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a b s t r a c t

In this paper, a biobased binder mainly composed of polylactic acid (PLA) was developed for

the production of Ti6Al4V feedstock suitable for 3D printing via material extrusion. 3D

printed samples were debound via solvent and thermal treatments and successfully sin-

tered in reducing atmosphere obtaining dense metallic components. The designed and

produced bio-binder is completely eliminated during the debinding processes leading to

sintered samples showing a high densification (93e94%), with a microstructure composed

of primary alpha phase with segregated beta phase at grain boundaries and having average

grain size of 70 mm. 3D printed sintered samples show good mechanical properties (yield

strength (sy) ¼ 662 MPa, ultimate tensilte strength (UTS) ¼ 743 MPa, elongation at break

(εmax) ¼ 12%, hardness ¼ 5.15 GPa) influenced by the sintering parameters and the presence

of some degree of micro-porosity in the final structure.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Titanium and titanium alloys are widespread metals used in

engineering, i.e., automotive, aerospace, oil and gas, and

biomedical fields where high specific strength and stiffness

and excellent corrosion resistance are required [1].

These materials can be 3D printed via powder bed fusion

(PBF) techniques, i.e., laser sintering (SLS) and melting (SLM),

electron beam melting (EBM), allowing for the production of

complex geometries and shapes unattainable with traditional

manufacturing techniques [2]. This higher freedom of design
t (C. Sergi).

d by Elsevier B.V. This
enables structures lightweighting techniques such as gener-

ative design (GD) and topology optimization (TO) [3,4] and

promotes a new commercial approach, i.e., product custom-

ization. Nevertheless, PBF techniques are extremely expen-

sive in terms of both investment and operative costs.

Moreover, titanium alloys are extremely difficult to 3D print

due to the high oxygen reactivity which imposes the use of

protective atmospheres, thus making the manufacturing

process even more expensive [5].

Nowadays a new 3D printing technology called Bound

Metal Deposition (BMD) is gaining more attention as it allows
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for the 3D printing of parts with complex geometry, lowwaste

materials and design flexibility at very low cost. BMD involves

the preparation of a highly metallic powder-loaded filament,

where the polymeric matrix is a binder which is then 3D

printed with a standard fused filament fabrication (FFF)

printer in the desired shape, and the resulting green body is

successively post-processed performing debinding and sin-

tering to get a solid metallic part [6]. The investment costs of

FFF 3D printers range from 2000 $ up to 15,000 $ [7], while the

ones of SLM and EBM can reach 1M$ [8]. This clearly highlights

the economic advantages of BMD especially for all those

companies that work with metal injection molding (MIM) and

already own debinding and sintering ovens.

Binder jetting (BJ) is another 3D printing technique which

exploits debinding and sintering to obtain the solid metal part

starting from the 3D printed green body. The printer dispenses

small droplets of a liquid binding agent on a powder bed to

bond the powders together and form the final 3D structure [9].

This technique has many advantages such as relatively high

build rates and large build volume [10], but the investment

costs are still higher than FFF ones ranging from 30,000 $ for a

basic machine up to 250,000 $ for large-scale and industrial-

style printers [11,12].

Among metals manufactured by BMD, even though steels

are the most employed [13], there are several research studies

dealingwith copper [14], titanium and titanium alloys [15e17].

In particular, Thompson et al. [15] focused on pure titanium

using sintering temperatures between 1300 and 1400 �C and

exposure times between 90 and 300 min achieving a relative

density of 94%, while Zhang et al. [17] focused on Ti6Al4V

using sintering temperatures ranging from 900 to 1340 �C [17]

and reaching densities higher than 90% and mechanical

properties close to literature [18,19].

The 3D printing of titanium alloys, and in general of a

metal feedstock, is non-trivial since the filler loading must be

high, in the range of 55e65 vol. % to obtain dense sintered

metals [20]. The metallic particles have to be very close one to

each other to allow the sintering process, involving the lattice

and grain boundary diffusion mechanisms. Moreover, despite

being eliminated during the debinding process, the binder

system plays a significant influence on the whole

manufacturing process, and it has a strong impact on the

quality of the final products [21].

It was shown that the choice of the binder systems is

paramount to the quality of filaments, changing from highly

flexible to very brittle [22] and as a general trend, the higher

the filler content, the more brittle is the resulting filament.

