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Abstract: This work studied the microstructure and mechanical properties of Ti-6Al-4V in situ
alloyed with 3 wt% Cr by laser powder bed fusion (LPBF). Specimens with a relative density of
99.14 + 0.11% were produced, showing keyhole and lack of fusion pores. Due to incomplete mixing
of the components during melting, chemical inhomogeneities were observed in the solidified material.
The addition of Cr promoted thermal supercooling during solidification and induced a reduction in
the primary 3 grain size in the longitudinal direction and a weakening of the otherwise strong (100) g
texture, both typical issues for Ti-6Al-4V produced by LPBF. The primary f at first transformed
martensitically to «’, but by preheating the substrate plate to 500 °C and cyclically reheating the
material by melting subsequent layers, in situ martensite decomposition was achieved, resulting
in a fine lamellar « + 3 microstructure. In addition, the B19 phase was detected in the 3 matrix,
presumably caused by Fe impurities in the Cr powder feedstock. Specimens exhibited a hardness of
402 + 18 HV1y, and an excellent ultimate tensile strength of 1450 + 22 MPa at an elongation at break
of 4.5 £+ 0.2%.

Keywords: titanium alloys; laser powder bed fusion; additive manufacturing; alloy development

1. Introduction

Laser powder bed fusion (LPBF), the most widely used additive manufacturing tech-
nology for metals and alloys, uses a high-energy laser to fuse powder particles layer by
layer [1]. The extremely high cooling rate of up to 108 K/s occurring in this process [2]
typically induces martensite formation in Ti-6Al-4V, the most commonly used Ti alloy in
LPBF [3]. Martensite («") is generally undesirable, as it causes severe embrittlement [4-6].
It is a common practice for Ti-6Al-4V LPBF parts to be heat-treated after the process to
achieve the transformation of o into a stable « + 3 microstructure. As a result, the ductility
of the material is improved at the expense of tensile strength [7,8]. Only in very few studies
lamellar « + 3 was obtained via in situ martensite decomposition in LPBF [3,9].

Besides Ti-6Al-4V, it’s modifications are increasingly studied in LPBF. For this purpose,
in situ alloying is often applied. LPBF in situ alloying is a commonly used research
technique, in which elemental or alloy components are mixed and subsequently fabricated.
It is a cost-effective and rapid approach to explore novel alloy compositions, but it also has
drawbacks such as incomplete mixing and a high level of defects. The latter are associated
to the quite different thermophysical properties of the alloy components [10]. In the field of
titanium alloys in general, various alloy additions have been investigated such as Mo [11],
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Nb [11-14] Ni [15], Ta [11], Re [16], Fe [17], Cu [18-20], and Cr [11]. Interesting results were
obtained, especially in terms of mechanical properties and microstructural features. In situ
alloying was used, for example, by Vrancken et al. [21] to investigate the effect of adding
10 wt% Mo to Ti-6Al-4V ELI They observed a microstructure, consisting predominantly of
(3 instead of the typical o in Ti-6Al-4V. The specimens showed an elongation of 20%, which
is much higher compared to Ti-6Al-4V ELI with an elongation of 7%. Zhang et al. [22]
fabricated Ti-6Al-4V alloyed with up to 6 wt% 316 L stainless steel and reported a modulated
o’ + 3 microstructure, a high tensile strength, and an excellent work-hardening capacity.
The studies of Nagase et al. [11] revealed that the addition of 20 at% Cr led to a complete
stabilization of 3, showing a strong (100) g texture. A mechanical characterization was
not performed. In one of our own studies, Ti-6Al-4V alloyed with 3.5 wt% Cu has been
investigated, showing increased tensile strength, an in situ martensite decomposition, and
the precipitation of TipCu [23]. In our own study and in the studies of Vrancken et al. [21],
Zhang et al. [22], and Nagase et al. [11], the alloying elements added to Ti-6Al-4V were Cu,
Mo, mainly Fe in the case of 316 L, and Cr. These alloying constituents are {3-stabilizing
elements which, depending on their concentration, can cause the presence of either stable
or metastable 3 [24]. While Mo is an isomorphous (-stabilizer showing a monotectoid
reaction, Cu, Fe, and Cr are eutectoid alloying elements [24]. They are characterized by the
eutectoid reaction 3 — « + TixAy with TiyAy as an intermetallic compound that can be
used as a strengthening effect [25]. For this reason and their effect on (3-stability, eutectoid
(-stabilizers are considered to be a particularly interesting and versatile class of alloying
elements to be investigated.

