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Parts made by metal additive manufacturing processes assisted by sintering suffer from embrittlement
due to binder/powders interactions. Using a core-shell approach, we modelled the diffusion of carbon and
oxygen from the binder into the metallic powders. The model was assessed by measuring the interstitials
content upon various debinding/sintering steps. The diffusion/precipitation phenomena during these non-
isothermal treatments lead to either a saturated solid solution or the precipitation of titanium carbides.
The consequences on the mechanical behavior of single 3D printed filaments were quantified by bending
tests, highlighting a transition from brittle to ductile fracture depending on the debinding parameters.
This approach can be applied to understand the role of fast diffusing interstitial elements into various
powders systems in order to optimise the chemical composition and the mechanical properties of 3D

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Some additive manufacturing technologies, such as fused-
deposition modeling, direct-ink writing or binder jetting, involve
thermal treatments, namely debinding/sintering, after 3D printing.
One of the most studied metals using these techniques is Ti-6Al-4V
(Ti64) because of its performance for biomedical [1] and aerospace
applications [2].

Direct-ink writing (DIW) enables to build-up structures layer by
layer, without fusion, from a powder based ink or paste present-
ing the adequate rheology [3-5]. Once printed, the part undergoes
thermal treatments (drying, debinding, sintering) to reach its final
structure and mechanical properties. As shown in a previous work,
this “low cost” process enables to produce Ti64 parts presenting
bimodal interconnected porosity, which can be interesting for tis-
sue engineering applications [6].

Similarly to metal injection molding (MIM), 3D printing tech-
niques such as DIW imply the use of a carrier fluid potentially con-
taining several organic components (binder, dispersant, rheology
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modifiers...) [7-9]. A debinding step is thus necessary to eliminate
all traces of organics before final consolidation by sintering [8-10].

In the case of the MIM process, debinding is usually performed
in two steps, with a primary debinding that can be performed us-
ing solvent or catalytic reaction, and a secondary thermal debind-
ing [11]. Removing the primary binder leads to the formation of
an interconnected porosity network that facilitate the escape of
the backbone binder during the secondary thermal debinding. Min-
imising the proportion of the backbone binder can thus be a way
to limit the diffusion of atoms contained in this binder into the
powder particles [7,12].

However, as DIW is relying on rheological phenomena that have
nothing to do with those involved in MIM, the binders used are
also totally different. Parts obtained by DIW are therefore usually
debinded through one thermal treatment [8-10]. Thus carbon, oxy-
gen and hydrogen from the binder may penetrate into the metal
and therefore affect its final properties. Indeed, Ti64 mechanical
properties, mainly tensile strength, elongation, and fracture tough-
ness, highly depend on its interstitial elements content [13,14]. The
debinding temperature is thus a key parameter: a too high temper-
ature would lead to an important C/O/H intake, whereas a too low
temperature would not permit the complete elimination of organic
phase.
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Table 1
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Composition of the Ti64 powder according to the supplier.

Chemical element N C H

Fe (6] Al \ Ti

Composition (wt%) 0.005 0.01

<0.001 022 0.08 620 398 Bal

In their pioneering contributions, Li et al. [15,16] printed Ti64
scaffolds by DIW. Their debinding treatment was performed at
500 °C under high vacuum. Later, Elsayed et al. [17,18] debinded
Ti64 scaffolds under the same conditions (500 °C, high vacuum)
and showed the presence of carbides in their as-sintered scaffolds.
These carbides were suspected to be responsible of the brittle na-
ture of the scaffolds fracture under compression [18]. In addition,
in these different works, the sintering treatments were carried out
under high vacuum [15-18]. As titanium is easily subject to oxi-
dation, it should be sintered in an oxygen-free atmosphere [7,19].
Although argon is widely used for practical reasons, vacuum sin-
tering is to be preferred since it allows the removal of volatile pol-
lutants like hydrogen, which might be present as it is one of the
binder component. Indeed, it has been reported than hydrogen can
be removed above 500 °C under vacuum [7,20,21], which is inter-
esting as hydrogen is also known to lead to titanium and titanium
alloys embrittlement [22].

