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A B S T R A C T   

In the present study, cellular lattice structures for implant applications are reported for the first-time incorpo-
rating copper directly by in-situ alloying in the laser powder bed fusion process. The aim to incorporate 3 at.% Cu 
into Ti6Al4V(ELI) is selected for improved antibacterial properties while maintaining appropriate mechanical 
properties. Previously, topologically optimized Ti6Al4V(ELI) lattice structures were successfully designed, 
manufactured and studied for implant applications. The development of a new alloy produced by in-situ alloying 
of elemental powder mixture of Ti6Al4V(ELI) and pure Cu powders was used here for the production of identical 
lattice structures with improved antibacterial properties. One of the same as-designed CAD models was used for 
the manufacturing of these lattices compared to previous work on pure Ti6Al4V(ELI) lattices, making direct 
comparison of mechanical properties possible. Similar manufacturability highlights the applicability of this 
alloying technique to other lattice designs. Microstructural characterization was performed by optical and 
electron microscopies, as well as microCT. Mechanical characterization was performed by means of compression 
tests and hardness measurements. Results showed that in-situ alloying with copper leads to the formation of 
localized Cu-rich regions, refinement of martensitic phase and the formation of CuTi2 intermetallic precipitates, 
which increased the hardness and strength of the material. Deviations in wall thickness between the as-designed 
and as-manufactured lattices led to anisotropy of the mechanical properties of the lattices. Higher compressive 
strength values were obtained when thicker walls were oriented along the loading direction. Nevertheless, 
alloying with Cu had a higher impact on the compressive strength of lattice structure than the wall thickness 
deviations. The direct in-situ alloying of copper in Ti6Al4V(ELI) is a promising route for direct manufacturing of 
antibacterial implants.   

1. Introduction 

Laser powder bed fusion (L-PBF) is an additive manufacturing pro-
cess that allows freedom in design, which is beneficial for the 
manufacturing of complex geometries, e.g. cellular lattice structures 
(CLS). Briefly, a laser beam scans and irradiates a powder bed, which 

selectively melts the powder, layer by layer until a 3D part is manu-
factured. Geometrical and structural factors of CLS such as connectivity, 
pore size and relative density are important for the design of implant 
prostheses with suitable mechanical and biological properties (Maco-
nachie et al., 2019). Light-weight Ti6Al4V CLS allows the decrease in 
effective elastic modulus closer to the human bone, thus being beneficial 
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by decreasing/avoiding stress shielding and promoting bone in-growth 
(Yánez et al., 2016; Onal et al., 2018). Therefore, the increase in 
porosity of such lattices is desired for favorable permeability of mass/-
fluid transport (Zhang et al., 2019), although a smaller pore size 
(300–400 μm) has been found to be more suitable than bigger ones 
(400–500 μm and 500–700 μm) for cell adhesion and proliferation (Li 
et al., 2016). Recently, different approaches for CLS design, such as 
CAD-based and image-based, have arisen to merge the structural and 
mechanical needs for implant prostheses with desired relative densi-
ty/porosity, as well as effective elastic modulus (Xu et al., 2019; Vilar-
dell et al., 2019). Therefore, theoretical and experimental analyses 
demonstrated the possibility to vary such architectural features without 
dramatically altering the mechanical performance of the structure 
(Maietta et al., 2019). 

Lately, in-situ alloying of mixed elemental powders by L-PBF have 
shown its benefits to produce new materials with unique properties in an 
economic way compared to prealloyed powder. Within the biomedical 
field, the in-situ alloying of Ti alloys with β-stabilizer elements such as 
molybdenum (Mo) (Kang et al., 2019), tantalum (Ta) (Huang et al., 
2020) and niobium (Nb) (Fischer et al., 2016) are of high interest to 
reduce the elastic modulus. Dense Ti7.5wt.%Mo (over 99.5%) has been 
obtained with an elastic modulus ~70 GPa (Kang et al., 2019), 
compared to the elastic modulus of commercial pure titanium (E~120 
GPa). Therefore, dense Ti10wt.%Ta, Ti30wt.%Ta and Ti50wt.%Ta (over 
99.5%) have been successfully manufactured by L-PBF. Yield and ulti-
mate strengths increased up to 30 wt.% Ta meanwhile elastic modulus 
reduced down to 70 GPa. Higher content of Ta (Ti50wt.%Ta) results in a 
drop of strength caused by the formation of β (BCC) phase which exhibits 
more slip systems (Huang et al., 2020). For in-situ L-PBF Ti26at.%Nb 
alloy, lower elastic modulus has been obtained too (E~77 GPa), with 
porosity content inferior to 3% (Fischer et al., 2016). On the other hand, 
in-situ alloying of Ti alloys by L-PBF with antibacterial elements, such as 
Cu, is promising. Infected prostheses are hard to treat with antibiotic 
therapy since bacteria biofilm-correlated infections are highly resistant 
to antibiotic treatments and also to the host immune response (Song 
et al., 2013). The bactericidal effect of in-situ alloying L-PBF Ti6Al4V-1 
at.% Cu has been demonstrated (Krakhmalev et al., 2017). The increase 
in Cu leads to an increase in bactericidal effect (Ren et al., 2014). 
However, lower amounts of Cu (~5 wt.%) are recommended to ensure a 
good bactericidal effect without toxicity and without modifying signif-
icantly the final mechanical properties of the titanium alloy (Liu et al., 
2014; Peng et al., 2019). 