In general, the use of Cr as an alloying element in titanium alloys is a versatile and
interesting additive for several reasons. For example, Cr enhances the corrosion resistance
of Ti alloys by promoting the formation of a protective oxide layer [26]. Furthermore,
in binary Ti-Cr alloys, the elastic modulus and the hardness increase with a higher Cr
content, which is assumed to be due the formation of w [27,28]. Possible hardening can
also occur by the precipitation of TiCr,, following the eutectoid reaction [26]. It has also
been found that in cast Ti-Cr alloys, Cr can induce grain refinement via constitutional
supercooling [29]. In the context of LPBF, the addition of Cr is of particular interest, as
it has the potential to improve alloy performance, which is demonstrated in this work.
For this purpose, Ti-6Al-4V in situ alloyed with 3 wt% Cr is investigated with respect to
the effect on microstructure evolution, solidification behavior, and mechanical properties.
For comparability, the addition of 3 wt% Cr is approximately equivalent to 3.5 wt% Cu
in Ti-6Al-4V calculated in at%, which was fabricated in previous studies [23]. Similar to
Ti-6Al-4V with 3.5 wt% Cu, martensite decomposition is successfully achieved in this study.
This is considered advantageous in terms of ductility, counteracting the strengthening
mechanisms achieved by Cr, some of which are accompanied by embrittlement. Thus,
excellent tensile strength at moderate elongation is demonstrated. It is shown that the
thermal undercooling effect of Cr can be used to avoid coarse columnar grain growth and
the strong (100) g texture which is a typical issue of Ti-6Al-4V, resulting in a more isotropic
microstructure. In addition, the occurrence of the B19 phase in this alloy system is reported
for the first time.

2. Materials and Methods

Spherical powders of Ti-6Al-4V (15-45 pm, ECKART TLS GmbH, Bitterfeld-Wolfen,
Germany) and 3 wt% Cr (45-63 um, chemPUR GmbH, Karlsruhe, Germany) were mixed
in a 3D shaker (Turbula T2 F mixer) for 1 h. The chemical composition of the powders
was determined by inductively coupled plasma optical emission spectrometry (ICP-OES),
combustion analysis, and inert gas fusion. ICP-OES was also used to assess the chemical
composition of the LPBF manufactured specimens. The tap and the bulk density of the
powder blend were determined according to DIN EN ISO 3923-1 and DIN EN ISO 3953,
respectively, using a Landgraf Laborsysteme device. The flowability of the powder was
determined by ISO 4490:2018. An AconityMIDI (Aconity GmbH, Herzogenrath, Germany)
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equipped with a 400 W Yb:YAG fibre laser (1064 nm) was used for the LPBF experiments.
High-purity argon (>99.99%) was used as the process gas to achieve an oxygen content
<100 ppmv in the build chamber. The substrate plate was preheated to 500 °C. A cuboid
specimen (12 x 12 x 12 mm) and four cylindrical specimens with a diameter of 10 mm
were fabricated for the tensile specimens. For all specimens, a stripe scanning strategy
was used with a stripe width of 5 mm and a zig zag pattern. The scanning direction was
rotated by 67° in each layer. The scanning speed, hatch distance, layer thickness, and
focus diameter are given in Table 1, which have been optimised on the basis of relative
density (RD) maximisation. The RD of the cuboid specimens was determined by the
Archimedean principle using distilled water at 20 °C. The referring theoretical density (TD)
was calculated with ThermoCalc 2023a [30] and the TCS Ti/TiAl-based alloys database.
The cylindrical specimens were fabricated in a perpendicular orientation to the building
direction with volume support structures and were machined to the final geometry of the
tensile specimens. Tensile tests were performed on four specimens according to EN ISO
6892-1 at room temperature. The Vickers hardness of the material was determined by five
indents distributed over the cross section of the specimen with an EMCO Test M1C010
(EMCO GmbH, Kuchl, Austria) at a load of 98.07 N. For tensile properties and Vickers
hardness, means and standard deviations were calculated.

