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A B S T R A C T   

When Ti-6Al-4V is processed by laser powder bed fusion (L-PBF), acicular martensitic α’-Ti grains are formed 
within the columnar prior β-Ti grains, resulting in inferior mechanical properties. The application of blended 
powders in L-PBF enables to tailor the microstructures and obtain a mixture of α’ + β phases. In this work, we 
demonstrate an effective method to engineer the phase fraction of an L-PBF manufactured Ti alloy using blended 
powders consisting of Ti-6Al-4V and 3 wt% Fe particles. By varying laser parameters, the as-built microstructures 
transit from α’ dominated microstructure to a nearly complete β-dominant microstructure. High-speed operando 
X-ray diffraction during L-PBF processing combined with X-ray fluorescence and EBSD characterization allows 
for relating microstructure to the spatial distribution of the β-stabilizer Fe under the high cooling rates typical for 
L-PBF. The as-built microstructure containing large amounts of β phase achieves high strength and enhanced 
ductility without post-processing heat treatments.   

1. Introduction 

Additive Manufacturing (AM) of metallic powders to build near-net- 
shaped components with complex structures has advanced in the last 
decade rapidly. Titanium (Ti) alloys, in particular Ti-6Al-4V (Ti64), with 
outstanding weldability, fabricated by Laser Powder Bed Fusion (L-PBF), 
have drawn enormous attention due to the high strength-to-weight ratio 
and excellent corrosion resistance for applications in aerospace and bio- 
medical sectors. The continuous development of additively manufac
tured Ti alloys to foster their industrial adoption replies on achieving 
properties superior to the counterparts fabricated by conventional 
methods, like casting or forging. However, Ti64 fabricated by L-PBF 
suffers from the formation of hierarchical structures of acicular 
martensitic α’ grains within large columnar of prior β grains [1]. This 
anisotropic microstructure with brittle martensitic phase results in 
inferior ductility, fatigue resistance and fracture toughness [2–5]. 

Significant efforts have been devoted to engineering the microstructures 
and phase fractions to improve mechanical properties. By varying laser 
parameters and scanning strategies, the complete martensitic structure 
can be decomposed into a mixture of brittle α and ductile β phases [6–8] 
by reducing cooling rates [9] or adding β-stabilizers [10]. For instance, it 
has been shown that the β phase can be partially retained in Ti64 by 
achieving low cooling rates (below 2.9 × 103–3.6 × 103 K/s) via the 
decrease of the laser scanning speed down to 0.03 m/s, much lower than 
the common values used in L-PBF process [9]. Post heat treatments with 
controlled thermal profiles allow to generate different phase fractions in 
the printed parts, and to some extent modify the morphologies of acic
ular α’ grains to improve ductility and work hardening [11–13]. 
Meanwhile, an alternative method using blended powders containing 
β-stabilizers instead of pre-alloyed powders is emerging to manufacture 
Ti alloys with various microstructures and phase fractions via more 
sustainable in situ alloying methods during the L-PBF process [14–18]. 
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The printed parts exhibit a wide range of mechanical properties for 
various applications, for instance, the high strength and ductility for 
aerospace components [19] and the low stiffness and superior fracture 
toughness for bone implants [20]. 

The application of blended powders feedstock L-PBF offers consid
erable freedom to design novel Ti alloys and sufficient flexibility to 
adjust their compositions. In addition, the mixed powders also lower the 
cost of powder manufacturing in contrast to the pre-alloyed powders. 
Various β-stabilizers have been added into Ti64-based powder mixtures 
to stabilize the metastable β phase, suppress the columnar shape of β 
grains and refine grain sizes simultaneously [21–24]. Adding 10–15 wt 
% Mo particles has shown to stabilize the β phase [25] and also sup
presses columnar growth of β grains by promoting the transition from 
planar to cellular solidification [21]. However, the presence of retained 
hard Mo particles is detrimental to fatigue resistance. In addition, the 
high cost of Mo also restricts the wide adoption of such β-Ti alloys [26]. 
Cu particles improve the anti-bacterial properties of printed Ti alloys for 
hard tissue implants but also may lead to the unfavorable intermetallic 
CuTi2 [22]. Rare and precious metals, such as Nb, Ta and Zr, have been 
used to reduce the modulus of printed Ti alloys for bone implants [23]. 
The addition of 3 wt% cost-effective Fe particles showed a great po
tential to fabricate metastable β-Ti alloys with refined β grains [24]. Fe 
exhibits a high growth restriction factor and diffusion coefficient in Ti 
alloys, which induces constitutional undercooling and promotes 
columnar to equiaxed transition (CET) during solidification [19,24, 
27–29]. Recently, Zhang et al. achieved a fine mixture of α’ + β phase by 
mixing Ti64 with 316L, thereby inducing a local concentration modu
lation. This resulted in improved strength and ductility [29]. Most re
ports in the literature focus on the chemical composition of the powder 
mixtures and their effect on the phase fractions. But the elemental dis
tribution plays an important role on microstructures and associated 
mechanical properties. For instance, it was shown that multiple thermal 
cycles are needed to homogenize the chemical composition of a high-Fe 

