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A B S T R A C T

Biofunctionalization of Ti6Al4V alloy with metallic agents like Ag or Cu is a promising approach to add anti-
bacterial properties and thus to reduce the risk of implant failure. This research investigates the in-situ alloying of
Ti6Al4V(ELI) with 3 at.% Cu powders using Laser Powder Bed Fusion (L-PBF). The morphology and geometrical
characteristics of the single tracks and layers were studied. Laser powers of 170W and 340W, and scanning
speeds ranging from 0.4 to 1.4 m/s and 0.8–2.8m/s were implemented. Single track results showed balling effect
and humping at high scanning speeds, 1.4 m/s and 1.6 m/s, for each laser powder respectively. Conversely,
keyhole formation occurred at lower scanning speeds of 0.4–0.6 m/s for 170W laser power, and below and
0.8 m/s for 340W laser power. For both laser powers, single layers resulted in smoother surfaces at lower
scanning speeds. These results were used for the development of optimal process parameters for 3D cubes with
99.9 % density. Optimal process parameters were found for 170W and 340W laser powders at 0.7−0.9 and
1.0–1.2m/s scanning speeds, respectively.

In-situ alloying by L-PBF was challenging and a homogeneous distribution of Cu within the alloy was hard to
achieve. The increase in laser power from 170 to 340W resulted in small increase in homogenization.
Microstructural analyses after stress-relieving treatment showed the presence of α’ and β phases, as well as CuTi2
intermetallic precipitates. The finer microstructure together with CuTi2 intermetallic precipitates resulted in an
increase in hardness. This study demonstrates the potential for printing in-situ alloyed Ti6Al4V(ELI)- 3 at.% Cu
for biomedical applications. However, further studies are required to determine the effectiveness of antibacterial
properties.

1. Introduction

Metallic biomaterials such as stainless steel, titanium and cobalt
chromium alloys are widely used for implantable devices for replace-
ment of structural components of the human body. Titanium (Ti) alloys
are less susceptible to bacterial adhesion than stainless steel [1], but
commercially available Ti alloys do not exhibit antibacterial capability.
Bacterial infections associated with implants occur frequently [2,3].
The coating of implants with antibacterial elements, like silver (Ag),
zinc (Zn) and copper (Cu), is proven to be a promising approach to
prevent bacterial infection [4]. Cu is a well-known antibacterial

element, and is not toxic to the human body in small amounts [5].
Adding antibacterial properties to stainless steels, cobalt-chromium and
titanium alloys by the addition of Cu has been reported in several in-
vitro and in-vivo studies [5–12]. The antibacterial effect and cytotoxicity
of Ti-Cu alloys are the subject of many current studies. Pure Cu has been
identified to have moderate cytotoxicity; however, pure Ti alloyed up to
20wt.% Cu did not show any level of cytotoxicity [13]. A higher per-
centage of Cu is more preferable due to a higher bactericidal effect [14],
although some authors pointed out that lower Cu percentages are more
desirable in terms of mechanical and corrosion properties, since Ti-Cu
alloys with low amounts of Cu would have a closer performance to the
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initial Ti alloy without Cu [15,16]. Ma et al. [7] and Xu et al. [17] have
found that the cytocompatibility of Ti6Al4V with 5−6wt.% Cu was
equivalent to Ti6Al4V alloy, which is generally recognized as a safe
material and was approved for biomedical applications. The growth
inhibition of E. Coli and S. Aureus, which are the main pathogenic mi-
crobes responsible for implant-related infections [18], was confirmed
for LPBF Ti6Al4V(ELI)-1 at.% Cu alloy surfaces [19].

Implants for bone replacements can be manufactured to combine
both the biocompatibility of Ti6Al4V material together with anti-
bacterial properties by the addition of Cu at the bone–implant interface
to avoid or reduce the risk of bacterial infection and prevent implant
failure. The manufacturing of Ti-Cu alloys from a mixture of elemental
powders, by the in-situ mixing and alloying during the L-PBF manu-
facturing is an example of such an approach. One of the main ad-
vantages of L-PBF is the freedom in design, which is useful for the
manufacturing of custom biomedical implants with the desired shape to
fit the exact local requirements for bone replacement of the patient.
However, the quality of the parts depends on the manufacturing para-
meters. Thus, a careful selection of process parameters and manu-
facturing strategies should be performed to avoid formation of porosity
and cracks, high surface roughness, as well as reduce high residual
stresses and deformation of the 3D part during the L-PBF manufacturing
process. This is even more important when using complex designs such
as lattice structures for improved bone attachment [20]. To manage
these challenges, together with the high cost and specific design of the
implants, a qualification process is required and part quality must be
validated [21,22].

The printing and optimization of a new material by L-PBF requires
several steps. The L-PBF process involves the scanning and melting of
metallic particles in a thin powder layer with a moving high power-
density laser beam, forming a molten pool which is solidified into a
single track. The formation of stable single tracks with optimal pene-
tration depth plays a major role in the quality and mechanical prop-
erties of the 3D manufactured parts. The optimization of process
parameters should start with laser power and scanning speed, due to
their direct influence on the formation of single tracks. Secondly, a
suitable hatch distance, along with scanning strategy need to be se-
lected for the manufacturing of layers with a proper surface roughness
and morphology, since a single layer will be the substrate for the next
delivered powder layer. Finally, for the in-situ alloying approach, the
molten pool should exist long enough to guarantee sufficient mixing of
the components. Thus, specifically for new materials manufactured by
in-situ alloying by L-PBF, optimal process parameters and appropriate
scanning and building strategies should be carefully selected and op-
timized, and are expected to be different than the parameters for any
individual alloy [23].