Table 1. LPBF process parameters.

Scanning Speed  Hatch Distance = Layer Thickness  Focus Diameter
(mm/s) (um) (um) (um)

280 1000 140 45 80

Power (W)

X-ray diffraction (XRD) analysis was performed on the on the cuboid specimen using
an Empyrean Panalytical (Malvern Panalytical Ltd., Malvern, UK) in the Bragg—Brentano
configuration with Cu K44 radiation, V =40 V,I = 20 mA, and a step size of 0.013°. For the
cuboid specimen, the top layer, representing the last melted layer, and the cross section of
the specimen were measured. The cross section corresponds to the entire material produced.
Le Bail analysis (Bruker TOPAS 2.12 software) was used to determine the lattice parameters
of x and «’ in the obtained XRD patterns for their differentiation.

A metallographic cross section of the cuboid specimen was prepared by grinding
and polishing with an orientation in the building direction (BD) for optical microscopy
(OM), scanning electron microscopy (SEM), and electron backscatter diffraction (EBSD)
measurements. OM was carried out using a VHX-7000N (Keyence, Kansas City, MO,
USA). SEM was conducted on Axia ChemiSEM (FisherScientific, Hampton, IA, USA) in
backscatter electron (BSE) mode. EBSD measurements were performed using a Zeiss Ultra
55 SEM equipped with a Thorlabs Fast Frame Rate Scientific camera and OIM DC V7.3.1
software. An acceleration voltage of 12 kV and a beam current of 6.6 nA were used for
all investigations. The image sizes were 1000 x 1000 pm and 500 x 500 um, measured
with a step size of 0.5 um for both scan areas. Energy dispersive X-ray spectroscopy
(EDS) images of Ti, Al, V, Cr, and Fe were simultaneously recorded. From the EBSD data,
inverse pole figure (IPF) maps were calculated for the BD. For the IPF and phase maps,
only grains consisting of at least two adjacent, clearly identified measurement points were
considered. The primary (3 crystallographic texture was reconstructed using MTEX 5.10.0
software according to the Burgers Orientation Relationship (BOR) (0001)//(100)g and
(111) g/ /(1120) [2]. A probe-corrected FEI TITAN 3 G2 at 300 kV in scanning transmission
electron microscopy (STEM) mode was used for microstructural analysis at the nanometer
scale to obtain high-angle annular dark-field (HAADF) and annular dark-field (ADF)
images. Fast Fourier transformation (FFT) of the HAADF and ADF images was used for
phase identification. The specimen was prepared for STEM examination using the FEI
FIB Nanolab 200. The data analysis was carried out using DigitalMicrograph 3.52.3932.0
Software (Gatan, Pleasanton, CA, USA). For EDS in STEM investigations, the microscope
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was equipped with a windowless silicon drift detector Super-X (Chemi-STEM technology,
Thermo FisherScientific, Waltham, MA, USA).

Thermodynamic calculations were performed with ThermoCalc 2023a [30] with the
TCS Ti/TiAl-based alloys database.

3. Results
3.1. Rheological Powder Properties and Part Density

The bulk and the tap density, the powder flowability, the Carr index, and the Hausner
ratio of the powder blend are listed in Table 2.

Table 2. Powder properties of the Ti-6Al-4V-3Cr powder mixture.

. Bulk Density  Tap Density - Carr Hausner
Material (g/cm®) (g/cm®) Flowability Index Ratio
Ti-6A1-4V-3Cr 2.47 +0.02 29+02 24+0.05g/s 0.15 1.17

The RD of the specimens was 99.14 £ 0.11%. The OM image in Figure 1a shows an
overview of the porosity of the specimen. At higher magnification, spherical keyhole pores
can be seen in Figure 1b and irregularly shaped lack-of-fusion pores in Figure 1c.

Figure 1. OM image of the sample (a) showing keyhole (b) and lack of fusion porosity (c).

3.2. Chemical Composition

The chemical composition of the Ti-6Al-4V and Cr powders in wt% and the LPBF
specimen are given in Table 3.

Table 3. Chemical composition of the powders and the LPBF specimen in wt%.