This is a critical point, as the filament must show enough

stiffness and strength to be easily spooled, unspooled and

extruded through the nozzle during the FFF printing. The

filament must show also a good melt rheology, in order to be

deposited as layer by layer structure, and generally the higher

the filler loading the higher the melt viscosity and the lower

the processability [23]. Melt viscosity indeed depends on the

solid loading, the binder rheology, the printing temperature,

the state of agglomeration and the shear rate generated dur-

ing extrusion [24]. Moreover, it depends on the particle size

[25] as it has been shown that filaments made of particles

having high average size (>50 mm) displayed less printability

due to high viscosity [26,27].
Typically, the binder system is made of: i) a backbone

binder, which is the component that holds the shape, ii) a

second polymeric phase which is generally a mix of polymers

and waxes and guarantees good rheological behavior, and iii)

other additives like stabilizers, compatibilizers, and

dispersing agents, e.g., stearic acid, which help enhancing the

homogenization between powder and binder, avoiding

agglomeration and phase separation [21,28,29]. The binder

system is typically removed by solvent, catalytic [29,30] and

thermal debinding [21,31] or a combination of the previous

ones depending on its composition. The binder must be

entirely removed before the final step of sintering, as an

incomplete binder removal will lead to the formation of de-

fects that affect the quality of sintered parts [29]. Incomplete

binder removal due to incorrect debinding temperature,

excessively high heating rate, insufficient holding time, and

debinding atmosphere [21] determines the arising of defects,

i.e., porosity, cracks, blistering, bloating [32], carbon product

formation, generally caused by the fast decomposition of the

binder components.

Synthetic polymers such as polyolefins, i.e., polyethylene,

polypropylene, are generally employed as backbone binders

for BMD of titanium [33]. But in the last years always more

attention is paid to sustainability and in this perspective the

use of biopolymers as backbone binder could lead to a more

sustainable process. This work originates from the idea that

an ecofriendly binder with a biobased backbone polymer

could be employed for the FFF manufacturing of titanium

parts.

Polylactic acid (PLA) is a biobased semi-crystalline aliphatic

polymer, derived from sugarcane corn starch, and cassava

roots and belonging to the polyester family [34]. It is one of the

most widely used biopolymers and considering its low

melting viscosity and its propensity to be loaded with high

filler content [35], it results to be the ideal candidate as back-

bone polymer for the binder. Its origin from renewable re-

sources allows to decrease significantly the fossil fuel and

resources use [36].

Debinding process is generally followed by sintering pro-

cess, which is performed at 0.7e0.9 of the melting tempera-

ture, to consolidate particles forming coherent bonds with

consequent densification and shrinkage. Sintering tempera-

ture and time are the most significant process parameters

along with heating and cooling rate, sintering atmosphere

[32]. High sintering temperature and sintering time lead to a

general decrease of the porosity and enhancement of the

density, but induce also the increase in the grain size thus

influencing mechanical properties such as hardness and

strength [5]. Not optimized debinding and sintering processes

produce components presenting microstructural defects and

porosity and low resulting mechanical properties [37]. This

aspect is crucial for all hybrid methods, i.e., MIM, BJ and BMD,

which have to convert a green part in a solid metallic one, but

it is even more critical for BMD and BJ where an inaccurate

printing may result in a higher porosity of the original green

part. In any case, a good packing of the powder bed in BJ, i.e.,

70% [38], and an optimization of the printing parameters, i.e.,

flow rate, layer thickness, extrusion temperature, printing

speed, in BMD [39] allow to level off this issue ensuring me-

chanical properties perfectly comparable with MIM ones.

https://doi.org/10.1016/j.jmrt.2023.09.227
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Table 1 e Binder composition.

Binder component wt.%

PLA 55

EPDM 20

EVA 5

PW 15

SA 5
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In this work, in view of a low environmental impact pro-

cess, a feedstock made of biobased PLA binder highly loaded

with Ti6Al4V particles has been extruded in filaments which

have been 3D printed via a low-cost FFF technique and suc-

cessively sintered to obtain metallic parts. The 3D printed

parts were thermally treated in order to remove the binder

and achieve the sintering. The resulting metallic parts were

characterized performing morphological, microstructural,

and mechanical tests. The exploitation of a biobased polymer

for the production of the Ti6Al4V-filled filament, with a view

to decreasing the environmental impact of the overall

manufacturing process, and the successful exploitation of this

feedstock for the manufacturing of performing metallic

component is themainmerit of the present work compared to

previous works which used petroleum-based feedstocks.
2. Materials and methods

2.1. Materials used and their characteristics

The designed and developed feedstock is composed of

spherical gas atomized Ti6Al4V powder supplied by EOS (Ti-

tanium Ti64, EOS GmbH, Hamburg, Germany) as metallic filler,

while the organic binder composition is reported in Table 1.