The novelty and originality of this research is the combination of 
topology optimized CLS, with a relative density and effective elastic 
modulus close to the human bone, together with the bactericidal effect 
provided by the in-situ alloying of pure Cu with pure Ti6Al4V(ELI) 
elemental powders by L-PBF. The novel combination of Ti6Al4V(ELI) 
CLS together with the addition of copper content would provide 
enhanced osteointegration, reduce the effects of stress shielding, and 
minimize the risk of bacterial infection. For that purpose, topology 
optimized Ti6Al4V(ELI) CLS with a relative density of 45% and a cor-
responding effective elastic modulus of 18.6 GPa from a previous study 
(Vilardell et al., 2019), were selected to be in-situ alloyed manufactured 
with 3 at.% Cu (Vilardell et al., 2020). Thus, the goal of this research is 
the manufacturing and mechanical characterization of in-situ alloyed 
Ti6Al4V(ELI) − 3 at.% Cu CLS designed for biomedical applications by 
L-PBF. 

2. Materials and experimental methods 

2.1. Feedstock powder 

Argon gas atomized Ti6Al4V(ELI) and Cu feedstock powders with 
spherical morphologies supplied by TLS Technik GmbH & Co. Spe-
zialpulver KG (Germany) were used in this study. The chemical 
composition of Ti6Al4V(ELI) powder was of 89.26 wt% Ti, 6.31 wt% Al, 

4.09 wt% V, 0.12 wt% O. The Cu powder had a purity of 99.9%. The 
particle size distribution of both powders were similar: Ø10 = 12.6 μm, 
Ø50 = 22.9 μm, Ø90 = 37.0 μm, for the Ti6AlV(ELI) powder, and Ø10 =

9.45 μm, Ø50 = 21.9 μm, Ø90 = 37.5 μm for Cu powder (weighted by 
volume). The Ti6Al4V(ELI)- 3 at.% Cu powder mixture was made by 
mixing powders for 1 h by continuously manually inverting a metal 
container. The final powder mixture was dried at 80 ◦C for 2 h before 
manufacturing. Elemental powders were chosen for the present study 
since these are already available in the market and provide a more 
flexible and economical manufacturing, compared to pre-alloyed ones. 

2.2. Laser power bed fusion process 

In a previous study (Vilardell et al., 2019), a topology optimization 
approach was used for the design of Ti6Al4V(ELI) cellular lattice 
structures with stiffness and density close to human bone for implant 
applications. Three lattice designs with volume densities of 35%, 40% 
and 45% and corresponding effective elastic modulus of 18.6 GPa, 23.1 
GPa 27.4 GPa were obtained. The CLS consisted of the repetition (7 × 7 
× 7 along X, Y and Z directions) of a topology optimized unit cell. In the 
present study, the CLS design with 45% volume density was chosen to be 
in-situ alloyed by L-PBF Ti6Al4V(ELI) - 3 at.% Cu. The selected lattices 
were produced by EOSINT M280 system (EOS GmbH) at 30 μm powder 
layer thickness. A laser power of 170 W, scanning speed of 0.7 m/s and 
hatch distance of 80 μm was chosen for the manufacturing of the in-situ 
alloyed L-PBF Ti6Al4V(ELI) – 3 at.% Cu CLS. The optimization process 
and parameters of this material were studied in detail for solid single 
tracks, layers and cubes in (Vilardell et al., 2020). The manufacturing 
process was performed under Argon (Ar) atmosphere, and the oxygen 
level was controlled (<0.07%). Eight CLS with dimensions of 20 × 20 ×
20 mm3 were manufactured directly on the Ti6Al4V base plate without 
supports. Later on, a stress-relief treatment was performed in Ar atmo-
sphere at 650 ◦C for 3 h before the specimens were cut off from the base 
plate using wire electrical discharge machining. 