In order to better understand the link between Ti64 embrittle-
ment, C/O intake and carbide precipitation, a coupled modelling
approach would be necessary. To the authors knowledge, no such
approach is available in the literature. Precipitation models alone
are indeed quite common. The coupling with an evolving diffu-
sion profile from the outside to dynamically modify the driving
force of precipitation is, on the other hand, rarely encountered.
Such coupling has already been proposed in steels [23,24] and alu-
minium [25], but never in Ti64 to model the precipitation during
debinding/sintering processes.

In this paper, we evaluate the effect of the debinding con-
ditions (temperature, holding time, heating rate, atmosphere) on
both microstructural and mechanical properties of Ti64 scaffolds
obtained by DIW. To do so we printed our samples thanks to
Pluronic F-127 hydrogel which is a commonly used carrier fluid
for DIW [6,8,10,26-29]. Then we applied different debinding con-
ditions to our samples before sintering all of them with the same
set of conditions, to study the impact of the debinding conditions
only.

The C and O intake was systematically measured at each stage
of the process (initial powder, as-debinded and as-sintered). In par-
allel, the microstructure was investigated by X-Ray diffraction and
scanning electron microscopy. A diffusion/precipitation model was
applied to our process in order to better understand both C and O
intake as well as precipitation of titanium carbides during the pro-
cess. Finally, the resulting mechanical properties are presented and
discussed for the different debinding conditions.

2. Materials and experimental methods
2.1. Fabrication strategy

2.1.1. Ink formulation

Ti-6Al-4V (Ti64) argon atomised powder has been purchased
from TLS Technik GmbH (Germany). Its chemical composition is
given in Table 1.

Pluronic F127 (poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock co-polymer surfactant, Sigma Aldrich,
referred to as “Pluronic F-127” in the following) was used in the
form of dried granules for the binder preparation. In solution in
water, pluronic F127 forms a thermoreversible gel. As shown in a
previous work [6], a 25 wt% Pluronic F-127 hydrogel (gel tempera-

ture around 20 °C), loaded with 50 vol% of Ti64 powder represents
a good compromise to print Ti64. The Pluronic F-127 was gradually
dissolved in distilled water and the obtained solution was stored at
4 °C, to be kept in its liquid state before adding Ti64 particles.

Ti64 addition was carried out in three stages. The batches were
mixed in a dual asymmetric centrifugal mixer (Speed-Mixer DAC
150.1 FVZ-K) for 1 min at 1500, 1700 and 2000 rpm after the first,
the second and the last addition, respectively. Before each mixing
step, inks were kept for 10 min at 4 °C, in order to be mixed when
liquid.

2.1.2. 3D printing by DIW

Printing was performed using a robocaster (3D Inks, LLC, Still-
water, OK, USA) controlled by the Aerotech A3200 motion software
(Aerotech Inc., Pittsburgh, PA, USA). Samples were printed on glass
plate, covered with a thin layer of grease, to help the removal of
dried samples. Inks were extruded at 10mm.s~! through conical
nozzles with internal diameters of 840 um. For all scaffolds, the
rod spacing (distance between two rod centres) was fixed at 1260
pm. An interlayer distance of 672 pm was used to ensure good
cohesion between the 7 printed layers. Single filaments were also
printed to perform bending test. To ensure a stabilised flow during
printing, a sacrificial length (few mm) of ink was extruded before
printing each sample. For all samples, the temperature was main-
tained at 25 °C in the printing chamber, ensuring that inks were
printed in their gel state.

2.1.3. Debinding and sintering

Printed scaffolds were dried 48h at room temperature (above
22 °C) before being removed from the glass substrate. Then, they
were thermally debinded and sintered in two separate stages,
using a Naberthermn N 11/hr furnace with an in-house set up
enabling a controlled atmosphere. Different debinding conditions
were studied by combining the following parameters:

- debinding temperature (350 and 500 °C),

- holding time (30 min and 2 h),

- heating rate (1 °Cmin~! and 5 °C.min_1),

- atmosphere (primary dynamic vacuum (around 5 x
10~2mbar) or 0.2L.min~! argon flow).

Finally, samples were sintered 2h at 1200 °C under dynamic
secondary vacuum (below 5 x 10~*mbar), using a heating rate of
10 °C.min~! and the natural cooling rate of the furnace that de-
creases from 50 °C.min~! to less than 1 °C.min~! as the tempera-
ture drops.