Polylactic acid (PLA, 3052D, supplied by Nature Works® with a

molecular weight Mn ¼ ca. 6 � 104 g/mol) was used as back-

bone binder, ethylene polypropylene diene monomer (EPDM,

Dutral 4047 Eni Versalis), ethylene vinyl acetate (EVA, Powder

EVA ML 20, Arcoplex Group) and paraffin wax (PW, Sigma

Aldrich, St. Louis, Missouri, USA) were used as secondary

binders, while stearic acid (SA, SigmaAldrich, St. Louis, Missouri,

USA) was used as compatibilizer.
Fig. 1 e Thermal cycles of debinding in air
The feedstock formulation was designed starting from the

main guidelines for Metal Injection Molding (MIM) binder

formulation [40]. Indeed, the binder is made of at least two

binder components. The first component, i.e., the primary

binder, is easily removable at a low temperature during sol-

vent debinding opening up a pore network through which the

second binder, i.e., the backbone, can escape during thermal

debinding. Paraffin wax and PLA were selected as primary

binder and as backbone in the present work, respectively.

Stearic acid was added to enable a goodwettability of powders

surface with the binder and to create a bond between the two

major binder components. Moreover, EPDM and EVA were

added to increase the flexibility of the filament to make it

easily 3D printable via FFF. These components were removed

with the primary binder or during thermal debinding along

with the backbone binder.

Preliminary characterizations have been performed on raw

materials. The titanium powder was characterized by X-ray

diffraction (XRD, Philips X'Pert PRO, Amsterdam, Netherlands).

XRD patterns were acquired in the 2q range 30e90� in the

following conditions: Cu Ka radiation (l ¼ 1.5408 �A), 40 kV and

40 mA, step size ¼ 0.02�, time per step ¼ 2 s. The morphology

of the Ti6Al4V particles was analyzed by a field emission

scanning electron microscope (FESEM, MIRA3, Tescan, Brno,

Czech Republic) coupled with energy dispersive spectroscopy

(EDS, Octane Elect EDAX, Leicester, UK). The particle size

distribution was evaluated via image analysis by measuring

1200 different diameters.

2.2. Feedstock development and rheological
characterization

The feedstock formulation used in this research was

composed of 55 %v/v of Titanium powder and 45 %v/v of

binder. The feedstock was compounded in a closed chamber

batch mixer (Brabender GmbH & Co. KG, Duisburg, Germany) at a

temperature of 180 �C for 30 min imposing a rotating speed of

20 rpm. After compounding, the feedstock has been me-

chanically ground (3 mm) and dried in oven (Binder E28, Binder

GmbH, Tuttlingen Germany) at 50 �C for 24 h. Rheological test

(RPA 2000, Alpha Technologies, Hudson, USA), consisting on

viscosity measurements in temperature sweep configuration
and sintering in a AreH2 atmosphere.

https://doi.org/10.1016/j.jmrt.2023.09.227
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in the range 110e230 �C at a frequency of 1 Hz using a

coneecone geometry, was performed on feedstock.

2.3. Extrusion of filaments and 3D printing

Filamentsof feedstockwereproduced ina single screwextruder

(FILABOT EX2, Filabot, Barre, USA) with a nozzle diameter of

1.75 mm. Filaments were extruded at a temperature of 180 �C,
setting a screw speed of 15 rpm, and coiled in spools. Parallel-

epipeds having dimensions 30 � 20 � 3 mm and Type V tensile

test specimens (having dimension 63.5 � 3.18 � 3.5 mm ac-

cording to ASTM D638 [41]) have been 3D printed by the FFF

(Apium P155, Apium Additive technologies GmbH, Karlsruhe, Ger-

many) machine. Moreover, as proof of concept, a ribbed scaf-

folding base platewas also 3D printed (Fig. 4b). This component

having overall dimensionsof 45� 35mm,height of 30mmand5

and 10 mm in diameter through-holes can support the load of

scaffold tubes. Slicing was performed using the software

Simplify 3D and setting the printing parameters summarized in

Table 2.

Polyvinylpyrrolidone based fixative for 3D printing (Dima-

fix) was applied to the glass bed for improving the adhesion of

first layer. Both filaments and 3D printed samples have been

stored in a vacuum desiccator prior to further use.