2.3. Physical and microstructural measurements 

L-PBF Ti6Al4V(ELI) − 3 at.% Cu CLS were investigated by scanning 
electron microscopy (SEM) LEO 1350 FEG, operated at 20 kV. The cross- 
sections were prepared by grinding and polishing procedures until 
mirror-like finish was achieved with colloidal silica. Later on, samples 
were etched in Kroll’s reagent. SEM and optical (Leica DMI 3000 M) 
microscopies were used for microstructural analyses. X-ray diffraction 
(XRD- Ultima IV, Rigaku) measurements were conducted using a Cu-Kα 
radiation source (wave length λ = 0.15405 nm) operated at 40 kV and 
40 mA to identify constituent phases. The electron backscatter diffrac-
tion (EBSD) analyses were performed using FE-SEM (JEOL JSM-7000 F) 
operated at 20 kV. The scan analyses were carried out at step sizes of 0.2 
and 0.3 μm using the material data of α-Ti (hcp) and β-Ti (bcc) phases for 
preparing the phase distribution maps. Thin slices of 10 × 7 × 1 mm3 in 
size were cut and ion-polished by a JEOL cross-section polisher at 6 V for 
EBSD examination. Additionally, high-resolution scanning transmission 
electron microscopy (HR-STEM) was performed by using a FEI Titan 3 
G2 60–300 STEM equipped with a Cs corrector operated at 300 keV. HR- 
STEM microscope was equipped with a Super X detector (4 Si-drift de-
tectors) for chemical analyses by x-ray spectroscopy. Element mapping 
was acquired and processed with VELOX software (Schlossmacher et al., 
2010). HR-STEM sample was prepared by argon ion-milling at room 
temperature. 

X-ray microCT was used for analysis of the produced samples. The 
system used in this work was a General Electric Vtomex L240, with 
image analysis performed using Volume Graphics VGStudio Max 3.2 (du 
Plessis et al., 2016). The designed porosity and walls’ microporosity 
were analysed using identical settings as those in the previous study of 
Ti6Al4V (ELI) CLS (Vilardell et al., 2019), at 25 μm voxel size. Wall 
thickness measurements were made linearly at the thinnest part of the 
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walls found by microCT cross-sections. Additionally, higher resolution 
microCT scans were performed on small CLS sections of 5 × 5 × 5 mm3 

at 5 μm voxel size. This allowed wall microporosity to be measured with 
a minimum pore diameter of about 15 μm. The latter scans were per-
formed with a General Electric Nanotom S system. 

2.4. Mechanical characterization 

Uniaxial compression test of the CLS were performed according to 
ISO 13314 (ISSO 13314 - Mechanical testing of metals, 1331), using a 
TokyoKoki Seizosho mechanical testing machine (Japan) with a loading 
cell capacity of 50 tons. Samples were placed between the crossheads of 
the testing machine. Before running the tests, a standard preload was 
applied to ensure the contact between the crossheads and the specimen. 
The displacement rate of the crossheads was set to 1.5 mm/s. The strain 
of the sample was measured by the actual displacement of the cross-
heads of the testing machine recorded with a Data logger NR-600 
(Keyence) until the sample completely collapsed. Three specimens 
were tested for each orientation, parallel and perpendicular to the L-PBF 
building direction. This was important as the thickness of vertical/par-
allel and horizontal/perpendicular lattice walls were different due to the 
L-PBF process. Vickers hardness was measured with a LECO V-100-C2 
hardness tester on the polished cross-sections. The load was 200 g and 
the load time was 15 s. At least 30 measurements for each cross-section 
were done. 