Ti-6Al-4V Powder (wt%)

Ti Al \% Fe H C N (@)

Balance 6.16 4.08 0.18 0.001 0.012 0.05 0.13
Cr powder (wt%)
Cr Fe Al Si C
Balance 0.12 0.01 0.03 0.0037
Ti-6Al-4V-3Cr specimen (wt%)

Ti Al \Y% Cr Fe C N (@)

Balance 5.9 42 1.67 0.17 0.01 0.02 0.15
3.3. XRD

The XRD measurements show that o is predominant in the top layer, while $ is
present to a smaller extent (Figure 2). The lattice parameter ratio c/a for &’ in the top
layer is 1.587, suggesting a martensitic state [3]. At an angle of 20 = 19.5°, a low intensity
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peak is observed. This may indicate the presence of B19. In the XRD measurement of
the cross section, mainly « and (3 are found. Here, the 3 shows a more pronounced peak
compared to the top layer. The o is identified by the c/a ratio of 1.597, showing it to be
non-martensitic [3]. As in the top layer, a low intensity peak of B19 is indicated. The lattice
parameters and lattice parameter ratios c¢/a of « and o are given in Table 4.

top layer
——cross section @

’;- o ‘\H
A ”nij o o
e B19 W ]
£ .
3
E
o
o B
BI9 “ JH\ | i
I B S S S .

26 (°)
Figure 2. XRD pattern of the top layer and the cross section of the LPBF specimen.

Table 4. Lattice parameters of & and «’.

Sampling Location Lattice Parameters of o/’ (A) Lattice Parameter Ratio c/a
Top layer a=2918,c=4.631 1.587
Cross section a=2913,c=4.652 1.597
3.4. SEM

Figure 3a shows an SEM BSE image of an area of the sample where the Cr and Ti-
6Al-4V powder mixture was not adequately homogenized by in situ alloying during LPBE.
Cr-rich areas appear brighter due to the Z-contrast. Figure 3b shows a fine-grained lamellar
microstructure with a brighter matrix. Based on the Z-contrast, the brighter matrix is likely
to be enriched in of V, Cr, and Fe, suggesting 3. An « continuous grain boundary («GB)
is present.

Figure 3. SEM BSE images of the LPBF specimen center. (a) Inhomogeneous Cr distribution in the
alloy. (b) Lamellar « + (3 microstructure with an «GB.
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3.5. EBSD

Figure 4a shows an EBSD phase map with « and {3 in the BD. The material contains
a substantial amount of fine-grained, lamellar «, and fewer lenticular (3 inclusions. The
latter correlate with Cr measured by simultaneous EDS analysis (Figure 4b). Figure 4c
shows an IPF map of «, demonstrating its small grain size. Elongated « is almost not
visible. In Figure 4d, the reconstructed IPF map of primary (3 by applying the BOR reveals
a non-columnar grain growth. In the areas that remain black in Figure 4a,c, the EBSD signal
was unidentifiable. This is suspected to be due to a grain size below the resolution limit
or distorted crystal lattices. Figure 5a is an IPF map of the reconstructed primary 3 of a
larger area used for texture determination. No columnar grain growth is seen here either.
Primary {3 shows a slightly pronounced (111) g texture along the BD, reflected in the IPFs
in Figure 5b.

Figure 4. (a) EBSD phase map in the BD. (b) Simultaneously recorded EDS map. (c) IPF map of «.
(d) Reconstructed phase map of primary f3.
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Figure 5. (a) Reconstructed IPF map of primary {3 in the BD. (b) Referring inverse pole figures in
[001] corresponding to the BD, [100], and [010].

3.6. STEM

Figure 6a shows an HAADF image with elongated grains in a lighter matrix. Areas A
and B are highlighted and magnified in Figures 7a and 8a. In Figure 6b—f, EDS mappings of
Ti, Al, V, Fe, and Cr are shown. The lighter matrix in Figure 6a shows a higher proportion of
V, Fe, and Cr, but a depletion of Al. EDS was used to determine the chemical composition
of several regions (ROI 1-3 in Figure 6f). ROI 1 is located in area A and includes only matrix
material, containing the highest amount of V, Fe, and Cr (Table 5). ROI 2 is in area B and
contains matrix material as well. Compared to ROI 1, ROI 2 has a lower percentage of V, Fe,
and Cr (Table 5). ROI 3 is positioned in an elongated grain and contains the lowest amount
of V, Fe, and Cr (Table 5).