2.4. Solvent debinding, thermal debinding and sintering

Solvent debinding was performed immersing the 3D printed

samples in diethyl ether (Sigma Aldrich, St. Louis, Missouri, USA)

under magnetic stirring at room temperature for 24 h.

Thermal debinding of previously solvent debound 3D

printed samples was performed in a muffle furnace (Forni De

Marco, Rome, Italy) operating in air atmosphere at 600 �C for

120 min with an heating rate of 3 �C/min and uncontrolled

cooling. Sintering was performed at 1450 �C for 180 min in a
Fig. 2 e Schematization of the overall manufacturing process, i

filament production through extrusion, FFF 3D printing of spec

consolidation through sintering to obtain the final metallic com
tubular furnace (Zsinter, Nanoe, Ballainvilliers, Bretagne, France)

operating in vacuum (400 mbar) and reducing atmosphere of

Argone2%Hydrogen fluxed gas (0.1 L/min) imposing a heating

rate of 3 �C/min. Cooling was conducted in the same atmo-

sphere with a cooling rate of 3 �C/min. The debinding and the

sintering cycles are reported in Fig. 1. Fig. 2 shows an overview

of the overall manufacturing process from the feedstock

compounding to the final sintering of themetallic component.

2.5. 3D printed, green and brown parts
characterizations

3D printed samples were investigated by Fourier transform

infrared spectroscopy (FT-IR). FT-IR analysis (Agilent Cary 630

FTIR Instrument, Santa Clara, California, USA) was carried out

acquiring spectra in the range 4000e600 cm�1, with 4 cm�1

resolution and each spectrum averaged over 32 scans.

Differential scanning calorimetry (DSC) (Netzsch DSC 214

Polyma, Selb, Germany) was performed on the binder using

samples of 5 mg tested in the temperature range �50 �C-
200 �C, in nitrogen atmosphere (40 ml/min) and using heating

and cooling rate of 10 �C/min. Thermogravimetric Analysis

(TGA) (PerkinElmer Pyris 1 TGA, Waltham, Massachusetts, USA)

was performed on the 3D printed samples, before and after

chemical debinding, to estimate the temperature range of the

thermal debinding and to assess the correct removal of the

primary binder. The TGA was performed on 5 mg of sample in

nitrogen atmosphere (40 ml/min) in the temperature range

25 �C-800 �C with a heating rate of 10 �C/min.

2.6. Sintered 3D printed parts characterizations

Density measurements were carried out according to ASTM

D792 [42], using a buoyancy method-based pycnometer

(Sartorius, G€ottingen, Germany) allowing for the determination
.e., raw materials compounding for feedstock production,

imens and prototypes, solvent and thermal debinding and

ponent.
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of density by applying Archimedes' Principle. Mean density

values were taken from at least three measurements. The

crystalline phase analysis of 3D printed sintered samples was

performed via XRD (XRD, Philips X'Pert PRO, Amsterdam,

Netherlands) in the 2q range 30e90� in the following conditions:
Fig. 3 e SEM micrographs of Ti6Al4V powder at low (a) and high

obtained from SEM micrograph in (a), (d) particle size distributio

30e90� with an inset evaluated in the range of 37e42� with a c
Cu Ka radiation (l ¼ 1.5408 �A), 40 kV and 40 mA, step

size ¼ 0.02�, time per step ¼ 2 s.

Sintered 3D printed samples have been cut using a dia-

mond saw (Buehler Isomet 4000, Buehler, Lake Bluff, Illinois, USA),

and were mounted in epoxy resin (Epoglass, curing time of 3 h
(b) magnification, (c) EDS analysis of the Ti6Al4V particles

n and (e) XRD pattern of the Ti6Al4V powder in the 2q range

ounting time of 6 s to better reveal a possible beta phase.

https://doi.org/10.1016/j.jmrt.2023.09.227
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Fig. 4 e (a) Comparison of feedstock viscosity and binder viscosity as a function of temperature. (b) Extruded filaments and

representative 3D printed samples, i.e., tensile test specimen and ribbed scaffolding base plate. (c) DSC of the feedstock.
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at 60 �C) and mechanically polished using silicon carbide (SiC)

papers and diamond suspension up to 3 mm, then ultra-

sonicated in a bath of ethanol.