3. Results 

3.1. Physical measurements 

The topology optimized cubic unit cell (2.857 mm each direction, 
Fig. 1a) was replicated 7 times in X, Y and Z directions (Fig. 1b). Fig. 1c 
shows the in-situ alloyed Ti6Al4V(ELI)-3 at.% Cu CLS. Fig. 2 illustrates 
SEM micrographs of Ti6Al4(ELI)- 3 at.% Cu of the free surface of hori-
zontal and vertical walls corresponding to perpendicular/horizontal 
(PER/HOR) and parallel/vertical (PAR/VER) walls relative to the 
building direction (BD). The difference in wall thicknesses was observed 
where horizontal walls were much thicker than the vertical walls. As- 
manufactured specimens showed thinner vertical and thicker horizon-
tal wall thicknesses in comparison with the as-designed model for both 
materials (Fig. 2). Table 1 shows the wall thickness and porosity values 
of as-design and as-manufactured Ti6Al4V(ELI)-3 at.% Cu CLS in com-
parison with the previously reported Ti6Al4V(ELI) CLS (Vilardell et al., 
2019). Vertical and horizontal walls of Ti6Al4V(ELI)-3 at.% Cu CLS were 
31% thinner and 75% thicker compared to the as-designed ones, 
respectively. The same trend was found in our previous work of Ti6Al4V 
(ELI) CLS, although wall thickness deviations were lower compared to 
Ti6Al4V(ELI)-3 at.% Cu CLS. The porosity values of the L-PBF Ti6Al4V 
(ELI)-3 at.% Cu and Ti6Al4V(ELI) CLS were 6.5vol.% and 11.5vol.% 
respectively higher than the as-designed one. The discrepancies in the 
minimum wall thickness mainly led to the increase in the CLS porosity. 

Ti6Al4V(ELI)-3 at.% Cu CLS were cut in small pieces to analyze at 
high resolution the microporosity of the walls by microCT. Fig. 3a and b 

Fig. 1. (a) A cell unit, and (b) CLS after its repetition 7 times in X,Y, Z directions and after being rescaled down to 20 × 20 × 20 mm3 (Vilardell et al., 2019); (c) L-PBF 
Ti6Al4V(ELI)-3 at.% Cu specimens. 
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show the 3D microCT scan and its cross-section, respectively. The inner 
porosity and enriched Cu areas on the surface of the CLS can be observed 
in Fig. 3b (brighter colour). Although microCT does not provide chem-
ical analysis, enriched Cu areas can be distinguished in microCT scans 
since these areas are more x-ray dense than surrounding material, 
indicating a heavier metal than Ti6Al4V(ELI). Such particles were found 
in this material but not in Ti6AlV(ELI) without copper under the same 
process conditions (Vilardell et al., 2019). Previous SEM/EDS investi-
gation of in-situ alloyed Ti6Al4V(ELI)-3 at.% Cu confirmed the presence 
of such enriched Cu areas (Vilardell et al., 2020). Microporosity mea-
surements of Ti6Al4V(ELI)-3 at.% Cu material showed a value of 0.40 ±
0.06 vol.%, a bit higher compared to 0.12 ± 0.04 vol.% of Ti6Al4V(ELI) 
material (Vilardell et al., 2019). The addition of 3 at.% Cu also showed 
larger pores, distributed evenly within the CLS. A significant number of 
pores between a range of 95–180 μm, much larger in comparison with 
pores below 45.3 μm of Ti6Al4V(ELI) CLS (Vilardell et al., 2019). 

3.2. Microstructural analyses 

L-PBF Ti6Al4V(ELI)-3 at.% Cu consisted of a fine acicular α′

martensite phase microstructure where columnar prior β-grains parallel 
to the BD up to several millimetres in length (Fig. 4a). Microporosity was 
observed agreeing with the presented microCT results. Higher magni-
fication SEM micrograph shows that homogenization was hard to ach-
ieve by showing Cu-rich areas. Copper measurements by EDX method at 
the fusion boundaries was between 9.5 and 10.5 wt.% (Fig. 4b). Fig. 4c 
shows the EBSD phase mapping showing a finer microstructure 
compared to L-PBF Ti6Al4V(ELI) (Vilardell et al., 2019). A small per-
centage of β-phase (Fig. 4c, green colour) was observed and spotted 
between α’ martensite needles (Fig. 4c, red colour). Additionally, 
rounded α grains within of a size about 10 μm were found within the 
microstructure, which likely can be associated to α-phase due to its hcp 
structure but also rounded shape (Fig. 4c – white arrows). XRD results 
confirm the presence of α/α′ phase, as well as β-phase due to the increase 
in intensity of overlapped α/α’ and β phases when comparing with 
Ti6Al4V(ELI) material (Fig. 4d). In addition, a couple of diffractions 
derived from an intermetallic CuTi2 phase were detected (Fig. 4d). 