β-Ti thin wall [30]. In other mixed powders containing Ti and different 
β-stabilizers (Cr, Nb, Mo, etc), the density, microstructures and hardness 
of printed parts were modified by controlling laser energy inputs and 
thermal profiles [31,32]. However, the correlation between the laser 
manufacturing parameters with the as-built microstructures using 
blended powders is still rarely explored for Fe modified Ti64 alloys. 

In this study, we reveal the role of the L-PBF laser process parameters 
on the resulting microstructures and mechanical properties of a blended 
powder that consists of Ti64 with 3 wt% Fe particles. With increasing 
volume energy densities, the as-built microstructures transit from the β 
dominant to nearly complete α’ microstructures. Superior mechanical 
properties are achieved in the β-dominant Ti-alloy. This study demon
strates an effective way to engineer specific microstructures and paves 
the way to create functionally gradient properties in additively manu
factured Ti alloys by simply controlling laser manufacturing parameters. 

2. Materials and methods 

The base powder used in this study was provided by LPW Technology 
(now Carpenter Additive, USA). It is a pre-alloyed Ti-6Al-4V (Ti64) 
powder, produced by plasma atomization. The powder particles have a 
spherical morphology and exhibit the following size distribution: D10 =

21.8 µm, D50 = 33 µm and D90 = 49.5 µm. A quaternary feedstock, 
denominated as Ti643, was prepared by decorating the Ti64 base 
powder with 3 wt% of Fe particles with 99.9 % purity (Goodfellow 
Cambridge Limited) by mixing Ti64 and Fe particles in a roller mixer for 
1 hr. The fine Fe particles had a size distribution D10 = 2.88 µm, D50 =

5.94 µm, and D90 = 12.4 µm. Fig. 1a and b show back-scattered electron 
(BSE) micrographs of the Ti643 powder feedstock. The particle size 
distributions of pre-alloyed Ti64 and Fe measured by a Mastersizer 3000 
(Malvern Panalytical) are plotted in Fig. 1c. 

For the operando X-ray diffraction experiments, Ti643 cuboidal 
samples with a size of 6 × 6 × 2 mm3 were printed on a Ti64 baseplate 

(a) (b)100 μm

Diameter (μm)

FeFe Ti-6Al-4VTi-6Al-4V 30 μm

(c)

Fig. 1. Back-scattered electron micrograph (a) and magnified view (b) of the Ti643 powder feedstock as a mixture of pre-alloyed Ti64 (indicated by blue markers) 
and elementary Fe (circled in red). (c) Particle size distribution of Ti64 and Fe particles. 
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with a miniaturized L-PBF printer. Details on this setup can be found in 
Refs. [33,34]. During printing, the process chamber was continuously 
flushed with high purity Ar, to keep the oxygen levels well below 0.2 %. 
The laser power and scanning speed were varied to achieve different 
volume energy densities (VED) of 43 (S1), 85 (S2) and 107 (S3) J/mm3 

in different specimens. The most critical laser process parameters for 
each specimen are summarized in Table 1. The laser focus diameter of 
miniaturized L-PBF printer is 50 µm. A bidirectional scanning strategy 
was applied with 90 degrees rotation between each layer. The build 
plate of the miniaturized L-PBF printer for operando X-ray diffraction 
experiments has a small surface area of 12 × 12 mm2. Therefore, sam
ples for tensile testing were printed separately in a commercial 
Renishaw AM400 L-PBF system which features a much larger build 
plate. Low VED and high VED parameters were optimized respectively 
to print nearly full dense material, with microstructures similar to what 
was obtained in the miniaturized printer. The laser processing param
eters for tensile samples S4 and S5 are also listed in Table 1. The laser 
focus diameter is 75 µm for tensile samples. Tensile specimens with a 
diameter of 4 mm and a gauge length of 20.4 mm were then machined 
from the center of the printed material, according to standard ASTM 
E8/E8M-16a. Room temperature tensile tests were conducted on an 
Instron 5969 at a displacement rate of 0.14 mm/min, with the test di
rection parallel to the build-direction (z-axis) of the printed material. 