The feasibility of in-situ alloying by L-PBF has been demonstrated by
several authors [24,25].The in-situ alloying of powder blends by laser
beam melting has been used for the synthesis of new materials such as
metal matrix composites, intermetallic and nano-structures, mixtures
and alloys with unique properties that can be produced only at high
thermal gradients and rapid solidification [26–29]. The purpose of this
study was to investigate the relationship between the process para-
meters and microstructural properties of L-PBF parts by in-situ alloying
of Ti6Al4V(ELI) (grade 23 Titanium alloy) with 3 at.% Cu powder for
biomedical applications.

2. Materials and methods

Argon atomized Ti6Al4V(ELI) and Cu powders with spherical
morphologies supplied by TLS Technik GmbH & Co. Spezialpulver KG
(Germany) were used in this study. The chemical composition of
Ti6Al4V(ELI) powder was specified as 89.26 wt.% Ti, 6.31 wt.% Al,
4.09 wt.% V, 0.12 wt.% O. The Cu powder was specified with a purity of
99.9 %. The particle size distribution of both powders was similar:
Ø10= 12.6 μm, Ø50= 22.9 μm, Ø90=37.0 μm, for the Ti6Al4V(ELI)

powder, and Ø10= 9.45 μm, Ø50= 21.9 μm, Ø90=37.5 μm for Cu
powder. Ti6Al4V(ELI)- 3 at.% Cu powder mixture was done by mixing
powders for 1 h by regular manually inverting the metal container. The
final powder mixture was dried at 80 °C for 2 h before printing.

To determine the optimal laser power and scanning speed, 3 single
tracks of 20mm length, single layers of 10× 10mm and cubes of
10× 10×10mm for each set of process-parameters were manu-
factured by an EOSINT M280 system. Two sets of process parameters
were chosen: (i) 170W laser power and 0.4–1.4m/s scanning speeds
and, (ii) 340W laser power and 0.8–2.8 m/s scanning speeds. Single
layers were scanned in the X direction by zig-zag pattern (back and
forth), meanwhile 3D cubes were scanned with rotation from one layer
to the next by 67° which is the standard procedure for the EOSINT
M280 system. Therefore, the powder layer thickness in L-PBF for the
first and further layers is different and is defined as a combination of
the distance moved by the build platform in the Z-direction (nominal
layer thickness), and the morphology of the previously processed layer.
Considering the apparent density of loose powder layer (about 50 %),
and 30 μm Z movement of the build platform, the actual layer thickness
after deposition of several layers during the L-PBF process will be about
45−50 μm. Thus, in order to have similar actual powder layer thick-
ness, for the experiments with single tracks and single layers, the
powder thickness of 50 μm was used, meanwhile 3D samples were built
at 30 μm- nominal thickness. The manufacturing was performed on
Ti6Al4V substrates of 3mm thickness under protected Ar atmosphere,
with an oxygen content less than 0.07 %. The single tracks were in-
vestigated from top view (a minimum of 6measurements for width of
the track). Later on, single tracks were cross-sectioned perpendicularly
to the scanning direction and width and penetration depth were studied
(6 cross-sections were analyzed for process-parameters). The top sur-
face of the single layers was investigated by surface roughness profil-
ometer perpendicularly to the scanning direction, then cross-sectioned
single layers were also investigated. The 3D samples attached to the
baseplate were heat treated in a vacuum furnace for 3 h at 650 °C for
stress relieving. Subsequently, samples were cut from the substrate by
wire-cut electrical discharge machine.

X-ray micro computed tomography (microCT) was employed to
study the porosity of manufactured samples. MicroCT scans were per-
formed at the Stellenbosch CT facility (Stellenbosch University, South
Africa) with data visualization and analysis performed in Volume
Graphics VGSTUDIO MAX 3.1. The use of microCT in additive manu-
facturing was reviewed comprehensively in [21] where the imaging of
porosity and inclusions was discussed. In this work, samples subjected
to scanning were 10×10×4mm in size, with scan parameters 200 kV
and 70 μA, with a voxel size of 15 μm and 2400 images recorded in a
full rotation of the sample. The data was processed according to
guidelines in [30].

The microstructure of samples was studied by optical and scanning
electron microscopies (OM, SEM). OM was carried out with AxioVision
and SmartZoom (Zeiss) microscopes. SEM was carried out with a LEO
1350 FEG operated at 20 kV. High-resolution scanning transmission
electron microscopy (HR-STEM) was performed for deeper micro-
structural investigations by using a FEI Titan 3 G2 60–300 STEM
equipped with a Cs corrector operated at 300 keV. The STEM micro-
scope was equipped with a Super X detector (4 Si-drift detectors) for
chemical analyses by x-ray spectroscopy. Element mapping and line
profiles were acquired and processed with VELOX software [31]. Ele-
ment quantification was performed by using the K-factor method [32].
HR-STEM sample preparation was performed by argon ion-milling at
room temperature. HR-STEM micrographs were recorded with the an-
nular dark field (ADF) and high angular annular dark field (HAADF)
detectors and were processed by using the Digital Micrograph software.
X-ray diffraction (XRD) measurements were conducted using a Cu-Kα
radiation source (wave length λ=0.15405 nm) operated at 40 kV and
40mA to identify constituent phases. A thermodynamic equilibrium
calculation for the Ti–Al–V–Cu quaternary system was carried out using
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a CALPHAD approach [33]. Based on a thermodynamic database for a
Ti-based multi-component system (PanTi) [34] for a composition range
of Ti–6wt.% Al–4wt.% V (corresponding to a nominal composition of
Ti6Al4V ELI)-Cu. Microhardness measurements were conducted on a
Future-Tech micro-hardness tester FM at 200 g load and the load time
was 15 s.