2.2. Characterisation

2.2.1. Thermogravimetric analysis

Thermogravimetric analysis was conducted using a TGA Q50
analyser, equipped with an EGA furnace (TA Instruments, New Cas-
tle, USA). Mass losses were recorded during a heating rate of 1
°C.min~! from room temperature to 500 °C under of 150mL.min~!
nitrogen flow (after a purging step).

2.2.2. Elementary analysis

Carbon content measurements were carried out using an Induc-
tar CS cube analyser from Elementar Analysensysteme GmbH (Lan-
genselbold, Germany). Samples were weighed into ceramic cru-
cibles with W/Sn and Fe as combustion accelerators. The equip-
ment performed sample combustion under oxygen flow using an
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induction furnace. The carbon extracted from the sample was
transformed into carbon dioxide, quantified by CO, non dispersive
infrared (NDIR) detector. Measurements were performed in three
replicates for each sample. TiC powder was also used as unknown
sample to verify the system ability to analyse TiC. In addition,
58A SY13001-1 and 173c titanium based standard reference ma-
terials (HRT Labortechnik GmbH Buchholz, Germany) were used to
ensure a lack of drift on the analyser calibration.

Oxygen contents were obtained using an EMGA 620 W anal-
yser from Horiba Jobin Yvon company. Samples were weighed into
nickel capsules (Liidiswiss, Flawil, Switzerland) and three measure-
ments were performed for each sample. The system used high-
temperature fusion in a helium (He) impulse furnace to extract
oxygen. Nickel capsules containing samples drop into a graphite
crucible raised to high temperature (between 2500 and 2800 °C)
in a flow of helium. The oxygen which was transformed into car-
bon monoxide (CO) by combining with the carbon in the crucible,
was quantified by a non-dispersive infrared CO cell. Then the car-
bon monoxide was oxidised into carbon dioxide and trapped. The
173c standard reference titanium materials was also used to ver-
ify the analyser calibration and the robustness of the pyrolysis
reaction. Before the experiments, a linear calibration was estab-
lished by passing several standards. In addition some samples were
sent to the Elementar Application Laboratory to obtain hydrogen
and nitrogen content. Samples were weighed into nickel capsules
and analysed using an inductar EL cube in ONH mode (Elementar
Analysensysteme GmbH, Germany). Four measurements were per-
formed on each batch.

All of these measures provide a complete overview of binder in-
duced pollution, which includes carbon, oxygen and hydrogen, but
also atmosphere induced pollution.

2.2.3. X-Ray diffraction

X-Ray diffraction (XRD) patterns were acquired using a Bruker
AXS D8 Advance Diffractometer with a Cu tube (40 mA, 40 kV)
and a 0.6 mm diffusion slit. Diffracted X-Rays were collected with a
Lynxeye detector, between 20 and 60° 26 (since this range includes
all main Ti diffraction peaks), with steps of 0.02° at 1 s/step. XRD
peaks identification was performed using Eva software (Brucker).
Lattice parameters and phase quantification were obtained after
Rietveld Refinement (Topas 4.0 Software, Bruker, Germany). Distor-
tions were quantified through the strain-G parameter, which mea-
sures the widening of the Gaussian part of diffraction peaks and is
related to the distortion € by: strain-G = 4 ¢ (Topas 4.0 technical
reference, Brucker).

2.2.4. Mechanical tests

Three-points bending tests were conducted on 10 constitutive
filaments of each condition, using an Electroforce 3200 test ma-
chine (Bose, Eden Prairie, MN) equipped with a 22 N load cell.
Tests consisted in a preload of 0.2 N, followed by a loading rate of
0.05N.s~1, The length between the two support points was fixed at
10 mm. Since the cross-sectional area may vary slightly from one
sample to another, the actual cross-sectional area of each sample
was measured using a RH-2000 microscope (Hirox Europe, Limon-
est, France). The stress-strain curves were then obtained from the
load-displacement curves using:

FL
o= @ (1)
and:

6D
€ = LTy (2)

where: F is the force applied at the fracture point, L is the length
of the support span, Ig; the quadratic moment of the section at the
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point of rupture, y is the distance to the neutral axis and D the
deflection.

Vickers hardness tests were performed under 500 gf loads, on
a previously polished scaffold cross-section, perpendicular to the
building direction. The average values were calculated on more
than 10 measurements.