The operando X-ray diffraction experiments were performed on the 
MicroXAS beamline located at the Swiss Light Source. The X-ray beam 
had an energy of 12 keV and a full-width at half-maximum (FWHM) spot 
size of 45 × 15 µm2 (width × height). The printer was tilted by 18 de
grees towards the direction of the incident X-ray beam, resulting in a 
projected area of 45 × 46 µm2 (AXR) illuminated by the X-ray beam. The 
X-ray beam is positioned at 1 mm from the outer edge of the printed 
area. A fast EIGER 1 M detector [35] recorded 2D diffraction patterns in 
reflection mode at a frame rate of 20 kHz and 45 µs frame exposure time 
for a total duration of 1 s. The 2D diffraction images are reduced to 
conventional 1D diffraction patterns by azimuthal integration using 
pyFAI, an established python library for fast powder integration [36]. 
Before and after printing spatially resolved high-statistics diffraction 
patterns are recorded over an area of 6 × 1.5 mm2 with a step size of 
0.1 mm. 

The printed microstructures were analyzed by Scanning Electron 
Microscopy (SEM), Quanta 200 FEG, Thermo Fisher. The specimens 
were cut in half and then cold mounted with a conductive resin 
(Demotec 70, USA). The cross-section of the specimens was firstly me
chanical polished using 6 µm diamond suspension and up to 0.04 µm 
colloidal silica to obtain a smooth surface. After that, the surfaces were 
etched with Kroll’s reagent for 15–20 s. The microstructure and crys
tallographic phases were investigated by electron backscatter diffraction 
(EBSD) using a field emission gun operated at 25 keV in the SEM 
equipped with an EDAX Hikari Camera. The elemental distribution was 
simultaneously measured by energy-dispersive X-ray spectroscopy EDS 
(Octane Elite Super detector, EDAX, Inc., Mahwah, NJ, USA). The EBSD 
and EDS mappings were simultaneously performed with a step size of 
200 nm. EDS point measurements of the local elemental composition 
were performed separately at a specimen tilting angle of 0 degrees. Post- 
processing of data and map reconstructions were done with the EDAX 

OIM Analysis 7.3 software package. 

3. Results 

3.1. Operando X-ray diffraction 

L-PBF manufacturing with blended powders is distinct from con
ventional printing with pre-alloyed powders since the phase trans
formation and resulting microstructures are profoundly affected by the 
interaction between mixed powders during fusion. To understand the 
phase evolution during L-PBF, operando X-ray diffraction was performed 
on specimens printed with different laser parameters as per Table 1.  
Fig. 2a–c display representative intensity versus diffraction and time 
waterfall plots during printing of multiple tracks in a single layer for 
samples S1–S3. Before printing, only the α/α’ phase of Ti64 powders is 
detected. Diffraction peaks correlated with α-Fe are found at higher 
angles (see Fig. 2d). When the laser approaches AXR, the blended pow
ders first melt and then solidify to form the high-temperature β phase. 
This is observed as a break in the reflection lines of the α/α’ phase 
because of the liquid phase in melt pool. Subsequently, the β reflections 
are detected after solidification, for instance for track 1 labeled in Fig. 2. 
When the laser moves away from AXR, the β phase cools down and the 
reflection peaks shift to higher angles due to lattice contraction. At 
sufficiently low temperature, the α/α’ phase reappears. Since multiple 
neighboring tracks are printed continuously on the same layer, the 
alternation between the α/α’ and β phase at AXR is repeated several 
times. When the distance between the laser track and AXR is sufficiently 
large, the temperature in AXR does not rise anymore above the β-transus 
temperature. 

The evolution of XRD patterns in specimen S1 (Fig. 2a) shows a 
continuous line of {011}β reflection during printing of multiple tracks, 
indicating the stabilization of the β phase after cooling in each track. In 
contrast, the {011}β reflection in S2 (Fig. 2b) and S3 (Fig. 2c) nearly 
completely disappears when the laser moves away from AXR between 
each track. This implies that the β phase in samples S2 and S3 is hardly 
stabilized after cooling down. Fig. 2d shows the diffraction intensity for 
a limited 2θ range obtained from spatially resolved XRD mapping on the 
surfaces of three specimens after printing. The XRD pattern for each 
specimen was obtained by summing up 50 individual patterns to 
improve grain statistics. Sample S1 exhibits a clear dual-phase structure 
consisting of a substantial fraction of β phase and a lower fraction of α/α’ 
phase. In contrast, in samples S2 and S3 the α/α’ phase is dominant. A 
weak {011}α-Fe peak is also detected after printing due to the redepo
sition of Fe particles on the sample surfaces. No evidence for interme
tallic compounds, such as FeTi, could be found. 