FAADE

% Rro1 1

Figure 6. (a) STEM HAADF with area A and B. (b—f) EDS maps for Ti, Al, V, Fe, and Cr. In (f), ROI
1-3 are marked.
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0110) 4

(T101)

Figure 7. (a) ADF of area A (see Figure 6a) with areas A-1, A-2, and A-3. (b) FFT of A-1 with «.
(c) FET of A-2 with . (d) FFT of A-3 with B19.

Figure 8. (a) ADF of area B (see Figure 6a) with areas B-1 and B-2. (b) FFT of B-1 with «. (c) FFT of
B-2 with p.

Table 5. Chemical compositions of ROI 1-3 in d.

Area Ti (at%) Al (at%) V (at%) Cr (at%) Fe (at%)

ROI'1 66.82 £+ 4.16 4.06 £ 0.54 16.88 + 2.69 10.79 £ 1.79 1.45 +0.28
ROI2 72.99 £+ 3.6 6.91 + 0.9 11.14 £1.92 7.86 £ 1.39 1.1+0.24
ROI 3 85.05 + 2.16 12.73 +1.83 1.77 £ 0.34 0.33 £ 0.07 0.12 £ 0.02

An ADF image of area A (see Figure 6a) is presented in Figure 7a. Three different
phases are evident: a brighter one, a darker one, and a darker one with striations (indicated
with dotted lines). A section of each phase (area A-1, A-2, and A-3) is selected for FFT
analysis. From the FFTs of the three phases referenced in Figure 7b—d, the phases are
determined to be «, 3, and the B19. The B19 is identified by additional reflections to the 3,
which are assigned to the lattice planes (010) and (001) [31]. The corresponding lattice planes
for each phase are indicated and the zone axes are [2113], [111], and [100], respectively.

Figure 8a is a magnified ADF of area B in Figure 6a, showing a brighter and a darker
phase. For each phase, areas B-1 and B-2 are selected for FFT analysis. From the FFTs of
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areas B-1 and B-2, « and 3 are determined. The referring lattice planes are given in the
FFTs. The zone axes are [2113] and [111], respectively.

3.7. Thermodynamic Calculation

The phase composition of Ti-6Al-4V-3Cr was calculated for 20 °C with and without
Fe impurities (Fe), based on the results of the chemical analysis of the specimen. Only the
proportion of hep (), bee (3), and the ordered bec (B2) were considered for the calculation,
as an « + 3 microstructure is regarded to be the equilibrium for Ti-6Al-4V [32]. Contrary to
Ti-6Al-4V-3Cr, in the Fe-containing system, a bcc and a B2 structure with the composition
of TiFe was calculated. Table 6 shows the results of the calculations.

Table 6. Calculated phase composition of Ti-6Al-4V-3Cr with and without Fe impurity (Fe).

Calculated Phase Composition (wt%)

o B B2 (TiFe)
Ti-6A1-4V-3Cr 94.13 5.87
Ti-6A1-4V-3Cr (Fe) 93.81 5.87 0.32

3.8. Mechanical Properties

The hardness of the material is 402 £ 18 HV . Table 7 gives the mechanical properties
obtained from the tensile tests, with the ultimate tensile strength (UTS), the stress at 0.2%
plastic deformation (Rp02), the uniform elongation (Ay), and the elongation at break (A).
Tensile curves of the material are shown in Figure 9.

Table 7. Mean mechanical properties of Ti-6Al-4V-3Cr for N = 4 specimens.

Rpo.2 (MPa) UTS (MPa) Ay (%) A (%)
Ti-6Al-4V-3Cr 1359 £ 23 1450 4 22 1.7 £0.1 45+0.2

1600 ]
1400 ]
1200 i
1000 i /

800 -

stress [MPa]

600
400

200 /

0 T T T T T T T T T T T
0 1 2 3 4 5 6

clongation [%]

Figure 9. Tensile curves for Ti-6Al-4V-3Cr for N = 4 specimens in the as-built state and horizontal
orientation. For clarity, different colors were chosen.