Compressive tests were conducted on approximately cubic scaf-
folds, using an Instron 8502, equipped with a 100 kN load cell.
Tests consisted in a preload of 100 N, followed by a strain rate
of 0.05min~!. Tested samples were made of 18 layers of 10 struts
(~10.2 — 10.3mm side after sintering), to follow Ashby’s advice on
preventing size effects by having at least 7 times the foam cell
size in each direction [30]. Upper and lower surfaces were polished
prior to test, in order to get flat and parallel surfaces. Stress-strain
curves were then obtained after correcting the data from the ma-
chine stiffness (measured on a sample with known stiffness: alu-
minium alloy 2017A at T4 with a Young’s modulus of 74 GPa). One
compressive test per sample type was interrupted several times at
different loads, to enable the evaluation of damage in 3D by X-Ray
tomograhy.

2.2.5. X-Ray tomography

3D damage during compressive test was analysed by X-Ray
computed tomography. Scaffolds were scanned at different strain
levels, using a V|tome|x device (GE Sensing & Inspection Technolo-
gies Phoenix X-Ray GmbH, Boston, MA, USA) (0.3 mm Cu filter,
140 kV X-Ray tube voltage, 1200 projections over 360° rotation, 3
images per projection, 667 ms exposure time, 8 pm voxel size).

In addition, sintered mono-filaments printed with a nozzle of
840 pm were imaged at high resolution using an EasyTom Nano
tomograph (RX Solutions, Chavanod, France) (100 kV X-Ray tube
voltage, 1248 projections over a 360° rotation, 3 images per pro-
jection, 4 s exposure time, 0.45 pm voxel size) to analyse porosity.

All the 3D volumes were reconstructed from the collected ra-
diographs using a filtered back projection Feldkamp-algorithm. Im-
ages analysis was then performed using the free and open-source
Fiji software [31].

2.2.6. Density

X-Ray tomography scans were used to obtain the volume occu-
pied by each scanned scaffold using the same alignment method as
described in a previous work [6]. The scanned scaffolds were then
weighed to be able to get their density. The Ti64 density used to
obtain scaffolds relative density was 4.43g.cm—3.

2.2.7. Porosity

Internal porosity (within filaments) was quantified by analysing
X-Ray tomography scans. After binarisation, a mask is obtained
from each scan of filaments by filling all pores. The initial binarised
scan is then subtracted from this mask to only keep pores. Then
pores are labelled (one label per pore) to get dimensional informa-
tion on each of them, authorising to plot a pore size distribution.
Labels containing eight voxels or less are considered as noise and
are not kept for characterisations. The volume fraction of poros-
ity is obtained by comparing the number of voxels included in the
mask with the number of voxels included in the labelled pores. In
addition, Fiji software is able to detect edges. Thus by adding the
edges of the mask to the stack of pores, it is possible to determine
which ones are open (in contact with the edge of the mask), and
which ones are closed.

2.2.8. Scanning electron microscopy

Images of sample surfaces, cross-sections and fracture surfaces
were acquired within a Tescan Vega3 scanning electron microscope
(SEM) equipped with a tungsten filament (Tescan Orsay Hold-
ing, a.s., Brno, Czech Republic). Both secondary electrons (SE) and
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backscattered electrons (BSE) modes have been used. In addition,
Energy Dispersive X-Ray spectroscopy (EDX) was performed at 20
keV to control chemical composition of the formed phases.

Electron Backscatter Diffraction (EBSD) map acquisitions were
performed in a SEM Zeiss Supra 55 VP with field-emission gun,
equipped with an Oxford Instrument EBSD Symetry camera. EBSD
maps were performed using an acceleration voltage of 20 kV, with
an aperture size of 120 pm, in the high current mode. The step size
was fixed at 200nm, in order to well detect the B-Ti phase.

EBSD maps were post-treated using Channel 5 software and a
5° grain boundary criterion to calculate the mean grain size.

3. Calculation and modeling: C/O diffusion and TigC,
precipitation

Precipitation of titanium carbides has been modeled using in-
house software PreciSo [32,33], a multi-class, Kampmann-Wagner
Numerical (KWN) precipitation model [34] based on Classical Nu-
cleation and Growth Theories (CNGTs). For more details on the im-
plementation on CNGTs, please refer to ref. [35].

Entry parameters of the precipitation model are the tem-
perature profile and the thermodynamic properties of pre-
cipitates (chemical composition of precipitates ie. TigCy from
TTTI3 [36] database, surface energy y, solubility products I%GC4

and ngq in « and B phases). The output parameter is the pre-

cipitate size distribution (N;(r;), the number density of precipitates
of size r;) and the remaining solute content.