3. Results

3.1. Development of process parameters of Ti6Al4V(ELI)-3 at.% Cu alloy

The optimization of L-PBF process parameters was carried out ac-
cording to the procedure described in [23]. Firstly, single tracks were
manufactured, and the shapes and geometry of these tracks were as-
sessed. Based on the single track width, penetration depth and shape,
and considering the homogeneity of the alloying element, a few sets of
process parameters were selected to manufacture the single layers and
3D specimens.

3.1.1. Development of parameters for single tracks
To find the optimal process parameters for Ti6Al4V(ELI)-3 at.% Cu

single tracks, experiments were conducted with laser powers of 170W
and 340W and scanning speeds between 0.4–2.8 m/s on a 50 μm
thickness powder layer. The starting process parameters for Ti6Al4V
(ELI)-3 at.% Cu were chosen based on a prior study of the optimization
of Ti6Al4V(ELI), on the same system [35]. The increase in laser power
from 170 to 340W led to an increase in single track width of ap-
proximately 25−50 μm wider with the same scanning speed (Fig. 1a).

Slow and high scanning speeds resulted in a greater variation of track
widths within a single track, which indicates an instability of the
molten pool at short and long material interaction times. From analysis
of the top view of single tracks at the substrate, it was concluded that:
(i) with a laser power of 170W, the balling effect started at 1.4m/s
scanning speed and, (ii) humping of the molten pool started at 1.6m/s
scanning speed with a laser power of 340W (Fig. 1b). The single track
width was physically limited by the laser beam spot size and flows
within the molten pool which are more prominent at higher laser
power.

Observations of the single track cross-sections perpendicular to the
scanning direction were performed to estimate the L-PBF melting mode
and penetration depth of the molten pool. The molten pool depth in-
creased significantly with the increase in laser power, almost double for
the same laser scanning speed (Fig. 2a). The analysis of the cross-sec-
tions revealed that keyhole mode (trapped keyhole pores) were found at
and below scanning speeds of 0.4–0.6m/s and 0.8m/s with laser
powers of 170W and 340W, respectively (Fig. 2a–c). It should also be
noted that the depth of penetration was highly variable with a low
scanning speed of 0.8 m/s and laser power of 340W. Humping of the
molten pool and undercuts at high scanning speeds were very promi-
nent with higher laser power (340W). Analysis of top views and cross-
sections showed that for 340W laser power, full fragmentation of the
molten tracks (balling effect) did not occur up to scanning speeds of
2.8 m/s.

Investigations of single tracks indicated that continuous line tracks
without keyhole pores and balling effect were produced at 170W and
0.6–1.2m/s scanning speed and at laser power 340W higher than
0.6 m/s and lower than 1.4 m/s. Same conditions studied for line tracks
were used to print the single layers to show the hierarchical approach
used in the present study.

3.1.2. Development of parameters for single layers
For the production of single layers, a hatch distance of 80 μm, lower

than the value selected for Ti6Al4V(ELI) without Cu addition (100 μm)
was chosen [36]. This helped to remelt a larger portion (40–50 % of
single track width) of the previously manufactured single track en-
suring better in-situ homogenization of the material. Surface topo-
graphy analyses of the first single layer showed lower surface roughness
(Rz=10−15 μm) with scanning up to 1.4m/s with narrow standard
deviations, indicating that surfaces were smooth. Conversely, with
scanning speeds from 1.6 m/s, the surface roughness increased (as well
as their deviations), showing a high level of surface irregularities
(Rz=25−50 μm) (Fig. 3).

The analysis of the first layer of in-situ alloyed material showed the
manufacturing of smoother surfaces at lower scanning speeds in ranges
between 0.4–1.2m/s and 0.6–1.4 m/s, for laser powers of 170W and
340W, respectively, at the chosen hatch distance of 80 μm. Taking into
account the pores and deeper penetrations into the substrate detected
during the formation of single tracks at slow scanning speeds between
0.4−0.6 m/s and the humping/balling effects which started at 1.4 m/s,
a reduced matrix of process parameters was suggested for the printing
of 3D samples.