The XRD patterns from the operando measurements were further 
analyzed to evaluate the thermal profiles. The elastic strain of the 
crystalline lattice is determined by the relative shift of the peak positions 
(2θ). Assuming that the peak shift during heating and cooling is entirely 
due to isotropic thermal expansion, temperatures of the solid phases can 
be derived [37]. In sample S1, the peak position of the {01− 11} α/α’ 
reflection prior to printing was used as the reference value to calculate 
the temperature of the α/α’ phase. Since the β phase is stabilized to 
ambient temperature, the peak position of {011}β reflection after 
printing was applied to calculate temperatures of the β phase. For 
samples S2 and S3, the peak position of the {01− 11}α’ reflection after 
printing was used as a reference value. For the β phase, the same 
reference as in S1 was used. Fig. 3a–c show a zoom-in of the 
temperature-time profiles for S1–S3. The complete temperature profiles 
of three specimens can be found in Supplementary materials Fig. S1. In 
sample S1, the reference β transus temperature (Tβ ~ 1252 K) of Ti64 
[38] is only exceeded in two successive tracks. In contrast, the tem
peratures in samples S2 and S3, which were printed with higher VED, 
rise above Tβ in neighboring 4 tracks. Note that the β transus (Tβ 
~ 1252 K), martensitic start (Ms ~ 1053 K) and martensitic finish (Mf 
~ 923 K) of Ti64 [38] are shown as reference values only. The 

Table 1 
Overview of the laser process parameters for all samples.  

Specimen 
number 

Laser 
power 
(W) 

Scan 
speed 
(m/s) 

Layer 
thickness 
(µm) 

Hatch 
(µm) 

Volume 
energy 
density (J/ 
mm3) 

S1  100  1.2  30  65 43 
S2  100  0.6  30  65 85 
S3  125  0.6  30  65 107 
S4  150  1.62  30  65 47 
S5  150  0.81  30  65 94  
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β-stabilizer Fe suppresses the β→α/α’ transition and decreases phase 
transformation temperatures in Ti64 [39]. The effective transition 
temperatures in blended powders, therefore, depend on the locally 
chemical compositions [40]. But precise values of the transition tem
peratures are difficult to estimate in the printed Ti643 samples due to 
the chemical heterogeneity. 

The cooling rates are determined as the derivatives of the 
temperature-time profile for different tracks, using the procedure 
described in Ref. [42] and the Supplementary materials Section 5. 
Fig. 3d displays the cooling rates as a function of temperature for two 
successive tracks of samples S1–S3. The average cooling rates at Tβ, Ms 
and Mf calculated from multiple tracks are plotted as a function of VED 
in Fig. 3e. The cooling rates in sample S1 are 5–7 times higher than S2 
and S3 at the same critical temperatures. It is important to note that the 
temperature calculation during in situ alloying is only approximate. A 
list of potential sources of errors is provided in Supplementary Materials 
Section 6. 

3.2. Microstructure characterization 

Fig. 4a–c show backscattered electron micrographs of samples S1–S3 
after etching. The β grain boundaries were observed in all samples after 
etching with Kroll’s reagent. The β grain size is much finer in S1 
compared to S2 and S3. Moreover, the acicular martensite is extensively 
distributed in the prior-β grains in both S2 and S3, a typical micro
structure observed in Ti64 from the L-PBF process [43]. But this is not 
the case in S1 printed with relatively low VED. In addition, the melt pool 
in S1 with a depth of about ~ 30 µm is much shallower compared to 
samples S2 and S3, with depths of ~ 90–100 µm, i.e. roughly three 
layers. This result indicates a transition from a conductive mode in S1 to 
a keyhole mode in S2 and S3 by increasing energy inputs [44]. Small 
pores induced by the unstable motion of keyhole tips under the keyhole 
mode are also found in S3 (Fig. 4c) [44]. 