A chemical etching consisting of a water solution (H2O) of

nitric acid (HNO3, Sigma Aldrich) and hydrofluoric acid (HF,

Sigma Aldrich) in the volume ratio H2O: HNO3: HF ¼ 100 : 55: 5,

was performed to reveal the grain boundaries. Both polished

and etched surface morphologies have been imaged using

optical microscopy (Nikon Epiphot TME, Nikon Corporation,

Tokyo, Japan) coupledwith an acquisition camera (Visicam 10.0,

VWR-Avantor, Radnor, Pennsylvania, USA). Image analysis was

performed by ImageJ software, allowing to calculate the grain
Table 2e Summary of the parameters used to 3D print the
green parts.

Printing Parameters Unit Value

Nozzle diameter mm 0.4

Nozzle Temperature �C 250

Bed Temperature �C 40

Layer thickness mm 0.2

Infill % 100

Raster angle (Rectilinear) � 0e90

Perimeter lines e 2

Printing Speed mm/s 30
size and the percentage of porosity. The grain size was eval-

uated according to ASTM E112-13 [43] using the intercept

method and 200 measurements were made using different

micrographs taken in different zones of the specimen. Elec-

tron microscopy (SEM, Leo Supra Zeiss) and EDS analysis were

also performed.

Mechanical properties of sintered samples have been ob-

tained performing tensile test according to ASTM E8/E8M [44]

with a universal testing machine (Instron 5569, Instron, Nor-

wood, Massachusetts, USA) setting a crosshead speed of 5 mm/

min. Three specimens were tested.

The yield strength was calculated also with the HallePetch

equation shown in Eq. (1):

sy ¼s0 þ ks

. ffiffiffi
d

p (1)

where sy is the yield strength of polycrystalline metals, d the

average grain size and s0 and ks are constants for the metal,

taken from literature, as 737 MPa and 230 MPa mm1/2, respec-

tively [45].

Vickers micro-hardness test (Future Tech FM-700, Future

Tech Corp., Kawasaki, Japan), according to ASTM Standard E92

[46], was performed applying a load of 500 g for 30 s. Ten in-

dentations were performed on the cross-section of mounted

sintered sample.

https://doi.org/10.1016/j.jmrt.2023.09.227
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Fig. 5 e (a) FT-IR of 3D printed, solvent debound and thermally debound samples. (b) TGA and dTG thermograms of 3D

printed and solvent debound samples.
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3. Results and discussion

3.1. Results of raw materials characterization

The gas atomized titanium powder was fully characterized

performing morphological, chemical composition, and
Fig. 6 e SEM morphology of (aeb) 3D printed sample, (ced) solv
microstructural analyses. SEM micrographs of the powder

shown in Fig. 3a and b highlight a spherical morphology of the

particles, with few inclusions of quasi-spherical ones and very

few satellite particles ascribed to the gas atomization process.

The EDS analysis (Fig. 3c) highlights the typical composi-

tion of the as-received Ti6Al4V alloy, as the detected elements
ent debound sample and (eef) thermally debound sample.

https://doi.org/10.1016/j.jmrt.2023.09.227
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Table 3 e Average dimension variation of 3D printed and
sintered samples.

3D printed
(mm)

Sintered
(mm)

Shrinkage
(%)

Length 30.06 26.13 13.07

Width 20.03 17.31 13.57

Thickness 3.01 2.62 12.95
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are Titanium, Aluminum and Vanadium. No presence of ox-

ygen was revealed confirming the purity of the powders and

the absence of oxidation phenomena. The measured particle

distribution calculated on 40 different SEM micrographs is

reported in Fig. 3d. The Ti6Al4V particles are characterized by

an average diameter of 37 mm and most of them featured a

diameter lower than 50 mmguaranteeing a good processability

[18].

The X-ray diffraction pattern of the powder is displayed in

Fig. 3e. The pattern shows diffraction peaks at 2W ¼ 35.49�,
38.67� 40.59�, 53.57� 63.91� 71.31 and77.27� indicatingaprincipal
a Ti (hexagonal close-packed, hcp) phase corresponding to the

reference pattern JCPDS 44e1294without obvious peaks of the b

Ti (body-centered cubic, bcc) phase.

3.2. Feedstock rheology and 3D printing

The feedstock viscosity is paramount to the extrusion of the

material during the FFF printing. In particular, the filaments

must act as a piston in the nozzle pushing the melted feed-

stock to create the continuous flow during extrusion [47],

therefore the viscosity drop should be quite sharp in a small

range of temperature. The viscosity measured by the rheo-

logical test of the developed feedstock in the range of

100e230 �C is shown in Fig. 4a and is compared to that of the

neat binder. Viscosity values are very high (>105 Pa s) at 100 �C
and present a drop in the temperature range 140e200 �C,
which corresponds to themelting of the PLA confirmed also by

the DSC analysis presented in Fig. 4c.