Nucleation

The nucleation rate dN/dt gives the flux of precipitates reaching
the critical size R*, above which they are stable and grow:

AN i AGH
E_NOZ/S exp| — kT I(t) 3)

where j stands for either & or 8 Ti matrix, Né is the nucleation site

number density, ZI is the Zeldovich factor, /B*j is the condensation
rate, AG* is the energy barrier for nucleation, kg is the Boltzmann
constant, T is the temperature and I(t) is an incubation coefficient
varying from 0 to 1 with I(0) =0 and I(c0) = 1.

The energy barrier AG*) depends on surface energy and driving
force for precipitation that is calculated from TTTI3 [36] thermody-
namic database via solubility products.

Growth

The growth equation of spherical precipitates is given solving
Fick’s diffusion equation assuming a stationary solute concentra-
tion profile:
dr DL Xg - X&(r)
dt — 1 aX? — X9(r) “)

C C
where « is the ratio of atomic volumes of matrix and precipitates:
a=vP /7 and X2 is the C content and XZ(r) are the equilib-
rium solute concentrations at the interface. They are given by the
Gibbs-Thomson equation (see [37,38]):

6 4 i 20)/UP
TR = i (2% )

Solubility products were fitted from TTTI3 [36] thermodynamic

database for various O contents:

. ci Al .

i
Kmu T2 T +B (6)
where A/, B/ and CJ are constants depending of the O content
of the matrix [Olyy via AJ = @} [Olwey + b}, B/ = a}[Olyy + b} and
C/ = al[Olwe + b
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Table 2
Measured interstitials contents for different conditions associated with their
nomenclature.

Debinding Sintering [C] [0] [N] [H]
Sample conditions conditions (wt%) (wt%) (wt%) (wt%))
Powder - - 0.011 0.102 0.009 0.003
D500 500 °C - 0.187 0.335 0.009 0.012
1 °C.min~!
vacuum
D500- 500 °C 1200 °C 0.184 0.488 0.011 0.002
$1200 1°Cmin~' 10 °C.min~!
vacuum vacuum
D350 350 °C - 0.130 0.125 0.008 0.017
1 °C.min~!
vacuum
D350- 350 °C 1200 °C 0.094 0.219 0.010 0.002
$1200 1 °C.min~! 10 °C.min~!
vacuum vacuum
D350Ar 350 °C - 0.221 0.222 - -
1 °C.min~!
Ar flow
D350Ar- 350 °C 1200 °C 0.157 0.244 - -
$1200 1 °C.min~! 10 °C.min~!
Ar flow vacuum
5- 350 °C - 0.092 0.166 - -
D350 5 °C.min~!
Vacuum
5- 350 °C 1200 °C 0.088 0.273 - -
D350- 5 °C.min~! 10 °C.min~!
$1200 Vacuum vacuum
Table 3
Parameters of the diffusion/precipitation model.
Parameter  Value Unit Ref.
Dy 5.06 x 1074 m2/s [13]
Q¢ 182 KkJ/mol [13]
Dg/# 1.08 x 102 m2/s [13]
Q? 202 KJ [13]
Dy 1.23 x 1077 m2/s [49]
« 150 kJ/mol [49]
py/# 1.6 x 104 m2/s [13]
[0)4 201 kJ/mol [13]
ye 0.2 J/m? fitted
yb 0.2 J/m?2 fitted
as -1978 K/(wt%)  [36]
be 7665 K [36]
a? 1241 K/(wt%)  [36]
b4 7754 K [36]
as -1.827 1/(wt%)  [36]
b -0.210 - [36]
a 0.295 1/(wt%)  [36]
b -1.593 - [36]
a? ~9.133x 105  K?/(wt%)  [36]
b2 8.596 x 10° K2 [36]
a? 5.362 x 10* K2/(wt%)  [36]
b? 9479 x 105 K2 [36]
A 1.029x 102 m3
vy 1743 x1072  m?
vh 1.679 x 102 m3
XCEL’ el 2 wt% fitted
X3!, i 15 wits fitted

In this approach, the surface energy y is the only adjustable
parameter. All model parameters are summarised in Table 3.

