-4V powder modified with V and Fe, while 12 samples have been built
with non-modified Ti-6Al-4V powder as reference group. The parameter sets used for manufacturing
the specimens are listed in Table 2. The parameters were experimentally developed and facilitate the
production of parts with relative densities above 99.9%. For each powder material, the parameter set
facilitating the highest relative densities was selected from a series of 36 test samples, that were built with
varying scan speeds (300, 600, and 900 mm/s), spot diameters (40 and 70 µm), and hatch distances (60, 90,
and 120 µm). The highest relative densities for the Ti-6Al-4V + 2Fe + 6V powder mixture are achievable
with a reduced spot diameter compared to unmodified Ti-6Al-4V. This is probably due to the altered
chemical composition.

Table 2. Parameter sets used for manufacturing the samples.

Material Laser Power Scan Speed Spot Diameter Hatch Distance Layer Thickness

Ti-6Al-4V 100 W 600 mm/s 70 µm 60 µm 30 µm
Ti-6Al-4V + 2Fe + 6V 100 W 600 mm/s 40 µm 60 µm 30 µm
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Following the L-PBF process, a group of six samples of each material was heat-treated at
850 ◦C for two hours, and cooled in the furnace. This heat-treatment, which was developed for
Ti-6Al-4V from L-PBF, was derived from Vrancken et al. [14], and also applied in previous work [15].
All heat-treatments were performed in a furnace constantly flushed with argon to reduce oxidation
and oxygen absorption. Furthermore, an additional heat-treatment for a group of six Ti-6Al-4V +
2Fe + 6V samples was conceived. It comprised a solution heat-treatment at 1050 ◦C (above β-transus
temperature) for 20 min, followed by water quenching and annealing at 500 ◦C for eight hours.
These values were partially derived from [12]. The intention of this heat-treatment is to dissolve the
microstructure developed during L-PBF by the occurring phase transition related to the temperatures
above β-transus temperature, and the subsequent water quenching. For achieving a strengthening
effect, the homogeneous precipitation of fine dispersed α-phase within the β-phase matrix by the
annealing at 500 ◦C is proposed. The heat-treatments used in this work are summed up in Table 3.
The S 1050 ◦C + PH heat-treatment was not applied to the unmodified Ti-6Al-4V reference samples,
since, without the presumed β-phase-stabilizing effect of the Fe and V addition, the formation of
α’-martensite, instead of β-phase, that would be required for the precipitation-hardening after water
quenching, is to be expected.

Table 3. Heat-treatments applied to the specimens.

AN 850 ◦C Annealed at 850 ◦C, 2 h

S 1050 ◦C + PH Solution heat-treated at 1050 ◦C, 20 min; water quenched;
precipitation-hardened at 500 ◦C, 8 h

The resulting microstructure in dependence of the alloy composition and the heat-treatment
condition was characterized by analyzing metallographically prepared cross-sections by means of EDS,
scanning electron imaging (SEM), and electron backscatter diffraction (EDSB). For this purpose, the
specimens were grinded and polished with 3 µm diamond suspension, followed by a polishing step
with active oxide polishing suspension (OPS) and hydrogen peroxide. To reveal the microstructure,
the samples were cleaned in an ultrasonic bath and etched with Kroll’s reagent (H2O, HNO3, HF)
for 8 s and investigated by optical microscopy. The mechanical properties were characterized by
compression tests and hardness measurements. The microhardness was measured using a KB 30 S
device from Hegewald & Peschke Meß- und Prüftechnik GmbH (Nossen, Germany). For determining
the compression properties, five samples of each group have been processed to specimens with
the dimensions Ø 6 mm × 9 mm by successive turn-milling and grinding. Further information on
the experimental setup is given in prior work [16]. The tests were performed in accordance with
DIN 50106 [17].

3. Results and Discussion

One criterion for the success of the in situ alloying approach, by means of heterogeneous powder
mixtures and L-PBF, is to accomplish the desired elemental distribution homogeneously throughout the
L-PBF part. This was investigated by EDS. As shown in Figure 3, after annealing at 850 ◦C, only minor
inhomogeneity is visible, and the elements are evenly distributed across the part. The original powder
particles with a size of 1 to 45 µm are completely fused and mixed, and no unmelted areas consisting of
pure V, Fe, or Ti-6Al-4V are visible. A significant demixing effect of the powder particles during powder
handling or recoating was not observed, as the element concentration in the resulting parts was found to
be homogeneous. The resulting alloying element concentration was determined to be 81.9 ± 0.06 wt %
titanium, 10.8 ± 0.05 wt % vanadium, 2.0 ± 0.03 wt % iron, and 5.2 ± 0.06 wt % aluminum, and is
therefore close to the expected 82.5 Ti/10 V/2 Fe/5.5 Al composition. The slightly lower amount of
aluminum, in comparison to the calculated value of 5.5 wt %, presumably originates from aluminum
evaporation during L-PBF, that was also observed in previous work [18]. The EDS results demonstrate
the general feasibility of in situ alloying for developing new Ti alloys for L-PBF applications.