In Figure 10, the UTS and A of Ti-6Al-4V-3Cr are compared with the literature values
of Ti-6Al-4V produced by LPBF [3,6,32-37]. For comparability with this work, the specimen
orientation in these studies was identical the same as in the present investigation (horizon-
tal). Although A of Ti-6Al-4V-3Cr is rather low, the UTS is notably higher compared to
Ti-6Al-4V fabricated in LPBFE.
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Figure 10. UTS and A for Ti-6Al-4V-3Cr compared to literature values for Ti-6Al-4V [3,6,32-37].

4. Discussion
4.1. Processability

According to the Carr index of 0.15 and the Hausner ratio of 1.17, the flowability of the
powder blend is sufficient to ensure a stable powder deposition during the LPBF process.
Commonly, a Carr index < 0.15 and a Hausner ratio < 1.18 are considered as an indicator
for a suitable powder flowability [38].

Parts show an RD of 99.14 & 0.11% with the voids being spherical keyhole pores and
aspherical lack of fusion pores with a size < 25 um. It should be noted that the RD refers to
the TD based on thermodynamic calculations of a homogeneous alloy under equilibrium
conditions. It is reasonable to assume that the phase composition and phase contents in
the alloy produced in this work will differ due to the chemical inhomogeneity and rapid
cooling caused by the in situ LPBF alloying. As a result, the actual TD is expected to be
slightly different and the RD values must be considered with this restriction.

Generally, keyhole pores form if excessive energy is used for melting [39]. This leads to
excessive evaporation, fluid dynamic instabilities, and the formation of gas bubbles. These
bubbles are trapped as spherical gas pores at the approaching solid/liquid interface [40].
Excessive vaporization and increased abundance of spherical pores is also more likely when
pure Cr powder is in situ alloyed with Ti-6Al-4V. Ti has a melting temperature of 1668 °C
and a boiling temperature of 3287 °C, while Cr has a melting temperature of 1907 °C
but a boiling temperature of only 2671 °C. In LPBE, the maximum temperature reached is
assumed to be close to the boiling point of the material [41], and with Ti as the bulk material,
vaporization of Cr is likely to occur. This assumption is supported by the difference between
the Cr content in the feedstock material and in the specimen, as determined by chemical
analysis. The powder mixture was prepared with 3 wt% Cr, while the sample contains only
1.86 wt% Cr. The simultaneous appearance of keyhole and lack of fusion pores indicates the
difficulty in finding parameters for defect-free production of Ti-6Al-4V-3Cr parts, which is
a common problem in LPBF in situ alloying [13]. Generally, in contrast to keyhole porosity
caused by excessive energy input, occurring lack of fusion pores indicates that the energy
input is too low to completely melt the powder bed [39]. Thus, it is concluded that in
this study a rather low laser energy input was used to counteract the excessive gas pore
formation caused by Cr in order to minimize the total pore volume. However, this is
associated with the occurrence of lack of fusion pores.
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4.2. Microstructure

The XRD results suggest an in situ martensite decomposition. The comparison of the
phase composition between the top layer, which represents the material immediately after
solidification, and the cross section reflects the microstructural evolution during the process.
In the diffractogram of the top layer, «” was identified on the basis of the lattice parameter
ratio ¢/a = 1.587 [3], which indicates the initial transformation of primary f—«’. The
presence of {3 in the top layer is attributed to its stabilization from the melt by sufficiently
Cr-rich inclusions, which are clearly visible in the SEM, recorded simultaneously with
the EBSD phase map. The XRD measurement of the cross section, which represents the
entire material produced, shows it to be non-martensitic. This is supported by the lattice
parameter ratio c/a = 1.597 for « [3]. The 3 exhibits a more pronounced peak compared
to the top layer, suggesting a higher mass fraction. This supports the assumption of
o’ —ro + 3 during the buildup. The in situ martensite decomposition can be explained by
the application of 500 °C substrate plate preheating combined with the additional energy
input from the cyclic reheating that occurs in the LPBF [9]. The influence of substrate
plate preheating on martensite decomposition was described by Lei-Lei Xing et al. [42],
who reported the onset of «’—« + (3 at 400 °C. This is due to an estimated martensite
start temperature (Tys) of 650 °C for Ti-6Al-4V in the LPBF process [43], assuming initial
martensitic transformation and subsequent diffusive decomposition. A similar behavior is
expected for Ti-6Al-4V-3Cr when a substrate preheating of 500 °C is applied, although the
Ty may differ slightly due to the presence of Cr [44]. Additional thermal input promoting
martensite decomposition results from repetitive reheating during the process [45,46]. As
the top layer of the material is melted, the layers underneath are heat treated by heat
dissipation [47]. In addition to oc and 3, a low intensity peak found in the diffractogram of
the top layer and the bulk material belongs to the B19 structure, which is also found in the
STEM measurements.