3.1.3. Manufacturing of 3D samples
3D samples were built with a laser power of 170W and 340W, and

scanning speeds between 0.7−0.9m/s and 1.0–1.2 m/s respectively,
maintaining the hatch distance of 80 μm. The porosity of the manu-
factured cubes was assessed using microCT method. A maximum pore
size of approximately 400 μm was found at the bottom part of the
sample that was produced with a laser power of 170W and scanning
speed of 0.9m/s (Table 1, Fig. 4). No pores were detected for the
samples produced with a laser power of 340W and scanning speed
1.0 m/s at the chosen voxel size by microCT scans. The other samples
produced at 340W had a lower porosity in comparison with the ones
produced at 170W. Small pores had spherical shape and could be

Fig. 1. (a) Single track width of Ti6Al4V(ELI)-3 at.% Cu as a function of
scanning speed; (b) top view of the Ti6Al4V(ELI)-3 at.% Cu single track with a
laser power of 340W and scanning speed of 1.6 m/s, when humping and balling
effects started.
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identified as metallurgical pores [21]. With a laser power of 170W,
pores looked more irregular which indicated a lack-of-fusion. Minimal
porosity was found at 170W, 0.7m/s scanning speed and 1.0m/s and

340W laser power (Table 1). Actually, high density of 99.9 % revealed
by microCT scans was supported by cross-sectioning and microscopic
analysis for all cubes (Fig. 4c, d). Thus, optimal process parameters for
the 3D in-situ alloyed Ti6Al4V(ELI)-3 at.% Cu samples were found to be
with laser powers of 170W and 340W and scanning speeds of
0.7−0.9 m/s and 1.0–1.2 m/s, respectively.

Fig. 2. (a) Penetration depth of Ti6Al4V(ELI)-3 at.% Cu single tracks versus scanning speeds; cross-sections of single tracks manufactured with laser power and
scanning speeds of (b) 170W, 0.4 m/s and, (c) 340W, 2.8 m/s. (b) Trapped porosity within the melted pool (keyhole mode), and (c) undercuts/grooves formed with
the shape of a notch at both sides of the track when humping/balling effects started (indicated by the arrows).

Fig. 3. Surface roughness (Rz) of the first layer versus scanning speed of single
layers manufactured with laser powers of 170W and 340W.

Table 1
Defect analysis of Ti6Al4V(ELI)-3 at.% Cu samples by microCT scans.

Scanning speed [m/s] Pore size diameter [Ø] Porosity [%]

Ømin. [mm] Ømax.[mm]

170W laser power
0.7 0.0490 0.1061 0.0114
0.8 0.0532 0.3437 0.0165
0.9 0.0490 0.3952 0.0124
340W laser power
1.0 – – 0.0000
1.1 0.0628 0.1122 0.0010
1.2 0.0489 0.2007 0.0099
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3.2. Microstructural analysis of L-PBF Ti6Al4V(ELI)-3 at.% Cu

Chemical homogeneity of the stress-relieved specimens was in-
vestigated by SEM and EDX. A typical SEM micrograph in back-scat-
tered electrons (BSE) mode is presented in Fig. 5a. It was observed that
the material had chemical inhomogeneity and Cu had a trend to seg-
regate at the bottom of layer fusion boundaries. For the material
manufactured with a laser power of 170W this trend was much more
pronounced in comparison with 340W. The average concentration of
Cu in dark regions of the investigated specimens (Fig. 5a) was 3.0–3.7
and 2.1–3.5 wt.% in material manufactured with a laser power and
scanning speed of 340W at 1.0m/s and 170W at 0.7 m/s, respectively.
Remarkable segregation of Cu at fusion boundaries is illustrated in
Fig. 5b. The concentrations of Cu at the fusion boundaries reached
19−23wt.% in the material manufactured at 170W and 0.7m/s, while
in the more homogeneous material manufactured at 340W and 1.0m/
s, the highest concentration of Cu measured at the fusion boundaries
was 9.5–10.5 wt.%, by EDX method. The microstructure of the material
had a needle-like morphology, typical to hexagonal α' martensite phase
observed in Ti alloys. Nevertheless, compared to the martensite ob-
served in Ti6Al4V(ELI) manufactured by L-PBF [36,37], the needles
were finer, which was a result of the different solidification rates caused

by alloying with Cu and different process-parameters.
Deeper microstructural analyses were performed with samples

manufactured with a laser power of 170W and scanning speed of
0.7 m/s. The same microstructural features were observed in the ma-
terials manufactured with the other process parameters. CALPHAD was
used as an initial approach to simulate the Ti6Al4V-Cu phase diagram,
to identify the phases under equilibrium conditions. In a ternary com-
position of Ti–6wt.% Al–4wt.% V, the β-transus temperature was lo-
cated around 920 °C. The diagram indicated a decrease in β-transus
with the addition and increase in Cu content, reaching a β-transus of
820 °C at 4.1 wt.% (3 at.%) Cu (Fig. 6a) due to its β-stabilizer effect.
Thus, it can be assumed that the addition of Cu could enhance the
formation of retained β-phase during the L-PBF process. At the same
time, due to the limited solubility of Cu in α-Ti, an intermetallic CuTi2
phase is formed at 560 °C (3 at.% Cu), leading to a three-phase region
area of α+ β + CuTi2 [38]. Fig. 6b presents the calculated fractions of
the constitute phases (in equilibrium at room temperature of 25 °C) as a
function of Cu content (wt.%). The fractions of CuTi2 phases con-
tinuously increased with the increase in Cu content, predicting up to
approximately 7mol.% of CuTi2 phase by the addition of 3 at.% Cu.
Additionally, a two-phase eutectoid reaction β→α+CuTi2 can be con-
sidered to occur at higher Cu content (∼14wt.% Cu) in the Ti–Al–V–Cu

Fig. 4. (a,b) MicroCT scans and (c, d) cross-sections of Ti6Al4V(ELI)-3 at.% Cu samples produced with laser powers and scanning speeds of (a,c) 170W and 0.9m/s,
and (b, d) 340W and 1.1m/s.
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quaternary system, previously observed in a Ti–Cu binary system (at
7.1 wt.% Cu) [39]. However, in the present study, the addition of V
element (acting as a β-phase stabilizer) resulted in the reduction of
eutectoid temperature from 792 °C (Ti-Cu binary phase diagram) down
to ∼600 °C (Ti6Al4V-Cu quaternary phase diagram) as well as the
stabilization of β-phase at lower temperatures, resulting in the presence
of three phase region of α+ β + CuTi2.