To further characterize the grain structures for different phases, 
EBSD measurements were conducted in samples S1 and S2. The inverse 
pole figure (IPF) orientation map for sample S1 (Fig. 4d) exhibits a 
microstructure that mainly consists of fine β grains. This grain refine
ment results from the constitutional undercooling brought by the 
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presence of Fe during solidification of the melt [19,24]. Furthermore, 
the phase maps show that in sample S1 (Fig. 4e) the β phase is dominant 
with an area fraction of about 80%. In contrast, sample S2 exhibits only 
around 15 % of β phase (Fig. 4h). The EDS maps demonstrate that the Fe 
distribution is rather heterogeneous in sample S1 (Fig. 4f) but relatively 
homogeneous in sample S2 (Fig. 4i). This suggests a higher level of 
homogeneity of Fe distribution in specimens printed with high VED 
(171 J/mm3). In S1, the EDS point measurements show the β grains 
exhibit an above-average Fe concentration (≥ 3.8 wt%), whereas the 
α/α’-grains are nearly depleted from Fe. In sample S2 a similar trend can 
be observed. The difference in Fe concentration between the β and α/α’ 
regions is smaller compared to the case of S1. This result indicates a 
higher level of Fe homogeneity in as-built samples printed with larger 
energy inputs. The distributions of Ti, Al and V are quite homogenous in 
both samples, as shown in the Supplementary Materials Fig. S2. The 
distribution of Ti, V and Fe of S1–S3 were further characterized by XRF 
measurements over larger cross-sections (Supplementary Materials 
Fig. S3), confirming the EDS results. 

3.3. Relationship between process parameters and mechanical properties 

It is well known that the mechanical properties of additively man
ufactured Ti64 strongly depend on the phase fraction [45]. Tensile tests 
have been performed on samples S4 and S5. Fig. 5 shows the micro
structures obtained by EBSD. Sample S4 exhibits a β phase fraction of 
90 % (comparable to S1) whereas sample S5 exhibits an α/α’ phase 
fraction of 70 % (comparable to S2). The laser process parameter for 
samples S1 and S4, and also for samples S2 and S5 are slightly different, 

since the samples were processed in two different L-PBF systems. But the 
differences between the VED values are rather small (~ 4–9 J/mm3). 
This may result in minor changes in texture [46] and other micro
structural parameters. Fig. 6 displays the mechanical response under 
tensile loading. Sample S4 reaches an ultimate tensile strength (UTS) of 
1364 ± 59 MPa and a uniform elongation of 11.4 ± 1.9 %. Sample S5 
exhibits a higher UTS of 1762 ± 50 MPa but lower ductility of 3.1 
± 0.6 %. In other words, sample S4 exhibit enhanced ductility and 
working hardening but relatively lower strength compared to sample S5. 

4. Discussion 

4.1. Factors that influence phase evolution 

In conventional Ti64, the high-temperature β phase can be stabilized 
at room temperature for sufficiently low cooling rates. In literature, 
various critical cooling rates that suppress completely martensitic 
transformation to obtain the β phase have been reported. Ahmad and 
Rack found the β phase was retained below a critical cooling rate of 
410 K/s [47], whereas Kenel et al. [48] and Oh et al. [9] observed the 
cooling rates for stabilization of the β phase that are one order of 
magnitude higher (~ 3000 K/s). By adding 3 wt% Fe to Ti64, the β 
metastable phase is partly stabilized at room temperature even for 
cooling rates as high as 106 K/s according to high-speed operando XRD 
(Fig. 2a and Fig. 3d). This indicates a significant role of in situ alloying 
on engineering phase fractions of as-built materials. Moreover, the re
sults shown in Sections 3.1 and 3.2 reveal a significant impact of the 
laser process parameters on the in situ alloying process and resulting 

Fig. 3. (a–c) Temperatures profiles as a function of time calculated from {011}β – red and {01.1}α/α’ – blue for three specimens. (d)The cooling rates as a function of 
temperature are calculated from the individual track labeled in (a–c). (e) The average cooling rates as a function of volume energy density at the maximum tem
peratures, β transus (Tβ) ~ 1252 K, martensitic start (Ms) ~ 1053 K and martensitic finish (Mf) ~ 923 K of Ti-6Al-4V [38,41] respectively. 
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microstructures. In sample S1, printed with low VED, a large number of 
metastable β grains were stabilized at ambient temperature, in contrast 
to samples S2 and S3 fabricated with high VED. We have established the 
major contributing factors to this difference, namely the concentration 
and distribution of Fe. 