During heating the feedstock presents several endothermic

peaks which, in accordance with the DSC performed on the

single binder components, can be associated to the melting of

the paraffin wax (38 �C and 49 �C), stearic acid (61 �C), EVA
(86 �C) and PLA (155 �C), respectively. As expected, feedstock

melt viscosity (Fig. 4a) is far higher than neat binder (1000 Pa s

vs 10 Pa s at 230 �C) due to the fillerefiller interactions.

Nevertheless as clearly visible after 200 �C, viscosity remains
Fig. 7 e Optical microscopy at (a) 200X and (b) 40
quite stable and its value is in the range suitable for FFF

printing, namely 102e105 Pa s [48,49], guaranteeing the proper

rheological behavior of the melted feedstock.

In Fig. 4b the extruded filament, having average diameter

of 1.68 ± 0.15 mm, and some representative 3D printed sam-

ples, with simple and complicated geometry, are shown.

During printing, overflow and underflow issues were not

recorded. The printed parts showed a good geometrical ac-

curacy and no evidence of layer detachment or other macro-

scopic defects. In this perspective, the proposed bio-based

binder appears to be a suitable choice to obtain a performing

3D printing filament while reducing the environmental

impact of the feedstock.

3.3. Solvent and thermal debinding: FT-IR and TGA
results

Fig. 5a reports the comparison of FT-IR spectra from the as 3D

printed, the solvent debound and the solvent and thermally

debound samples. The IR spectrum of 3D printed sample

shows peaks which are representative of the different com-

ponents of the binder.

In particular, the spectrum shows the peaks at 2955, 2918

and 2850 cm�1 that are ascribable to the CH2 and CH3 asym-

metrical and symmetrical stretching, as well as the peaks at

1459 cm�1 and 719 cm�1 due to the CH2 bending and wagging,

mostly relative to paraffin wax [50,51], but also with the

contribution of SA, EPDM, EVA and PLA. The sharp peak at

1751 cm�1 is related to the stretching of C]O bond relative to

the PLA and EVA. Peak at 1379 cm�1, the sharp peak at

1181 cm�1 (CeO stretching) as well as the trident peak

centered at 1082 cm�1, and the peak at 866 cm�1 are those

typical of the finger prints of PLA [52], which is the constituent

of the backbone binder. After solvent debinding, the peaks

relative to the paraffin wax and stearic acid such as the

stretching of methyl and methylene groups (triplets in the

range 2955e2850 cm�1) are strongly attenuated or completely

disappeared such as the peak at 719 cm�1.

This result confirms that the solvent debinding is effective in

selectively removing the binder components and this conclu-

sion is further corroborated by the thermogravimetric analysis

presented in Fig. 5b. TGA performed on 3D printed sample

shows that the binder has a two-step degradation process, the

first one at 339 �Cwhich ismainly due to thermal degradation of

PLA which from literature is known to degrade in the range

300e400 �C by chain scission where the PLA chains break apart
0X of polished 3D printed sintered sample.
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Fig. 8 e (a, b) SEM micrographs of sintered Ti6Al4V sample and EDS spectrum of (c) alpha and (d) beta phase.
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due to the cleavage of ester bonds [53]. The second degradation

is at 468 �C and it is relative to the thermal scission of the other

binder components inparticular PWandEPDM[54]. The residue

at 800 �C for the 3D printed sample confirmed the composition

of the feedstock with 83.8 wt.% of titanium particles and

16.2 wt.% of binder. The solvent debound sample was also

tested by TGA. The solvent is effective in removing the paraffin

wax and the stearic acid as confirmed by the difference in the

residue at 800 �C which is equal to a 20% of binder removal

corresponding to the sumof the PWand SA (15wt.% and 5wt.%

of the binder) content. From TGA is evident that the thermal

degradation ends at 500 �C, hence the temperature for the

debinding was set at 600 �C to ensure the complete binder

removal.

The SEM analysis performed on 3D printed, solvent

debound and thermally debound samples is presented in

Fig. 6. Fig. 6a and b show the 3D printed sample and highlight a

good dispersion of the metallic particles that are covered by a

thin layer of binder.
Table 4 e Composition of the alpha and beta grains of 3D
printed sample from EDS analysis.