XRD measurements were performed to identify the phases of the in-
situ alloyed material after stress-relieving heat treatment. Most of the
peeks were identified as α/α´-phase (Fig. 7). The presence of the β-
phase was not possible to be clearly identified by XRD due to the peak
overlap. However, the addition of 3 at.% Cu slightly changed the mi-
crostructure of the typical Ti6Al4V(ELI) material. Low intense peaks of
CuTi2 phase were found.

General STEM observations showed two regions, low and high-Cu
regions, within L-PBF Ti6Al4V(ELI)-3 at.% Cu material (Fig. 8). Fig. 8a
shows the first region corresponding to the α´-martensite laths, with a
thickness between 0.5–1.5 μm. This first region was observed in the
majority of the analyzed areas, and was the dominating one. HADDF
imaging allowed the observation of submicrometer precipitates, pre-
ferentially located along α´ boundaries but also within them (white
arrows, Fig. 8b). The spherical-like shape precipitates showed a
homogeneous distribution within the matrix. The precipitates were
identified as β-phase and CuTi2 intermetallic precipitates, as illustrated

in Figs. 9 and 10. The second region showed a coarser microstructure
with round α grains of a size between 2−10 μm, probably due to partial
decomposition of α′-martensite phase towards acicular α by slight
coarsening of the microstructure after stress reliving treatment (Fig. 8c-

Fig. 5. SEM BSE micrographs of the Ti6Al4V(ELI)-3 at.% Cu material manufactured with a laser power and a scanning speed of 340W and 1.0m/s, (a) low and (b)
high magnifications.

Fig. 6. (a) A section of (Ti–6wt.% Al–4wt.% V) + “x” wt.% Cu in a calculated Ti–Al–V–Cu quaternary phase diagram (b) and changes in mol fractions of constitute
phases in equilibrium as a function of Cu content (wt.%) in studied compositions of Ti6Al4V-Cu at room temperature (25 °C).

Fig. 7. XRD pattern of L-PBF Ti6AL4V(ELI)-3 at.% Cu manufactured with a
laser power of 170W scanning speed of 0.7 m/s after stress-relieving heat
treatment.
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dashed circle) [40]. Therefore, the high Cu content has a higher amount
of CuTi2 precipitates with spherical, as well as lamellae shape
morphologies (dashed square, Fig. 8d).

Fig. 9a shows a high magnification micrograph of Fig. 8c (EDX-1,
dashed-square). HR-STEM micrographs, together with their respective
Fast Fourier Transformation (FFT), were used for the phase identifica-
tion. Fig. 9 presents for each identified phase: (i) α/α´-phase (hcp-
structure), (ii) β-phase (bcc-structure) and (iii) CuTi2 intermetallic
phase (tetragonal-structure). Observations suggested that CuTi2 inter-
metallic precipitates have an incoherent interface with α/α´ and β
phases, and a coherent interface between α/α´-β phases. The EDX
mapping confirmed the presence of β-phase and CuTi2 intermetallic
phase due to the enrichment of V content, and Cu and Ti content, re-
spectively (Fig. 9b). The EDX line profile along the particle confirmed
the stoichiometry of CuTi2 precipitates (Fig. 9c). Additionally, β-phase
showed a percentage of around over 15 wt.% of V [41], but also the
presence of 2.35 wt.% Cu.

Fig. 10 shows a higher magnification micrograph of Fig. 8d (EDX-2,
dashed-square). This area showed different morphologies of CuTi2

intermetallic phase, spherical and lamellae shapes. Spherical-shape
particles were preferentially located at the interface between laths,
while lamellae-shaped precipitates were preferentially located within
the laths. On the other hand, the precipitation of β-phase nucleated
between α’ needles and was connected CuTi2 intermetallic particles,
probably due to copper as a β-phase stabilizer.

4. Discussion

4.1. Optimization of process parameters

4.1.1. Formation of single tracks
The shape of a single track is affected by the energy input and in-

teraction time of the laser beam with the material. At excessive energy
input due to high laser power or low scanning speed, single tracks be-
came irregular, with a lot of attached satellite particles. In this case
keyhole mode porosity was observed. At 170W laser power and high
scanning speeds, tracks became irregular, up to chains of beads (balling
effect). Penetration depth into the substrate is highly important for

Fig. 8. STEM – ADF and HADDF micrographs – of two different regions of L-PBF Ti6Al4V(ELI)-3 at.% Cu manufactured with a laser power of 170W scanning speed of
0.7 m/s (a,b) region 1: low Cu areas (martensitic structure) and (c,d) region 2: high Cu areas.
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reliable mechanical properties of fully dense L-PBF parts [42]. The
regular shape of single tracks provides homogeneity of the layer which
guarantees even deposition of powder layers, finally resulting in the
production of dense parts with complex designs.