Implementations

At each time step, if the number of nuclei is larger than a crit-
ical value, a new class of precipitate is created with number den-
sity N; = dN/dt x At. Then all existing classes grow according to
the solution of the non-linear system formed by Eqs. (4) and (5),
leading to r;(t + At) = r;i(t) + dr/dt x At. Finally, the mass balance
is performed to update the solute content of all solute species.
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Powder particle bulk
[node 0]

Powder particle surface
[node 2]

1 um 1 um

Binder (C/ O)

rich
(a) [node 1]
1200
OQ1000

Temperature (
(2]
o

(b) Time (h)

Fig. 1. (a) Simulated Ti64 powder grain: the precipitation model is applied on 3
nodes exchanging solute atoms: [node 0] represents the bulk of a grain of Ti64
powder, [node 1] represent a C/O rich layer issued from the binder and [node 2]
is the surface layer of the Ti grain. (b) Simulated thermal profile composed of a

debinding stage [stage @], heating to the «/f transformation temperature [stage
®], heating and holding at the sintering temperature [stage @], cooling from sinter-
ing temperature to the 8/« transformation temperature [stage ®] and cooling in «
phase to room temperature [stage @].

Coupled diffusion/precipitation model

In its most recent version called NodePreciso [24,25] (based
on the contributions of Gouné et al [23] and Van Landeghem et
al [39]), the software has been improved to be able to model pre-
cipitation within a chemical gradient of diffusing solute atoms. At
the beginning of the simulation a mesh is defined.

In this simulation, the mesh consisted in 3 nodes. [node 0] and
[node 2] represent the bulk and the surface of a powder particle
(of size 25 pm), respectively, whereas [node 1] represents a C/O
rich layer of the binder (of thickness 1 um) (see Fig. 1 (a)). All
nodes have a given initial solute content X% and are connected to
their neighbouring nodes via a given surface. Each time step of the
simulation starts with a diffusion step during which a node can
exchange atoms with its neighbours. Fluxes of atoms are given by
Fick’s law. Note that precipitation is allowed to occur only in the
Ti particle bulk [node 0].

Thermal treatments

Thermal treatments are modelled by a succession of 5 stages:

a debinding stage [stage @], heating to the «/B8 transformation

temperature T,g [stage @], heating and holding at the sintering
temperature T; [stage @], cooling from sintering temperature to
the B/« transformation temperature Tg, [stage ®] and cooling in
o phase to room temperature [stage @] (see Fig. 1 (b)). Note that
Tg, < Typ, because the cooling rate is high compared to the trans-
formation kinetics, leading to a shift in the transformation temper-
ature [40].

The Python Notebook used to perform all diffusion and precip-
itation simulations is provided as supplementary materials.
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0 100 200 300 400 500
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Fig. 2. Thermogravimetric analysis (TGA) with the two debinded temperatures
studied.

4. Results

This study aimed at understanding the influence of process-
ing parameters on the development of the microstructure of 3D
printed Ti64 alloys, in particular from the point of view of oxygen
and carbon enrichment, and to correlate it with mechanical prop-
erties.

4.1. Set up of debinding thermal cycles

Thermogravimetric analysis (TGA) was realised on dried sam-
ple to be as close as possible to the debinding conditions. Thus,
the only observed mass loss on Fig. 2 is due to the pluronic F-
127 degradation. In addition, the ink contains 5 wt% of pluronic
F-127, meaning that the debinding step is fully completed at 350
°C. Thus, even though previous parts printed with pluronic F-127
were usually debinded at 500 °C or above [10,27,29], a temperature
of 350 °C should be enough. Consequently, two debinding cycles
were studied here: 30 min at 350 °C (minimal temperature for a
complete debinding), and 2h at 500 °C (usual debinding cycle).