Element Alpha phase Beta Phase
wt.% wt.%

Ti Balance Balance

Al 5.36 4.64

V 3.69 22.54

Fe e 3.16
During solvent debinding, the solvent chemically dissolves

part of the binder exposing the outer particles and creating the

porosities shown in Fig. 6c and d. This ensures the correct

elimination of the volatile compounds which form during the

subsequent thermal decomposition of the binder.

After the thermal treatment, the binder appears completely

removed in accordance with the FT-IR analysis performed on

the thermally debound sample (Fig. 5a) and the metallic par-

ticles are in contact with each other (Fig. 6e and f). This is a

crucial aspect for a successful sintering process since during

the first sintering stage necking formation between two adja-

cent particles takes place. During sintering, the applied heat

causes the atom vibration increasing theirmobility. According

to the mass transport mechanisms, i.e., evaporation and

condensation, surface diffusion, and volume diffusion [55],

atoms of the material can easily move between the surface

contact of the particles determining the formation of the neck

between the two particles which successively grows [56]. If

binder residues were present during the initial stages of sin-

tering, the defects such as cracking and bloating could be

formed as a result of the stress applied by the trapped gas

originating by the binder decomposition. The chemical

composition of the binder, in particular both the carbon and

the oxygen content in the repeating unit of the backbone

binder, is a critical factor in determining the success of the

debinding process. Carbon content plays a strong impact on

the volatile by-production, the residue formation and conse-

quently on the shrinkage and distortion [57] affecting also the

mechanical properties [58]. On the other hand, the presence of
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Fig. 9 e Optical microscopy at (a) 200X and (b) 400X of 3D printed sintered sample after chemical etching highlighting grain

boundaries.
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oxygen can lead to the formationofmetal oxides or hydroxides

during the sintering process [59].

3.4. Characterization of 3D printed sintered samples

The sintered samples have been measured and shrinkage

along X, Y and Z direction was assessed. The related results

are reported in Table 3. As expected, samples present a

reduction of about 13% in the dimensions as the result of the

elimination of pores in the green body due to the bulk trans-

port mechanisms such as plastic flow, viscous flow, grain

boundary diffusion, and volume diffusion. This value com-

plies with the Typical MIM shrinkage which is within the

range of 12e20% [13].

The measured mean density value is 4.17 ± 0.15 g/cm3 and

it corresponds to a 5.8% of porosity considering the theoretical

density of Ti6Al4V alloy (4.43 g/cm3) [60]. These results are

coherent with the ones reported by Singh et al. [61] who re-

ported a 5.8% of porosity with a 14% of shrinkage and with the

ones reported by Nor et al. [62] who observed a lower density,

i.e., a higher porosity, of 4.03 g/cm3, for a lower shrinkage of

10.55e11%.

This value has been confirmed by the image analysis per-

formed on the polished cross section surface of the sample.

From image analysis (Fig. 7a) emerges the presence of some

intergranular round porosity.
Fig. 10 e (a) XRD pattern of sintered sample and (b) representat

sample.
The presence of porosity in specimens manufactured by

FFF is an intrinsic drawback, but the shape and type of po-

rosities can provide information on the cause determining it

[63]. If the porosity is spherical, as in the present work, it is

generally connected to thermal treatment of debinding [64].

According to these results, the densification after sintering is

in the range of 94e95% which is comparable to the densifi-

cation obtained with Metal Injection Molding (MIM) process

[65]. From themicrographs, it is also possible to appreciate the

presence of both alpha and beta phases.

Fig. 7a and b show a a (light grey) major phase and an

intergranular (dark grey) b phase. This microstructure is

known as beta segregation and it was confirmed by the SEM-

BSE and the EDS analysis, shown in Fig. 8 and Table 4,

respectively, which reports the alloy phases’ compositions.

The SEM micrographs, acquired with backscattered detector,

show a a (dark grey) grains with segregated intergranular

(light grey) vanadium rich b phase due to the fact that vana-

dium has high relative atomic mass (50.94 u).