It must be noted that single tracks can be also continuous or

discontinuous depending on the thickness of the powder layer. If the
powder layer is too thick, the melting pool will not have contact with
the substrate. It was previously reported that the optimal process
parameters of single tracks Ti6Al4V(ELI) with a powder layer thickness
of 15−45 μm is a range of scanning speeds from 0.8 to 1.2 m / s and a

Fig. 9. (a) HR-STEM micrograph (area EDX-1, dashed-square at Fig. 8c) of α/α´, β and CuTi2 intermetallic phases with their respective FTT (insets), as well as the
interface between α/α´- CuTi2, α/α´- β, β - CuTi2 phases suggesting their incoherency/coherency; (b) EDX mapping, showing the element distribution of Ti/Al/Cu/V
; (c) EDX line profiles along β-phase and CuTi2 intermetallic phase.
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laser power of 150−170W [35]. In the present investigation, these
findings were selected as a benchmark, but since Cu has lower ab-
sorption of laser radiation with 1075 nm wavelength, to melt a Ti6Al4V
(ELI)- 3 at.% Cu mixture by laser with 170W power, a lower scanning
speed was chosen. It was necessary to ensure long enough interaction
time between the laser beam and the powder/substrate material.

Similar to the finding for Ti6Al4V(ELI) [35], in the present in-
vestigation it was shown that stable single tracks were formed with
scanning speeds below 1.4 m/s and laser power of 170W, but also
below scanning speeds of 1.6 m/s with laser power of 340W. Humping
and balling effects were found to start with higher laser scanning
speeds, but at 340W up to 2.8m/s scanning speed, tracks were still
continuous with ∼50 μm penetration into the substrate. Observed ir-
regularities and undercuts can provoke rough surfaces of single layers
and finally, porosity in 3D parts. Experiments with single layers sup-
ported this assumption.

It must be noted that many satellites were observed near single
tracks with both laser powers. The formation of satellites can be ex-
plained by the high thermal conductivity and lower melting point of Cu
particles within the powder mixture. Due to high conductivity, heat
from the track redistributed into the surrounding powder bed, and some
particles partially melt and stick to the solidified track. Also, near
2000 °C the viscosity of molten pure Cu is half of that of Ti6Al4V
[43,44], which means that the Ti6Al4V(ELI)-Cu powder mixture tends
to generate more droplet spatters than Ti6Al4V(ELI) powder [45]. An
influence of the process parameters on track geometry can be analyzed
with respect of linear laser energy input P/V, where P is the laser power
and V is the scanning speed. Figs. 11a and b show the relationship
between the single track width and the laser penetration depth and the
P/V ratio. It was observed that the single track width and penetration
depth were quite similar for single tracks manufactured with the same
linear laser energy input P/V, as was shown previously in [42]. The
difference in penetration depth at higher linear energy input for dif-
ferent laser power can be explained considering the laser-matter in-
teraction time (Fig. 11b). Fig. 11c illustrates the interaction time d/V,

where d is the laser spot diameter and V is the laser scanning speed for
the investigated regimes. For longer interaction times, higher energy
input caused higher maximum temperature, as well as lower viscosity
of molten pool that provoked deep penetration up to the keyhole re-
gime (Fig. 2a). For shorter interaction times, single tracks manufactured
with a laser power of 340W had a penetration depth deeper than
60 μm, but they were unstable, and their geometrical characteristics
varied significantly (Fig. 11c). For situations with the same interaction
time, single tracks appear more homogenous with a laser power of
340W, but enriched copper areas were found near the edges of the
tracks for both laser powers used (Fig. 12).

4.1.2. Formation of single layer
Surface roughness is an important factor influencing the quality of

L-PBF parts because irregular surfaces can lead to a high deviation in
the powder layer thickness. These variations can provoke lack-of-fusion
porosity within the 3D part since the single layer melted previously is
the substrate for the subsequent layer. The geometry of single tracks
and denudation zones, together with hatch distance, makes the de-
pendence of surface roughness on laser power and scanning speed quite
complex (Fig. 3, Fig. 13). At the chosen hatch distance of 80 μm, single
tracks overlap, and almost a half of the upper part of each single track
was remelted during the manufacturing of a single layer with scanning
speeds of 0.4–1.4 m/s and a laser power of 170W. Therefore, the top
surface of a single layer was very smooth at these process parameters
(Fig. 13a). Apparently, higher copper concentration promoted lower
viscosity and better wetting behavior of the molten pool.

A high laser energy input at 340W laser power led to both a larger
width of a single track and a wider denudation zone on the substrate.
During the scanning of the first single track, the powder bed was regular
and even, and when the laser beam was shifted by 80 μm, only the
previously sintered single track and substrate (without or with a small
amount of powder material due to denudation effect) melted (Fig. 13b,
c) [42]. Since a solid surface has a lower laser absorbance than the
powder material [46], a lower temperature was reached during this

Fig. 10. EDX mapping (area EDX-2, dashed-square at Fig. 8d), showing the element distribution of Ti/Al/Cu/V, showing different morphologies of CuTi2 inter-
metallic phase.
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process that, in turn, influenced the penetration depth and width of
molten pool. It is also needed to keep in mind that the laser beam has
already interacted not only with Ti6Al4V (substrate), but also with a
new material Ti6Al4V-Cu (single track) with greater thermal con-
ductivity and reflectivity; high concentration of Cu at the edges can
increase reflection coefficient of laser radiation. The next scan again
passes over a powder bed which is relatively regular, which in turn
leads in the formation of a larger molten pool and larger denudation
zone. This situation is repeated many times which results in a variation

of the penetration depth and track width during the manufacturing of a
layer, Fig. 13b. Consecutive reduction of the powder consolidation zone
and non-uniformity of tracks in single layer formation during PBF was
shown for example, in [47–50] for L-PBF process and also for electron
beam PBF [51]. Apparently, the combination of these specific process
parameters led to such regular pattern, but this it was not optimal for
the manufacturing of completely dense objects and was not subjected to
thorough study.