The formation of α and β phases can be explained by the thermocy-
cling process of L-PBF or the stress-relief treatment, leading the trans-
formation of α’-phase into α and β phases (Xu et al., 2015; Sallica-Leva 
et al., 2016). Additionally, it should be noticed that Ti6Al4V(ELI)-3 at.% 
Cu showed higher amount of β-phase than Ti6Al4V(ELI) material 
(Vilardell et al., 2019), probably due to the addition of Cu as a β-phase 
stabilizer. Although the material data of tetragonal CuTi2 phase was not 
applied in the present EBSD analyses (Fig. 4c), HR-STEM confirmed its 
presence (Fig. 5). The precipitates of CuTi2 intermetallic phase (with 
Cu-rich and V-poor composition) were preferentially observed at the 

Fig. 2. SEM micrographs of (a) HOR and (b) VER walls of L-PBF Ti6Al4V(ELI)-3 at.% Cu CLS.  

Table 1 
Wall thickness and porosity values of L-PBF Ti6Al4V(ELI)-3 at.% Cu and 
Ti6Al4V(ELI) CLS.   

Ti6Al4V(ELI)-3 at. 
% Cu CLS 

Ti6Al4V(ELI) CLS ( 
Vilardell et al., 2019) 

As-designed wall thickness [μm] 349 
MicroCT measured thickness 

[μm]-Vertical walls 
239.2 ± 50 192.1 ± 14 

MicroCT measured thickness 
[μm]-Horizontal walls 

610.3 ± 25.8 470.6 ± 36.9 

As-designed porosity [vol.%] 56.2 
MicroCT measured porosity 

[vol.%] 
59.9 ± 2.9 62.7 ± 0.003  

Fig. 3. MicroCT scans of 2 × 2 × 2 mm3 cubes L-PBF Ti6Al4V(ELI)-3 at.% Cu CLS, showing (a) the surface view with surface roughness, and (b) cross sectional CT 
image showing internal microporosity (black voids) and enriched Cu areas (white spots). 
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Fig. 4. (a) Optical, (b) SEM micrographs and (c) EBSD mapping of L-PBF Ti6Al4V(ELI)-3 at.% Cu microstructure (rounded α grains indicated with white arrows). (d) 
Corresponding XRD pattern (together with Ti6Al4V(ELI) one. as reference). 

Fig. 5. HR-STEM micrograph and mapping of L-PBF Ti6Al4V(ELI)- 3 at.% Cu material. β-phase precipitates are spotted in vanadium rich areas (black arrows), 
meanwhile CuTi2 precipitates are spotted in Cu rich areas (white arrows). 
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interface with the α’ needles, as well as in connection with the small 
β-phase. 

3.3. Compression testing 

Fig. 6 shows the compression stress-strain curves of L-PBF Ti6Al4V 
(ELI)-3 at.% Cu CLS tested perpendicular and parallel to the BD. In 
both cases, it was observed a high strength peak followed by a pro-
nounced drop to low-stresses between 5 and 8% strain (Fig. 6). Those 
peaks were ~28.4% and ~19.4% higher for Ti6Al4V(ELI)-3 at.% Cu 
with walls oriented perpendicular and parallel to the BD compared to 
the same L-PBF Ti6Al4V(ELI) CLS (Vilardell et al., 2019). Higher 
strengths were observed when CLS were tested perpendicular to the BD, 
16.4% compared to specimens tested parallel to the BD. Specimens 
tested perpendicular to the BD showed a complete diagonal shear frac-
ture, dividing the specimen into two halves showing a typical brittle 
behavior. On the other hand, specimens tested parallel to the BD frac-
tured gradually in diagonal shear fracture by showing load-bearing ca-
pacities (K) of about 0.27. The load-bearing capacity was calculated by 
coefficient K, defined as K = σmin

σb
, as described in (Zhao et al., 2018), 

where σmin is the first lowest value of stress after the initial plastic failure 
and σbis the compression strength. K = 1 and K = 0 is the maximum and 
the minimum possible load-bearing capacities, respectively. 

Table 2 shows the energy absorption, compressive elastic modulus 
and compression strength values of Ti6Al4V(ELI)-3 at.% Cu CLS, 
compared to the previously studied L-PBF Ti6Al4V(ELI) CLS. The energy 
absorption of the CLS was calculated up to the first maximum 
compressive strength peak, before spit in two halves or started fractured 
gradually. Differences in energy absorption were found for both tested 
orientations. L-PBF Ti6Al4V(ELI) – 3 at.% Cu material showed 60–70% 
lower energy absorption in both directions in comparison with L-PBF 
Ti6Al4V(ELI). However, CLS tested parallel to the BD showed 21% 
higher energy absorption for Ti6Al4V(ELI) – 3 at.% Cu CLS. 