It is reported that a minimum of 3.5 wt% Fe is needed to fully sta
bilize the β phase in Ti64-based alloys during water quenching [49,50]. 
To the authors’ knowledge, no such lower limit of Fe concentration has 
been established for the high cooling rates that are observed during the 
L-PBF process. It is known that the chemical composition of a printed 
part can differ from the original composition of the powder feedstock 
due to the elemental loss during printing. Spatially resolved X-ray 
fluorescence (XRF) spectroscopy measurements have been conducted to 
investigate the chemical composition between samples S1–S3. The result 
shows that the Fe content in S1 is about 30–36 % higher than in S2 and 
S3 (Supplementary Materials Fig. S3). A similar result is also found in S4 
and S5, where the Fe content is higher in the sample printed with lower 
VED (see also EDS measurements shown in Supplementary Materials 
Section 4). It is well known that vaporization increases with increasing 

Fig. 4. Microstructures of the cross-sections of specimens printed with different laser parameters. (a–c) Back-scattered electron (BSE) micrographs showing different 
features after etching with Kroll’s reagent. EBSD inverse pole figure (IPF) plus image quality (IQ) of S1 (d) and S2 (g). Phase map (α/α’ is in green and β is in red) of 
the same regions in S1 (e) and S2 (h) respectively. EDS map of Fe distribution in S1 (f) and S2 (i). Scaler bar, 50 µm. 

Fig. 5. Microstructures of the tensile specimens prior to deformation. Phase 
maps from electron backscatter diffraction (EBSD) measurements indicating β 
phase dominant (90 %) in S4 (b) and α/α’ dominant (70 %) in S5 (d) 
respectively. 
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energy density. Furthermore, the evaporation rate of Fe is expected to be 
significantly larger compared to that of Ti due to the relatively lower 
boiling point (~ 425 K lower) [51]. In addition, the Fe particles with 
much finer sizes than Ti64 particles (Fig. 1c) are easier to evaporate or 
ejected by vapor-driven entrainment. The concentrations of Al and V in 
S1–S3 are quite similar according to the signal ratios from XRF mea
surements. The EDS measurements in S4 and S5 (Supplementary Ma
terials Section 4) show ~ 6 wt% of Al and ~ 4 wt% of V, indicating 
negligible evaporation. This is probably due to the pre-alloying of Al and 
V in large Ti64 particles that alleviate preferential element loss deriving 
from size effects of the feedstock. 

A second factor that plays a major role is the spatial distribution of 
the β stabilizers. Figs. 4f and 4i show that in samples S2 and S3 Fe is 
distributed more homogeneously as compared to sample S1. This is 
further confirmed by the XRF results shown in Supplementary Materials 
Fig. S3. In all samples, the Fe concentration in the β grains is signifi
cantly higher as compared to the α/α’ grains. Interestingly, the Fe con
centration in α/α’ grains of sample S2 is higher compared to α/α’ grains 
in sample S1 (Fig. 4). The Fe spreading during printing occurs via con
vection flow and diffusion. Both processes are highly dependent on the 
laser parameters and resulting thermal profiles. The operando X-ray 
diffraction experiments shown in Fig. 3 indicate that for sample S1 a 
given location on the top layer exhibits 1–2 short melting events, caused 
by the overlap between neighboring tracks, and the corresponding for
mation of the β phase. In samples S2 and S3, the melt pool and sur
rounding heat-affected zone are significantly larger. Here, the material 
experiences 4 subsequent phase transformations and an overall higher 
temperature for a similar time interval. 

Inside the melt pool, the convection of liquid metals is primarily 
driven by the Marangoni flow, where Fe is mechanically mixed with 
Ti64 [52,53]. Here, we need to distinguish between conduction and 
keyhole modes, as schematically shown in Fig. 7. In the keyhole mode, 
the material undergoes significantly more melting-solidification cycles 

because of the deeper melt pool. For instance, layer N-2 is remelted 
again during the depositing of layer N, as demonstrated in Fig. 7. These 
thermal cycles cause repetitive mixing inside the melt pool, effectively 
homogenizing the Fe distribution [54]. 

To evaluate the contribution of Fe diffusion during in situ alloying 
quantitatively, the diffusion length, X, in both liquid and solid states can 
be estimated by the following equation [55,56]: 

X =
̅̅̅̅̅̅̅̅
6Dt

√
(1)  

where D is the diffusion coefficient of Fe in Ti and t is the diffusion time. 
As a boundary condition to solve the partial differential equation of 
Fick’s second law the diffusion front of Fe in Ti64 is fixed at 1 %. In 
liquid Ti, the diffusion coefficient of Fe, DFe,Ti, can be calculated as [53, 
57]: 

DFe,Ti =
0.002628

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

T3 • (mFe + mTi)
/
(2 • mFe • mTi)

√

P • d2
• (ΩFe,Ti • TFe,Ti)