With an increase in laser scanning speed at laser power of 340W,

Fig. 11. Relationship between (a) width, (b) penetration depth of single tracks into the substrate versus linear energy input; (c) as well as penetration depth of single
tracks versus interaction time.

Fig. 12. Cross-sections of the single tracks with 1.2 m/s scanning speed with (a) 170W and (b) 340W laser power.
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humping effect also was observed. When humping with undercutting
became very prominent, the surface of the melted layer was rough with
high variations in Rz (Fig. 3, Fig. 13cc and). Lower scanning speeds
showed smoother surfaces, due to the longer time for the melt pool
existence and higher temperature, which promoted better wetting be-
havior. At higher laser power, the microstructure of single layers were
more homogenous.

4.2. Evaluation of properties and microstructure of 3D cubes

Based on the experiments with single tracks and layers, a narrow
range of scanning speeds was chosen for the manufacturing of 3D
samples: 0.7−0.9 m/s for 170W and 1.0–1.2m/s for 340W. The se-
lected process parameters allowed the manufacturing of 3D specimens
with low porosity, which was confirmed by measurements using
microCT and studies of cross sections by OM (Table 1, Fig. 4b).

The results of SEM EDX showed that full homogenization of the
material was a challenge, but it was shown that this can be improved by
an increase in laser power from 170 to 340W. Experimental observa-
tions showed that an increased content of Cu in the solid solution de-
creased the highest concentration of Cu at fusion boundaries by a factor
of two. These observations are in agreement with previously published
results which showed that an increase in laser power can be used to
increase the homogeneity of the L-PBF material [19,29,52].

STEM/EDX observations showed that the microstructure of L-PBF
Ti6Al4V(ELI)-3 at.% Cu material corresponds well to XRD observations.
The typical hexagonal α´-martensite phase was observed with needle
like shape morphology. The observations confirmed the presence of β-
phase mostly located between martensite laths, as well as the pre-
cipitation of CuTi2 intermetallic phase. It is already known that
XRD<110>peak of cubic β titanium overlaps with< 002>peak of
α/α'-phase, which makes it difficult to identify the cubic β-phase by
XRD confidently. However, STEM and EDX allowed the confirmation of

those phases as well as the observation of their morphology, composi-
tion and location within the microstructure. Unfortunately, not many
microstructural data has been reported on Ti6Al4V-Cu alloy, but mi-
crostructural features can be compared with the ones reported already
reported for pure Ti-Cu alloy. Within literature, the presence of CuTi2
intermetallic precipitates by conventional manufacturing methods (i.e.
casting) by the addition of Cu between 1−10 wt.% in pure Ti was re-
ported in [8,16], but also for the Ti6Al4V alloy in [53,54]. According to
the Ti-Cu binary equilibrium phase diagram, CuTi2 intermetallic pre-
cipitates were found during conventional manufacturing due to the
slow cooling rates; however, CuTi2 precipitates were found to be un-
avoidable regardless the cooling rate applied [55]. The results in the
present study showed that CuTi2 precipitates were also achieved in
Ti6Al4V-Cu alloy under the fast cooling rates of L-BPF manufacturing.
Intermetallic precipitates may appear as the result of thermal cycling of
the material during L-BPF manufacturing, where the material is sub-
jected to multiple heating and cooling cycles as new layers are manu-
factured; on the other hand, due to the microsegregation and in-
homogeneous microstructure within Ti6Al4V(ELI)-3 at.% Cu material,
high Cu content regions could reach eutectoid composition presented in
the quaternary equilibrium phase diagram. The eutectoid transforma-
tion in Ti-Cu binary system at 7.1 wt.% Cu was found to be independent
from the cooling rates, and volume fractions of eutectoid structure and
martensite depended on it [39]. At slow cooling rates, a defined la-
mellae structure, which is composed of lamellae of α and CuTi2 la-
mellae, as well as α lamellae, was found. However, fast cooling rates, as
well as the short time available for the formation of a defined lamellae
structure during the diffusion process, led to the presence of a degen-
erate lamellar structure [39]. In the present study, the Ti6Al4V-Cu
quaternary equilibrium phase diagram system showed a shift of the
eutectoid point from 7.1 to ∼14wt.% Cu in comparison with Ti-Cu
binary system. Regions with lamellar CuTi2 intermetallic phase can be
observed in the material (Fig. 10). However, it is hard to predict if