Metals 2018, 8, 1067 5 of 9
Metals 2018, 8, 1067 5 of 9 

 

 
Figure 3. EDS analysis of the in situ alloyed Ti-6Al-4V + 2Fe + 6V material; from left to right: elemental 
mapping for the elements V, Al, Fe, and Ti. 

The resulting microstructure in dependence of the alloy composition and the heat-treatment is 
shown in Figure 4. In as-built condition, the Ti-6Al-4V reference samples consist of an α’-martensitic 
microstructure with elongated, columnar prior β-grains, and a hardness of 424 ± 11 HV0.5. The α’-
martensite is formed due to the high cooling rates in the range of 106 K/s [19], that are related to the 
L-PBF process. This is well in accordance with literature (e.g., [20]). A heat-treatment at 850 °C leads 
to a decomposition of the α’-martensite into fine acicular α-phase surrounded by β-phase, while the 
prior β-grains remain visible, since the β-transus temperature of Ti-6Al-4V at around 960 °C [12] is 
not exceeded. The hardness is reduced to 364 ± 14 HV0.5, due to the change in microstructure. The 
amount of β-phase was determined to be 15% by EBSD measurements.  

V and Fe addition to Ti-6Al-4V, by means of in situ alloying, results in a significant change in 
the microstructure compared to unmodified Ti-6Al-4V reference samples. No α’-martensite is formed 
during L-PBF of the in situ alloyed samples, and the hardness is with 336 ± 7 HV0.5, significantly 
lower than the hardness of the unmodified alloy in as-built condition, with 424 ± 11 HV0.5. Instead, 
a microstructure consisting of intertwined α- and β-grains evolves (Figures 4 and 5). EBSD 
measurements show the presence of at least 63.8% β-phase and 26.6% α-phase (9.6% unresolved 
areas, presumed to be predominantly α-phase) in as-built condition. The β-phase-stabilizing effect of 
the elements V and Fe [12] can, therefore, be confirmed for the L-PBF process. 

Heat-treatment of the Ti-6Al-4V + 2Fe + 6V samples at 850 °C results in cellular β-grains with α-
phase located at the grain boundaries and acicular α-phase platelets inside the β-grains (Figures 4 
and 5). Due to the microstructural changes, it is assumed that a complete phase transition takes place 
during the 850 °C heat-treatment, and the as-built microstructure is dissolved. This indicates that the 
β-transus temperature of the in situ alloyed material is reduced below 850 °C by the β-phase-
stabilizing effect the alloying elements V and Fe (see also β-transus temperature of the commercial 
alloy Ti-10V-2Fe-3Al at 800 °C [21]). During the subsequent cooling, from 850 °C to room temperature 
in the furnace, a more equilibrium material state evolves than during the L-PBF process, that 
comprises cooling rates in the range of 106 K/s [19]. Due to the lower cooling rates, slightly less β-
phase with a share of 57.8% is obtained after the 850 °C heat-treatment, than directly after L-PBF. 
Solution heat-treatment at 1050 °C, and subsequent water quenching and precipitation heat-
treatment leads, as intended, to very fine, homogeneously distributed nm-scale α-precipitations 
inside cellular β-grains (Figures 4 and 5). The very high hardness of 534 ± 13 HV0.5, measured for the 
sample, presumably originates from these precipitations, and indicates a high mechanical strength. 
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mapping for the elements V, Al, Fe, and Ti.

The resulting microstructure in dependence of the alloy composition and the heat-treatment is
shown in Figure 4. In as-built condition, the Ti-6Al-4V reference samples consist of an α’-martensitic
microstructure with elongated, columnar prior β-grains, and a hardness of 424 ± 11 HV0.5.
The α’-martensite is formed due to the high cooling rates in the range of 106 K/s [19], that are related
to the L-PBF process. This is well in accordance with literature (e.g., [20]). A heat-treatment at 850 ◦C
leads to a decomposition of the α’-martensite into fine acicular α-phase surrounded by β-phase, while
the prior β-grains remain visible, since the β-transus temperature of Ti-6Al-4V at around 960 ◦C [12] is
not exceeded. The hardness is reduced to 364 ± 14 HV0.5, due to the change in microstructure. The
amount of β-phase was determined to be 15% by EBSD measurements.