Compressive elastic modulus and compressive strength were ob-
tained by compression tests perpendicular and parallel to the BD 
(Table 2). Compressive elastic modulus results showed 39% and 64.5% 
lower values than the as-designed one, when tested parallel and 

perpendicular to the BD. Higher compressive elastic modulus was 
observed for L-PBF Ti6Al4V(ELI)-3 at.% Cu compared to L-PBF Ti6Al4V 
(ELI) material, 34.6% and 51.5% higher for perpendicular and parallel 
orientations to the BD, respectively. Ti6Al4V(ELI) − 3 at.% Cu specimens 
tested perpendicular had 13.6% higher stiffness than the ones tested 
parallel to the BD. Compressive strength results showed the same trend 
than compressive elastic modulus results. The addition of 3 at.% Cu led 
increases hardness up to HV0.2 459 ± 7 compared to HV0.2 383 ± 13 
from L-PBF Ti6Al4V(ELI) material. 

4. Discussion 

The properties of CLS depend on different factors, such as material, 
design and structure (Maconachie et al., 2019). Previously, L-PBF 
Ti6Al4V(ELI) CLS were topologically optimized with high porosity and a 
density close to the human bone for biomedical applications (Vilardell 
et al., 2019). The idea to combine a lattice network to promote 
osseointegration and reduce stress shielding, plus the addition of 
bactericidal elements to prevent the risk of bacterial infection is ideal to 
enhance implant longevity. The addition of Cu into the human body 

Fig. 6. Compression strain-stress curves of L-PBF Ti6Al4V(ELI)-3 at.% Cu CLS tested perpendicular (continuous line) and parallel (dashed line) to the BD. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Energy absorption, compressive elastic modulus and compressive strength of L- 
PBF Ti6Al4V(ELI)-3 at.% Cu and Ti6Al4V(ELI) CLS.   

CLS Ti6Al4V(ELI)- 
3at.%Cu 

CLS Ti6Al4V(ELI) (Vilardell 
et al., 2019) 

Energy absorption [MJ/m3]  
- PER to the BD 4.7 ± 0.8 8.0 ± 1.0  
- PAR to the BD 5.7 ± 0.3 9.1 ± 0.8 
Compressive elastic modulus [GPa]  
- As-designed 27.4  
- PER to BD 16.7 ± 1.8 12.4 ± 0.9  
- PAR to BD 14.7 ± 1.0 9.7 ± 1.4 
Compressive strength [MPa]  
- PER to BD 270.1 ± 3.7 210.3 ± 3.4  
- PAR to BD 232.1 ± 0.7 194.4 ± 1.4 
Vickers hardness 

[HV0.2] 
459 ± 7 383 ± 13  
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should not be harmful as long as is not in large quantities. Copper, as 
well as iron, calcium and zinc, is an essential nutrient for the body and a 
trace element vital to the health of all living organisms. Human body 
cannot form copper by itself and it gets daily from the dietary sources. 
According to the World Health Organization, 1–3 mg per day of copper 
are required to prevent any symptoms of deficit (copperalliance.org). 

4.1. L-PBF manufacturing 

The process parameters, scanning strategy as well as powder and 
direction of the lattice walls, influence lattice accuracy. Large discrep-
ancies in wall thicknesses by the addition of 3 at.% Cu was due to the 
lower scanning speed and hatch distance used during L-PBF 
manufacturing process compared to Ti6Al4V(ELI) material. The higher 
energy input required for the melting of Ti6Al4V(ELI)-Cu powder 
mixture, led to larger molten pools, leading to an increase in wall 
thickness. A similar observation was made in a study of in-situ alloying of 
Ti7.5wt.%Mo and TiTa alloys by L-PBF (Kang et al., 2019; Huang et al., 
2020). A higher input energy is required to melt Mo and Ta particles but 
also to reduce porosity due to the increase in molten pool size. For 
Ti7.5wt.%Mo alloy, the laser power, hatch distance and layer thickness 
were fixed at 200 W, 100 mm and 50 mm respectively. The decrease in 
scanning speed from 1.5 mm/s to 1.0 mm/s led to the increase in relative 
density from 86.5% to 99.7%, as well as an increase in strain at failure 
from 1.4% to 9.2% (Kang et al., 2019). In the case of TiTa alloys, for the 
same scanning parameters, it was observed an increase in porosity with 
the increase in Ta percentage, being CP Ti = 0.062%, Ti10wt.%Ta =
0.039%, Ti30wt.%Ta = 0.236%, Ti50wt.%Ta = 0.466% (Huang et al., 
2020). During the optimization of process parameters of Ti6Al4V-3 at.% 
Cu, it was found that single tracks had many satellites. The lower 
scanning speed coupled with the high thermal conductivity of copper 
and the lower melting point potentially led to this effect. Thus, Ti6Al4V 
(ELI)- 3 at.% Cu single tracks were more irregular leading to higher 
surface roughness compared to Ti6Al4V(ELI) single tracks (Vilardell 
et al., 2020). 