Fig. 13. Etched cross-sections of single layers manufactured with laser power and scanning speeds of (a) 170W, 1.2 m/s, (b) 340W, 1.6 m/s and, (c) 2.4 m/s.
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eutectoid reaction can take place with the faster L-PBF cooling rates but
also with Ti6Al4V(ELI) alloy. A recent study on pure Ti-8.5 wt.% Cu by
L-PBF achieved a fully equiaxed ultrafine-eutectoid microstructure
[56]. It is already known that the intrinsic high cooling rates and high
thermal gradients of the L-PBF often leads to a very fine microstructure
composed by columnar grains. However, authors reported that the
thermal history of Ti-Cu L-BPF accumulated heat during the deposition
of the successive layers reducing the cooling rate and β→α+CuTi2 was
completed before the martensite transformation was reached. Also,
authors demonstrated the high constitutional supercooling capacity of
Ti-Cu alloys can override the negative effect of high thermal gradients
during the manufacturing [56]. Due to that, fully equiaxed micro-
structure was obtained. In the present study, in-situ alloying of Ti6Al4V
(ELI)-3 at.% Cu led to a columnar prior β-grain microstructure, were
martensite was obtained after the L-PBF process. Compared to [56], the
presence of Al and V alloying elements in Ti6Al4V alloy as well as the
use of different process parameters influenced the final microstructure.
Even so, the nucleation of β- and CuTi2 phases within the micro-
structure were found. They were observed to be connected to each
other, probably due to the diffusion process of Cu atoms between β and
CuTi2 phases, as Cu is a β -stabilizer. However, further research needs
to be performed to confirm the nucleation mechanism of β and CuTi2
phases in Ti6Al4V-Cu alloys.

Vickers hardness of Ti6Al4V(ELI)-3 at.% Cu samples produced with
laser powers of 170W and 340W and after stress-relieving heat treat-
ment were similar (HV0.2 459 ± 7 and 460 ± 11 correspondingly),
and higher than stress-relieved LPBF Ti6Al4V(ELI) samples (HV0.2

374 ± 17) found in previous work [57]. The increase in hardness of
Ti6Al4V(ELI)-3 at.% Cu in comparison with pure Ti6Al4V(ELI) was
likely caused by very fine martensite phase and CuTi2 intermetallic
phase formation. Other studies regarding mechanical properties of
Ti6Al4V-Cu alloys manufactured by casting also reported the increase
in hardness with the addition of Cu content, from HV0.1 358 to HV0.1

506, by increasing Cu content from 1 to 10wt.% Cu. However, a sig-
nificant reduction of tensile strength from 1016 to 387MPa was ob-
served [58], suggesting that in order to obtain good mechanical prop-
erties, only small amounts of Cu (1−4wt.%) should be used.

5. Conclusions

This article presents the feasibility of in-situ alloying Ti6Al4V(ELI)-3
at.% Cu material by L-PBF for biomedical applications. A hierarchical
approach to develop optimal process parameters was performed by the
analysis of single tracks, single layers and 3D samples. To summarize:

1 Optimal process parameters for the 3D in-situ alloyed Ti6Al4V(ELI)-
3 at.% Cu samples were found to be with laser powers of 170W and
340W and scanning speeds of 0.7−0.9 m/s and 1.0–1.2 m/s, re-
spectively. A verification of low porosity and homogeneity was
performed. Densities of 99.98 % and higher than 99.99 % were
correspondingly confirmed by microCT scans.

2 In-situ L-PBF alloying was challenging and a homogeneous dis-
tribution of Cu within the alloy was not achieved. An increase in
laser power from 170 to 340W, resulted in some homogenization
effect, but at the same time, an increase in Cu content in the solid
solution and almost half of the highest concentration of Cu at fusion
boundaries were observed in materials manufactured with a laser
power of 340W.

3 Microstructural analyses showed that the Ti6Al4V(ELI)-3 at.% Cu
was composed of three phases: α’ and β phases, as well as CuTi2
intermetallic precipitates. STEM observations showed two main re-
gions within the material, with low and high Cu contents. The first
region was dominant, corresponding to a martensitic structure,
where β-phase and CuTi2 spherical-like shape morphologies were
found to be preferentially located between α’ needles. The second
region was coarser, where round α grains were found. This second

region showed larger areas with different morphologies (spherical
and lamellae shapes) of CuTi2 intermetallic phase. Spherical-shape
particles were preferentially located at the interface between laths,
while lamellae-shaped precipitates were preferentially located
within the laths. On the other hand, the precipitation of β-phase
nucleated between α’ needles and was connected CuTi2 inter-
metallic particles, probably due to copper as a β-phase stabilizer.

4 The fine microstructure with the CuTi2 intermetallic phase pre-
cipitates resulted in an increase in hardness of the in-situ L-PBF
Ti6Al4V(ELI)-3 at.% Cu to (HV0.2 459 ± 7 and 460 ± 11 with
laser powers of 170W and 340W, correspondingly), which was
higher than the microhardness of stress-relieved Ti6Al4V(ELI)
samples (HV0.2 374 ± 17) reported in previous work.

5 It was demonstrated that in-situ L-PBF alloying can be a promising
method for obtaining new materials with additional useful proper-
ties.

6 Future extensions of the work should be conducted on mechanical
and biological properties to ensure mechanical property require-
ments, as well as good cellular response and antibacterial effect of
in-situ alloyed Ti6AL4V(ELI)-3 at.% Cu for biomedical application.

7 A comparative study of the antibacterial effectiveness of pre-alloyed
and in-situ alloyed titanium-copper L-PBF material and appropriate
heat treatment have to be done.
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