V and Fe addition to Ti-6Al-4V, by means of in situ alloying, results in a significant change in
the microstructure compared to unmodified Ti-6Al-4V reference samples. No α’-martensite is formed
during L-PBF of the in situ alloyed samples, and the hardness is with 336 ± 7 HV0.5, significantly
lower than the hardness of the unmodified alloy in as-built condition, with 424 ± 11 HV0.5. Instead,
a microstructure consisting of intertwined α- and β-grains evolves (Figures 4 and 5). EBSD
measurements show the presence of at least 63.8% β-phase and 26.6% α-phase (9.6% unresolved
areas, presumed to be predominantly α-phase) in as-built condition. The β-phase-stabilizing effect of
the elements V and Fe [12] can, therefore, be confirmed for the L-PBF process.

Heat-treatment of the Ti-6Al-4V + 2Fe + 6V samples at 850 ◦C results in cellular β-grains
with α-phase located at the grain boundaries and acicular α-phase platelets inside the β-grains
(Figures 4 and 5). Due to the microstructural changes, it is assumed that a complete phase transition
takes place during the 850 ◦C heat-treatment, and the as-built microstructure is dissolved. This
indicates that the β-transus temperature of the in situ alloyed material is reduced below 850 ◦C by
the β-phase-stabilizing effect the alloying elements V and Fe (see also β-transus temperature of the
commercial alloy Ti-10V-2Fe-3Al at 800 ◦C [21]). During the subsequent cooling, from 850 ◦C to room
temperature in the furnace, a more equilibrium material state evolves than during the L-PBF process,
that comprises cooling rates in the range of 106 K/s [19]. Due to the lower cooling rates, slightly less
β-phase with a share of 57.8% is obtained after the 850 ◦C heat-treatment, than directly after L-PBF.
Solution heat-treatment at 1050 ◦C, and subsequent water quenching and precipitation heat-treatment
leads, as intended, to very fine, homogeneously distributed nm-scale α-precipitations inside cellular
β-grains (Figures 4 and 5). The very high hardness of 534 ± 13 HV0.5, measured for the sample,
presumably originates from these precipitations, and indicates a high mechanical strength.



Metals 2018, 8, 1067 6 of 9

Metals 2018, 8, 1067 6 of 9 

 

 
Figure 4. Resulting microstructure and microhardness (n = 8) in dependence of the alloy composition 
and the heat-treatment (oxide polishing suspension (OPS)-polished and etched with Kroll’s reagent): 
(a) Ti-6Al-4V as-built, (b) Ti-6Al-4V heat-treated at 850 °C, (c) Ti-6Al-4V + 2Fe + 6V as-built, (d) Ti-
6Al-4V + 2Fe + 6V heat-treated at 850 °C, (e) Ti-6Al-4V + 2Fe + 6V solution heat-treated at 1050 °C and 
precipitation-hardened. 

 

Figure 5. (a,b): EBSD phase-mapping, (c): EBSD inverse pole figure (ipf) map corresponding to (b) 
and (d): SEM images of the in situ alloyed Ti-6Al-4V + 2Fe + 6V samples. 

The effect of in situ alloying and the heat-treatments on the mechanical properties of the material 
was investigated by compression tests. The resulting mean compressive yield stresses (σd0.2) out of 
five samples, which are evaluated at a plastic upsetting of 0.2%, are shown in Figure 6 (left). 
Furthermore, εdtM,min, representing the minimal upsetting at failure measured in each group of five 
samples, is plotted in Figure 6 (right). The failure is characterized by the break of the specimen under 
pressure load. In as-built condition, the Ti-6Al-4V + 2Fe + 6V material reaches a slightly lower yield 
strength than the Ti-6Al-4V reference group, but the minimal upsetting at failure increases from 
17.2% to 25.2% as a consequence of the in situ alloying. The 850 °C heat-treatment increases the 

Figure 4. Resulting microstructure and microhardness (n = 8) in dependence of the alloy composition
and the heat-treatment (oxide polishing suspension (OPS)-polished and etched with Kroll’s reagent):
(a) Ti-6Al-4V as-built, (b) Ti-6Al-4V heat-treated at 850 ◦C, (c) Ti-6Al-4V + 2Fe + 6V as-built,
(d) Ti-6Al-4V + 2Fe + 6V heat-treated at 850 ◦C, (e) Ti-6Al-4V + 2Fe + 6V solution heat-treated at
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Figure 5. (a,b): EBSD phase-mapping, (c): EBSD inverse pole figure (ipf) map corresponding to (b,d):
SEM images of the in situ alloyed Ti-6Al-4V + 2Fe + 6V samples.