4.2. Deformation behavior and failure mechanisms 

In general, CLS exhibit stretch- or bending-dominated behavior 
during compression testing. The deformation behavior mechanism 
mainly depends on the design and relative density of the CLS, as well as 
on the material. The type of deformation behavior is connected with the 
mechanical properties. Briefly, stretch-dominated behavior shows su-
perior strength (e.g for light-weight structural materials) meanwhile 
bending-dominated shows superior compliance (e.g for dampening or 
energy absorption) (Bauer et al., 2017; du Plessis et al., 2019). The 
design of the CLS used in the present study has a stretch-dominated 
behavior. It is composed of vertical and horizontal walls relative to 
the build direction. Vertical walls aligned along the loading direction are 
well known to promote stretch-dominated deformation mechanisms 
(Mazur et al., 2015; Chen et al., 2019), reaching higher strength and 
lower energy absorption values compared to bending-dominated lat-
tices. Higher compressive strength peaks followed by a sharp drop in 
stress were observed in the studied lattices. Deviations in wall thickness 
strongly influenced such stretch behavior, and as a consequence differ-
ences in compressive elastic modulus, strength and energy absorption 
were found. A higher stretch behavior was observed when thicker walls 
were placed parallel to the loading direction during compression tests, 
leading to lower energy absorption compared to thinner walls. Addi-
tionally, differences in stretch behavior were also reflected in the failure 
mechanisms. The increase in thickness of walls aligned along the loading 
direction led a change in the failure mechanism from gradual failure to 
split the lattice sample in two halves by diagonal shear failure. 

During compressive loading, the development of maximum shear 
stresses in Ti6Al4V bulk material occurs at an orientation of 45◦

(Hammer, 2012). The diagonal failure behavior observed in the present 

study can be perfectly associated with Ti6Al4V(ELI) bulk material due to 
their high relative density. Other types of failure have been reported by 
Choy et al. (2017) for cubic and honeycomb CLS depending on their 
relative density and orientation of the struts with the compression di-
rection. The deformation behavior of cubic and honeycomb lattices 
shifted from “layer to layer” to “diagonal crack” and from “diagonal 
shear” to “V-shape” to “diagonal crack” by increasing relative density 
when vertical struts were parallel and angled to the compression 
direction. 

4.3. Influencing factors on deformation behavior and mechanical 
properties 

Geometrical discrepancies often appear between as-designed and as- 
manufactured parts for sections reaching the manufacturing limits 
(Bagheri et al., 2017; Van Bael et al., 2011; Maszybrocka et al., 2019; 
Ahmed et al., 2019). Walls/struts’ thickness discrepancies increase with 
the decrease in as-designed struts/wall thicknesses, as well as its 
orientation with the BD. Vertical thin walls below 0.5 mm showed high 
distortion, which reduced above ˃0.5 mm (Ahmed et al., 2019). Bagheri 
et al. (2017) found the highest discrepancies for horizontal struts for a 
prismatic porous sample obtained by tessellating a tetrahedron-based 
unit, followed by oblique and vertical struts. In the present study, 
similar discrepancies in wall thickness were found between the 
as-designed and as-manufactured CLS, and could be divided in three 
kinds: (i) the thickening of horizontal walls due to overhanging nature, 
(ii) the thinning of vertical walls due to scanning strategy and, (iii) 
general thickening of the walls by the addition of 3 at.% Cu, due to the 
higher energy input used to melt Ti6Al4V–Cu powder mixture. Because 
of those wall thickness discrepancies, anisotropy of CLS on mechanical 
performance was observed when comparing compressive elastic 
modulus, compressive strength, loading bearing capacity as well as en-
ergy absorption values. Lei et al. (2019) employed microCT technique to 
capture and analyze the geometrical imperfections of L-PBF CLS, and 
used a finite element modeling method taking the distribution locations 
of defects into account. The prediction of the results of the reconstructed 
model were consistent with experimental results as compared to the 
as-designed and statistical average models. Additionally, in the present 
study, it was observed that the addition of 3 at.% Cu led to an increase in 
strength, as well as in hardness, compared to Ti6Al4V(ELI). For the same 
material, higher strengths were obtained when thicker walls were ori-
ented along the loading direction as expected. However, the alloyed 
material had higher strength compared to Ti6Al4V(ELI) material for the 
same orientation (Fig. 7), but lower energy absorption due to the 

Fig. 7. Relationship between compression strength, wall thickness and alloy-
ing material. 