Moreover, the EDS analysis highlights a different compo-

sition of the two phases with the alpha phase displaying the

typical composition of Ti6Al4V alloy with aluminum content

of 5.36% and vanadium 3.69%, in accordance with the data-

sheet of the powder, and the beta phase displaying a high

content of vanadium 22.54% and iron 3.16%. V and Fe atoms

are strong b-stabilizing elements [66,67] and the atomic ratio
ive stressestrain curve of 3D printed sintered Ti6Al4V
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Table 5 e Mechanical properties of sintered 3D printed
samples.

sy (MPa) UTS (MPa) εmax (%)

662.4 ± 12.2 742.6 ± 14.1 12.3 ± 1.3
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of these elements is higher in the b phase than that in the a

phase because of the higher solid solubility and elemental

diffusion rate in the b phase [68]. The EDS spectra do not show

oxygen and carbon presence thus proving the good control on

both debinding and sintering processes. Carbon content is a

contaminant coming from the organic binder and the final

carbon concentration has to be kept below 0.08 wt.% in order

to avoid the formation of Titanium carbide [69]. These results

confirm that PLA can be effectively used as biobased backbone

binder. Small traces of siliconwere detected in both alpha and

beta phases by the EDS analysis and can be likely ascribed to

the mechanical polishing phase which was performed with

SiC papers.

In Fig. 9a and b the microstructure of the sintered sample

after the chemical etching evidencing the grain boundaries is

reported. The grains have an equiaxial structure with a mean

grain size, calculated by the intercept method, of 70 ± 3 mm.

Fig. 10a reports the XRD pattern of the sintered sample and

compared with the reference patterns of both a-hexagonal

and b-body-centered cubic Ti, the main phase is found to be

aTi, which is coherent with its low content and to its strong

localization at the grain boundaries as evidenced by SEM,

which make the overall diffraction pattern dominated by the

alpha phase.

The absence of diffraction peaks related to carbides and

oxides confirms the good control on both debinding and sin-

tering processes and corroborates the feasibility of the pro-

posed bio-based polymer blend as filament binder.

In Fig. 10b, a representative tensile curve of the 3D printed

Ti6Al4V alloy is displayed and in Table 5 the mainmechanical

properties are reported.

The mechanical properties obtained are comparable with

other works where FFF of Titanium alloys have been per-

formed but are, as expected, lower than Ti6Al4V alloys pro-

duced by traditional techniques [70,71]. In particular, the

tensile strength obtained is significantly lower than the 850

[72] e 1032 MPa [73] achievable with EBM, than the 1080 [74] e

1421 MPa [75] achievable with SLM and than the 1025 [76]

�1097 MPa [77] achievable with Direct Energy Deposition

(DED) thus highlighting the need to optimize the 3D printing

parameters to fill this gap as much as possible. At the same

time, the tensile strength is somewhat comparable with MIM

components characterized by values between 704 [78] and

934 MPa [79]. Moreover, Thompson et al. [15] reported a

350 MPa tensile strength for components produced by BMD

which is significantly lower than the one obtained in the

present work.

The calculated yield strength of the sintered 3D printed

sample, by applying the HallePetch's equation, resulted to be

764.5 MPa which is higher than the one obtained from the

tensile test but the presence of porosity might have reduced

the mechanical properties.
Microhardness test has shown a mean hardness value of

526.6 HV which is equivalent to 5.15 GPa and is coherent with

the hardness values of Ti6Al4V alloys which generally ranges

from 350 to 570 HV [80], depending on the relative proportion

of a and b phases. Moreover, authors reported that the hard-

ness of titanium alloy increases with increasing the sintering

temperature [78]. In the present work, the high sintering

temperature and the high amount of a phase, hard and brittle

[81], justifies the high global hardness value.
4. Conclusions

In this paper polylactic acid (PLA) was employed as a biobased

backbone binder for the production of Ti6Al4V feedstock,

which has been extruded in filaments and then 3D printed via

fused filament fabrication and successively debound and

sintered to obtain a fully dense metallic part.

The binder presents a good rheological behavior and, when

loaded with the metallic filler, the feedstock has viscosity

values suitable for FFF process already in the temperature

range 140e200 �C.
The solvent and the thermal debinding allow to remove all

the organic binder components without generating cracks or

other visible defects. Sintering in reducing atmosphere

(AreH2) leads to a densified metallic component having a

degree of porosity of 5.8% perfectly comparable with parts

produced via metal injection molding and with a micro-

structure composed of primary grains of alpha phase with

beta phase segregated at the grain boundaries.

Sintered samples show good mechanical properties, i.e.,

sy ¼ 662.4 ± 12.2 MPa, UTS ¼ 742.6 ± 14.1 MPa and

εmax ¼ 12.3 ± 1.3%, comparable with the ones of other works

where Ti6Al4V was manufactured by BMD. Moreover, the

chemical composition free of carbon and oxygen contamina-

tion further confirms that PLA is a suitable candidate as

backbone binder in view of a more sustainable process.
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