The effect of in situ alloying and the heat-treatments on the mechanical properties of the material
was investigated by compression tests. The resulting mean compressive yield stresses (σd0.2) out of five
samples, which are evaluated at a plastic upsetting of 0.2%, are shown in Figure 6 (left). Furthermore,
εdtM,min, representing the minimal upsetting at failure measured in each group of five samples, is
plotted in Figure 6 (right). The failure is characterized by the break of the specimen under pressure
load. In as-built condition, the Ti-6Al-4V + 2Fe + 6V material reaches a slightly lower yield strength



Metals 2018, 8, 1067 7 of 9

than the Ti-6Al-4V reference group, but the minimal upsetting at failure increases from 17.2% to
25.2% as a consequence of the in situ alloying. The 850 ◦C heat-treatment increases the minimal
upsetting at failure for pure Ti-6Al-4V, as well as for the modified alloy, due to microstructural changes
shown in Figures 4 and 5. The in situ alloyed and 850 ◦C heat-treated samples again show a higher
upsetting at break of 33.9% compared to 25.2% of the Ti-6Al-4V reference group. This behavior can be
explained by the increased amount of β-phase (from 15% to 58%) resulting from in situ alloying with
the β-phase-stabilizing elements V and Fe (Figure 5). The β-phase provides a higher amount of slip
planes due to its body-centered cubic (bcc) structure in comparison to the hexagonal close-packed (hcp)
structure of the α-phase [12] and, therefore, the ductility and, hence, the upsetting at fracture increases.
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at failure.

In contrast to that, the 1050 ◦C heat-treatment results in an exceptional high compressive yield
stress of 1857 ± 35 MPa for the in situ alloyed Ti-6Al-4V + 2Fe + 6V samples. This value significantly
surpasses Ti-6Al-4V and, also, the commercial alloy Ti-10V-2Fe-3Al at a similar heat-treatment state
with a compressive yield stress of 1145 MPa [21]. This is probably related to the strengthening effect of
the nm-scale α-precipitations observed in Figure 5. A possible explanation for the higher compressive
yield stress in comparison to Ti-10V-2Fe-3Al is the α-phase-stabilizing effect of the higher amount of
aluminum of the in situ alloyed Ti-6Al-4V + 2Fe + 6V material. Additionally, oxygen, that might have
been taken up during L-PBF, could act as α-phase stabilizer. This could possibly lead to an increased
amount of α-phase precipitations compared to forged and heat-treated commercial Ti-10V-2Fe-3Al,
and might explain the elevated compressive yield stress. However, the upsetting at fracture of the
1050 ◦C heat-treated Ti-6Al-4V + 2Fe + 6V shows a comparable low value of 4.3%, which is significantly
below the values measured for Ti-6Al-4V, but is in good agreement with an elongation at break of
4.0% specified for the commercial alloy Ti-10V-2Fe-3Al with a similar heat-treatment state [21]. As a
result of the modification of Ti-6Al-4V with V and F, the range of achievable mechanical properties in
dependence of the heat-treatment is significantly expanded.

4. Conclusions

In summary, this publication describes the modification of Ti-6Al-4V with the β-phase-stabilizing
elements V and Fe by means of heterogeneous powder mixing and in situ alloying during L-PBF.
The β-phase-stabilizing effect of the elements Fe and V, and the general feasibility of in situ alloying for
the swift development of new alloys for L-PBF-applications, are confirmed. The results demonstrate
the possibility of obtaining a metastable β-Ti alloy close to the commercial alloy Ti-10V-2Fe-3Al from
Ti-6Al-4V, V, and Fe powder without the need for expensive atomization of customized pre-alloyed
powder. EBSD analysis shows a β-phase content of at least 63.8% in as-built condition, whereas
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unmodified Ti-6Al-4V develops an α’-martensitic microstructure. In dependence of the post-L-PBF
heat-treatment either an increased minimum upsetting at failure of 33.9%, in comparison to 28.8%
for unmodified Ti-6Al-4V, or an exceptional high compressive yield strength of 1857 ± 35 MPa in
comparison to about 1100 MPa for unmodified Ti-6Al-4V, can be achieved. The hardness of the
in situ alloyed material ranges from 336 ± 7 HV0.5, in as-built condition, to 543 ± 13 HV0.5 after
precipitation-hardening. Modification of Ti-6Al-4V with Fe and V consequently expands the range
of mechanical properties that can be achieved in dependence of the heat-treatment. This provides
additional flexibility for developing sophisticated titanium parts with tailored material properties.
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