SEM measurements show that on a macroscopic scale, LPBF in situ alloying has
resulted in a chemically inhomogeneous material with varying Cr content. At higher
magnification, fine lamellae corresponding to « in a brighter matrix are observed. The
brighter matrix, containing higher amounts of Cr, V, and Fe, consists mainly of 3. The
formation of the observed continuous «GB is assumed to occur due to the thermal influence
described above: the application of substrate plate preheating and cyclic reheating. In
general, «GB forms during diffusional phase transformation from 3 — « [48]. However,
in LPBF manufactured Ti-6Al-4V, an «GB can also develop from diffusion in sub-f3 transus
temperature heat treatments [32,49].

EBSD shows that the majority of the material consists of fine-grained «. The few 3
inclusions correlate with Cr-rich areas, suggesting that 3 formed directly from the melt.
Cr is a B-stabilizing element, and in sufficient amounts, it is able to retain 3 to room
temperature after quenching [24]. This is reflected in the XRD measurements of the top
layer, where 3 was observed in addition to «’. In EBSD, the « is extremely fine grained,
and needle-like grains with the typical 45° angle relative to the BD for LPBF-manufactured
Ti-6Al-4V [2] are barely observed. A calculated IPF map for primary 3 with a larger
image width was selected for texture determination. A slight (111) g texture is revealed,
as opposed to the typically observed (100)g orientation in Ti-6Al-4V [3,6,32-37,50,51].
Although the primary { is significantly shortened in the BD, the lateral extent of the grains
appears to be approximately the same as the width of the melt pool. This finding, together
with the absence of the (100) g texture, can be explained by thermal supercooling. The latter
is suggested to be more applicable to LPBF than classical constitutional supercooling to
achieve grain refinement, although there are parallels between the two concepts. Elements
that have a constitutional supercooling effect in casting have been found to induce thermal
supercooling in LPBF [52-54]. Since Cr has been reported to have a grain-refining effect
on cast Ti via constitutional supercooling [29], thermal supercooling in LPBF caused by Cr
may therefore be suspected. The following solidification sequence is assumed [55]: During
cooling from the melt, Cr tends to accumulate in front of the solidification front owing to
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solute rejection at the solid/liquid interface. Consequently, accumulating Cr ahead of the
solidification front destabilizes it and reduces the solidification front velocity (R). As the
solidification front lags behind, thermal undercooling occurs in front of it, resulting in an
increased nucleation rate. The time gained by the decelerated solidification front allows the
critical nucleus size to be exceeded and the growth of randomly oriented crystallization
nuclei, which can inhibit epitaxial grain growth [56]. As a result, the grain size of primary
B in the longitudinal direction is significantly reduced and the formation of a strong (100) g
texture is hindered. A strong (100)p texture can be considered a disadvantage because
it results in anisotropic mechanical properties [57-60]. Although the primary 3 is not
retained in the LPBF, it undergoes a martensitic transformation after BOR, resulting in an
anisotropic microstructure. This transformation allows the formation of twelve variants
for o, which generally result in only a weak crystallographic texture. However, due to
the grain growth of o along the {334} and {344}g habit planes of the primary (3, the
inclination of the ' needles at 45° to the primary {3 grain boundaries corresponding to the
BD is observed, causing the anisotropy [53]. The avoidance of an excessive (100)p texture
of primary $3, induced by Cr addition, can be considered as more favorable in terms of
mechanical properties, as it is associated with a more isotropic orientation of oc. However,
only one building orientation was analyzed for tensile properties.