(2)  

where P is atmosphere pressure, d is the average atomic diameters of Fe 
and Ti atoms as 136 pm, ΩFe,Ti • TFe,Ti is the collision integral as unity for 
rigid spheres, mFe and mTi are the atomic masses of Fe and Ti respectively 
and T is the temperature of the melt pool. According to experimental 
measurements with a high-speed infrared camera [58] and 
three-dimensional finite element modeling [59], the melt pool temper
atures are in a range of 1933 K and 3300 K, i.e. between melting and 
boiling points of Ti64. Therefore the calculations are performed for the 
lower and upper limits and an average value, i.e. T = 1933 K, 2616 K 
and 3300 K. DFe,Ti is computed as 3.25 × 10− 8 m2/s. According to 
high-speed XRD measurements (Fig. 3a–c), the molten state lasted for 
3 × 10− 4, 1.5 × 10− 3 and 2.0 × 10− 3 sec in S1–S3 respectively. Based 
on these numbers and assumptions, the diffusion lengths of Fe in liquid 
Ti (Xliquid) are listed in Table 2 for samples S1–S3. 

After solidification, the Fe diffusion continues in both β and α/α’ 
phases during cooling until [30]. The temperature-dependent diffusion 
coefficient in the solid state, Dsolid, is calculated by the following equa
tion expressed in the Arrhenius form for both β and α’ phases until 
ambient temperature individually [60,61]: 

Dsolid(T) = D0⋅exp( −
Q
kT

) (3)  

where D0 is pre-exponent coefficient [m2/s], Q is the activation energy 
for diffusion and k is Boltzmann’s constant. Since the temperature as a 
function of time (Fig. 3a–c) is calculated from the operando XRD mea
surements, the Dsolid(T) can be determined as a function of time for each 
specimen. The diffusion length X at solid state (Xsolid) is obtained by 
integrating an area below the curve, as listed in Table 2. The results 
show, as expected, that the diffusion in the liquid state is more pro
nounced than in the solid state. After solidification, the magnitude of Fe 
diffusion length is of the order of only a few micrometers. Therefore, it is 
expected that the effect of local chemical fluctuation on temperatures 
calculated from the X-ray illuminated region (45 × 46 µm2) after so
lidification should be rather limited. In addition, thermal diffusion 
driven by steep temperature gradients (~ 0.1–1 K/μm) [62] at the 
adjacent heat-affected zone (HAZ) further facilitates in situ alloying. It 
has been reported that this can result in nanometer-sized clusters due to 
the extremely short processing time (~ms) during L-PBF [63]. The 
magnitude of the diffusion length (Xtotal) is of an order of tens of 

Fig. 6. Mechanical properties of as-built specimens printed with different laser 
parameters. Tensile stress-strain curves of β-dominant (S4) and 
α/α’-dominant (S5). 

Fig. 7. Sketch of the Marangoni flow in melt pools for the conductive and 
keyhole modes. 

Table 2 
Diffusion length of β-stabilizer Fe in liquid and solid titanium.  

Specimen number Xliquid (µm) Xsolid (µm) 

S1 7.0 ± 1.1 1.0 ± 0.2 
S2 15.5 ± 2.4 4.1 ± 0.6 
S3 17.8 ± 2.8 6.6 ± 0.9  
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microns, which is not sufficient to induce the present level of Fe ho
mogeneity in as-built structures (Figs. 4f and 4i). It should be noted that 
these calculations apply to the upper layer only. In the layers below, 
additional thermal cycling during printing will lead to further diffusion 
of Fe. Hence, the present Fe homogeneity indicates the more significant 
role of convection flow to mix Fe with Ti64 melts inside the melt pool. In 
304 L stainless steel printed with elemental powders, higher level of 
chemical homogeneity was achieved in samples produced with larger 
volume energy densities according to Aota et al. [64]. This phenomenon 
is also reported in Fe-Ni alloys as well [65]. Higher energy inputs induce 
longer molten state (0.3 µs, 1.5 µs and 2.0 µs in S1–S3 respectively) in
side the melt pool, which promotes the mixing to homogenize Fe dis
tribution. This alleviates the local enrichment of Fe and influences the 
phase stability of β-Ti to decrease β phase fraction in S2 and S3. 

By varying laser parameters from conduction mode to keyhole mode, 
the microstructures of as-built Ti alloys can be effectively engineered. 
Previously, the chemical compositions have been considered to play the 
main role in in situ alloying process and microstructures formation [24, 
29,53]. Here, we reveal the significant effect of laser parameters on 
elemental distribution and resulting microstructures. 