A.M. Vilardell et al.                                                                                                                                                                                                                            



Journal of the Mechanical Behavior of Biomedical Materials 113 (2021) 104130

8

increase in strength and stiffness. MicroCT results revealed slightly 
higher microporosity in Cu alloyed material compared to the standard 
Ti6Al4V(ELI) specimens. However, this expected reduction in strength is 
counteracted by the higher influence of the alloying composition. Based 
on these observations, results showed that alloying is more efficient in 
strengthening being a factor major than microporosity. Cao et al. (2020) 
evaluated the role of single geometric defect on the energy absorption in 
FBCCXYZ CLS and reported that strut thickness variation had a larger 
impact than strut porosity or strut waviness. 

Such observations are supported by TEM and EBSD findings by the 
formation of intermetallic CuTi2 precipitates and a finer microstructure 
due to the addition of 3 at.% Cu compared to L-PBF Ti6Al4V(ELI) 
(Vilardell et al., 2019). However, the increase in strength is at the 
expense of ductility and energy absorption, as observed experimentally. 
Similar findings were reported by L-PBF using Ti6Al4V-5 wt.% Cu pre-
alloyed powder, resulting in a 40% increase in tensile and yield 
strengths (Macpherson et al., 2017). The increase in β-phase by the 
addition of Cu content should not significantly influence the compres-
sion strength results, as long as the addition is in very small percentages, 
in the present case of around ~2% more. Chen et al. (2019) reported hot 
isostatic pressing (HIP) and heat treatments reduced fracture strength of 
the struts for L-PBF Ti6Al4V CLS during compression tests due to the 
decomposition of the α′-phase into α-Widmanstätten and α+β phases, 
respectively, which are more ductile. Significant changes were espe-
cially observed for HIPped CLS, which struts plastically deformed rather 
than fracturing layer-wise during compression tests. Contrary to L-PBF 
manufacturing, opposite results were obtained by traditional 
manufacturing methods. A decrease in tensile strength from 1016 MPa 
to 387 MPa with an increase in Cu content from 1 to 10% for 
Ti6Al4V–Cu cast alloy was reported, although 10% Cu alloy showed the 
highest hardness and the brittleness fracture (Aoki et al., 2004). 

5. Conclusions 

The present study is focused on the microstructural and mechanical 
characterization of in-situ alloyed Ti6Al4V(ELI)- 3 at.% Cu CLS designed 
for implant applications. To summarize:  

• Discrepancies in wall thickness between the as-designed and the as- 
manufactured Ti6Al4V(ELI)-3 at.% Cu CLS were found to be due to: 
(i) the thickening of overhanging horizontal walls, (ii) the thinning of 
vertical walls due to laser parameters and, (iii) general thickening of 
the walls (compared to Ti6Al4V(ELI) CLS) due to the addition of 3 at. 
% Cu content since a higher energy input required to melt the 
Ti6Al4V–Cu powder mixture.  

• The anisotropic nature of the CLS was found to be mostly influenced 
by discrepancies in wall thicknesses. Higher compressive strength 
and compressive elastic modulus values, but catastrophic shear 
failure and hence lower total energy absorption values, were ob-
tained when thicker walls were oriented along the loading direction 
of the compression tests.  

• The addition of 3 at.% Cu content had a higher impact on the 
compressive strength and compressive elastic modulus of the CLS. 
Therefore, it led to superior hardness and compressive strength, due 
the refinement of martensitic phase and formation of CuTi2 inter-
metallic precipitates compared to Ti6Al4V(ELI) CLS without Cu. 

• The increase in the lattices’ strength due to the Cu alloying and in-
crease in wall thickness changed the compression failure mode from 
cracking gradually to catastrophic shear failure.  

• The microporosity of the lattice struts increased with the addition of 
3 at.% Cu content, but despite this the strength increased. 

This approach with the addition of a small quantity of alloying 
element that has an antibacterial and strengthening effect can be used in 
all kinds of lattices for implant applications and the rules learned here 
are not only applicable to topology optimized CLS as demonstrated here. 

Further work on in-situ alloyed CLS for improving fatigue properties of 
the CLS materials will be undertaken in the future. 
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