STEM analysis revealed the presence of lamellar « embedded in a matrix enriched in
Cr, V, and Fe. The matrix consists predominantly of 3, and at higher concentrations of Cr,
V, and Fe, it also contains the B19 phase. An indication of B19 can also be found in XRD
with a low intensity peak. The B19 phase is usually found in shape memory alloys as an
intermediate phase in the B2—B19—B19’ martensite transition [31,61-64], but it can also
be found in Ti-Al and doped Ti-Al systems [65-68]. With the prediction of B2 by thermo-
dynamic calculations for Ti-6Al-4V-3Cr including Fe impurities, an ordering mechanism
from 3 —B2 and a subsequent phase transformation from B2—B19 is proposed, with
the B2 showing the composition of TiFe. In contrast, excluding Fe impurities, only o and 3
were predicted. Thus, the occurrence of B19 is supposed to occur due to Fe impurities.

Neither the eutectoid reaction of f — « + C15 nor the w were observed. No evidence
was found by EBSD, XRD, and STEM measurements.

4.3. Mechanical Properties

The Ti-6Al-4V-3Cr alloy has a hardness of 402 & 18 HV;, which is comparable to the
values reported in the literature for Ti-6Al-4V in LPBF [6,34,69]. The Ry of 1359 + 23 and
the UTS of 1450 + 22 MPa are significantly higher than those determined for as-built Ti-
6Al-4V in the same specimen orientation [3,6,33-37]. The high UTS and Ry, > are attributed
to the high amount of fine-grained «, according to the Hall-Petch relationship. In addition,
Zhao et al. [70] calculated a large strengthening coefficient for Cr in the (3, as for other
eutectoid B-stabilizers. However, the A of Ti-6Al-4V-3Cr is lower than most of the values
reported for of Ti-6Al-4V produced by LPBF in the same specimen orientation [3,6,33-37,50].
The reduced ductility of Ti-6Al-4V-3Cr is thought to be due in part to the porosity of
the material. Porosity is known to have a negative effect on elongation, with lack of
fusion pores having a greater effect than keyhole pores [39]. The influence of the latter on
ductility is attributed to higher stress concentration points [71]. In addition, «GB induces
intercrystalline fracture and reduces elongation [72,73]. Furthermore, it is suspected that the
B19 phase, which is described as having a more brittle character in the ab initio calculation
by Wen et al. [74], has a negative effect on ductility. A more precise statement on the
correlation between the B19 phase and the mechanical properties is currently not possible
due to a lack of sufficient studies.

5. Conclusions

In this work, the effect of adding 3 wt% Cr to Ti-6Al-4V by LPBF in situ alloying
was investigated. Processability, microstructural characteristics, and related mechanical
properties were studied. The main results are summarized as follows:
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(1) With LPBF in situ alloying 3 wt% Cr to Ti-6Al-4V, crack-free specimens with an RD
of 99.14 &+ 0.11% were produced. The addition of Cr was found to be effective in
modifying microstructural and mechanical properties of Ti-6Al-4V.

(2) Insitu martensite decomposition was observed. Initially, primary (3 was transformed
into «’. The preheating of the substrate plate to 500 °C and the reheating of the lower
layers during LPBF allowed the thermally driven diffusion reaction of o’ — o + 3 to
take place.

(3) The addition of Cr resulted in thermal supercooling during solidification and induced
the reduction of columnar grain growth. The grain size of primary (3 in the BD was
significantly decreased. Thermal supercooling also results in the breakdown of the
(100) g texture typical of Ti-6Al-4V. This microstructure might result in more isotropic
mechanical properties.

(4) The presence of the B19 phase was confirmed. It is proposed that B19 is the trans-
formation product of the former B2, as predicted by thermodynamic calculations
considering the Fe impurities present in the material.

(5) The Rpoo, the UTS, and A were 1359 =+ 23 MPa, 1450 + 22 MPa, and 4.5 & 0.2%,
respectively. The R0 and the UTS are higher, but A is in the same range as the values
for Ti-6Al-4V produced by LPBE.

The results presented in this study indicate that Cr is an interesting additive for the
development of high-strength Ti alloys for various industrial applications. Nevertheless,
future studies would benefit from working with pre-alloyed powders instead of in situ
alloying to obtain homogeneous microstructures and reliable mechanical properties. Deter-
mining the mechanical properties in various orientations relative to the BD would be of
significant interest for investigating the presumed more isotropic behavior. The addition of
different Cr contents to Ti-6Al-4V and the specific study of the B19 phase is considered an
interesting topic for further research as well.
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