4.2. Correlation between microstructure and mechanical properties 

By varying the process parameters, both the strength and ductility of 
Ti643 can be altered significantly. Two representative microstructures, 
i.e. β (S4) or α/α’ (S5) phase dominant, are chosen for tensile testing to 
reveal their significant impacts on the mechanical properties of printed 
Ti alloys. It should be noted that small differences among the micro
structures of the samples with low VED (S1–S4) and among the samples 
with high VED (S2–S5) exist (Figs. 4 and 5), which may impact their 
mechanical properties. However, it is reasonable to assume that the 
effect will be much smaller compared to the difference between the low 
and high VED samples. Fig. 8 compares the ultimate tensile strength of 
the presented quaternary Ti643 alloy with an alloy created from a blend 
of Ti64 and 316L [29] and with Ti64 alloys fabricated by various AM 
techniques: L-PBF [11,13,21,66–68], E-PBF [66,69–71] and DED [3, 
72–74]. Ti643 exhibits superior properties as a synergy of high strength 
and enhanced ductility in the as-built state without any post-processing 
treatments. Sample S4 with a large fraction of β phase exhibits simul
taneously enhanced strength and ductility. Sample S5 with dominant 
martensitic phase exhibits very high strength, albeit at the expense of 
ductility. The high strength in present quaternary Ti643 alloys is 
partially ascribed to the solid solution strengthening of Fe in the β or α’ 
phase. In addition, precipitates of fine α’ and ω phases in metastable β 

grains induced by rapid cooling in L-PBF process might also contribute 
to the strengthening [26]. Further studies on the presence of ω phases in 
samples produced using different process parameters is on-going. Such 
precipitate strengthening was observed in Ti-10V-2Fe-3Al alloys with 
the same alloying elements after water quenching [75]. The enhanced 
ductility in S4 is probably attributed to a combination of inherent 
ductility of the β phase and the strain-induced transformation from 
retained metastable β phase to martensite, i.e. the TRIP effect during 
deformation in metastable β-Ti alloys [29,50]. The notable work hard
ening observed in S4 is associated with the phase hardening of α/α’ in 
relative softer β grains. This phenomenon has been also reported in Fe 
modified Ti64 alloys [16,76]. Nevertheless, the uniform elongation 
(~ 11.4 %) and work hardening achieved in S4 are still relatively inte
rior to typical TRIP β-Ti alloys with complete metastable β phase 
structures and much higher contents of β-stabilizers [77]. These findings 
demonstrate that the mechanical properties of L-PBF processed 
Ti-Al-V-Fe alloy could be further enhanced via tuning chemical com
positions and microstructures. The details of plastic deformation in 
Ti643 specimens are beyond the scope of the present paper and are 
subject of an on-going investigation. 

5. Conclusion 

In the present study, we have demonstrated an effective method to 
engineer microstructures of additively manufactured Ti6Al4V-Fe alloys 
by varying laser parameters during the L-PBF process using blended 
powders. High-speed operando X-ray diffraction has been performed 
during printing to measure phase evolution and thermal profiles. The 
temperatures as a function of time are used to calculate cooling rates and 
diffusion lengths, revealing the effective role of Fe addition on the sta
bilization of metastable β phase under rapid cooling conditions. The 
microstructures of the specimens are investigated to show the effect of 
energy input on the elemental distribution and phase fractions. Finally, 
the mechanical properties of representative samples were tested. The 
following conclusions can be drawn:  

- The metastable β-Ti phase can be stabilized to ambient temperatures 
under rapid cooling (~ 5.8 × 105–1.1 × 106 K/s) during the L-PBF 
process using blended powders consisting of Ti-6Al-4V mixed with 
3 wt% Fe particles.  

- Samples printed with higher energy density experience stronger 
thermal cycling, i.e. more cycles exhibit peak temperatures higher 
than the β transus temperature, compared to the samples printed 
with low energy density.  

- The as-built microstructures can be varied from β dominant to almost 
complete α’ by increasing the energy input. This can be ascribed to 
the density and distribution of Fe, which in turn, is linked to process 
parameters. At low energy density Fe is distributed heterogeneously 
in the microstructure. In contrast, high energy density leads to more 
Fe loss and better homogeneous mixing of Fe atoms in the Ti64 
matrix, which results in a significantly lower stabilized β-fraction 
after printing.  

- The printed microstructures that contain a large β fraction achieve 
simultaneously a high strength and ductility. The strength is higher 
when the α’ phase is dominant, but its ductility has deteriorated. 

This work exhibits a paradigm to engineer microstructures of addi
tively manufactured Ti alloys. It enables to manufacture specific mi
crostructures and paves the way to create functionally gradient 
properties for designed properties. It is anticipated this strategy can be 
further adopted by various alloy systems for L-PBF manufacturing via 
powders composition design and processing parameters control. 
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