TGA was performed under nitrogen flow, but titanium might
easily interact with nitrogen to form titanium nitride, which might
be the reason of the small mass gain observed above 450 °C on
Fig. 2. Thus debinding treatments were performed under dynamic
vacuum or argon flow instead of nitrogen flow. The atmospheres
chosen (vacuum or argon) for debinding are inert and will there-
fore not influence the degradation of the binder (temperature and
kinetics comparable to the measurement carried out under nitro-

gen).
4.2. Resulting interstitials contents

Debinding 2 h at 500 °C or 30 min at 350 °C give rise to car-
bon and oxygen uptake (Table 2). Also, the decrease in carbon con-
tent after sintering for all samples debinded at 350 °C (compared
to their as debinded state) suggests that a small amount of binder
remains after debinding at 350 °C. This seems confirmed by hy-
drogen content evolution for both debinding temperatures: after
debinding (for both conditions) a small amount of hydrogen re-
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200 T

Debinded]
1 — 5-D350
150{ 1 — D350Ar
2 | — D350
7]
g 100 ) Ut A — D500
£ M — Initial powder
50 A
JN:HL A +2h at 1200°C
0 L k A (except for the
20 30 40 50 60
powder)
20 (°)

v [ {0 ' T
150F o a-TiGAMV 8 TiC, o Sintered!
125F ¥ B-Ti6A|4V o E

v
2 100F ¥ o v 3
2
& 75F A A A E
=
50F A J 3
251 J i =
0 . T LAt 1 ]
20 30 40 50 60
28 (°)

Fig. 3. Evolution of XRD patterns after debinding and sintering for different debind-
ing conditions.

mains. It completely disappears after sintering. The only source of
hydrogen being the binder, it can be inferred that whatever the
debinding temperature used, it is the sintering step which makes
it possible to get rid of the binder completely.

Another important point is the carbon content influence on
oxidation. While carbon uptake only takes place during debind-
ing (as the only carbon source is the binder), oxidation occurs at
each step. And oxidation during sintering might be limited by the
presence of carbon, as shown by D350Ar-S1200 samples. Indeed,
at 1200°C under vacuum, carbon is able to reduce titanium ox-
ide [41], and this positive effect of a high carbon pick-up on further
oxidation control, has already been observed in powder injection
moulding of titanium [14].

4.3. Microstructural analysis

Figure 3 shows XRD patterns for debinded and sintered samples
in comparison with the initial powder. Different debinding param-
eters were compared but all the debinded samples were submitted
to the same sintering treatment of 2 h at 1200 °C under secondary
vacuum.

XRD patterns of initial powders and debinded samples show
the presence of the « titanium phase only (Powder Diffraction File
(PDF) 00-044 1294), indicating that there was no crystallographic
transformation during the debinding step, regardless of the de-
binding conditions.

Debinding at 500 °C leads to higher and thinner peaks than
debinding at 350 °C. This can be explained by the recovery
phenomenon induced by the debinding treatment. Indeed, gas-
atomised powders have fine martensitic structure with a potential
high dislocations density, which debinding treatment at least par-
tially decreases. A treatment of 2 h at 500 °C eliminates more dis-
locations than a 30 min treatment at 350 °C. This is confirmed by
the decrease of the “strain-G” parameter (obtained from Rietveld
refinement) with increasing thermal treatment temperature.

After sintering, o phase remains predominantly present within
all samples, together with around 10 wt% of beta-titanium phase
(estimated by XRD, using lattice parameters compatible with those
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given by Malinov et al. [42]). After sintering at 1200 °C, sam-
ples debinded at 350 °C contain no other phase. However, D500-
S$1200 samples contain also a small amount of titanium carbides.
These peaks can be fitted both by considering the cubic TiC lattice
(PDF 01-1222) as well as by considering the cubic TiCyg, lattice
(cif file number 1532224 from the crystallography open database)
and the hexagonal TigC3 75 lattice (cif file number 1540227). These
last two lattices are in agreement with the chemical compo-
sition given as thermally stable by Thermocalc TTTI3 database
(TigCs).

Thus precipitates are only detectable by XRD in D500-S1200
samples after sintering. This means that in others conditions car-
bides are either non-existent or too small or too few in weight to
be detectable. Indeed, 3 wt% of TiC smaller than 30 nm gives a
signal of the order of background noise magnitude.

To get a better overview of these precipitates, surfaces and
cross-sections of both D350-5S1200 and D500-S1200 have been im-
aged by SEM as shown on Fig. 4. Surface structure of the two
samples is completely different. D500-S1200 surface has a gran-
ular appearance with "granule” sizes smaller than the size of Ti64
particles (Fig. 4(a)). This might be due to the formation of a con-
taminant layer on the surface as suggested by the cross-section
(Fig. 4(c)). In comparison, D350-S1200 surface is much smoother,
titanium particles are directly visible. However, it should be noted
that they present faceted surfaces, probably due to anisotropic sur-
face diffusion as explained by Joo et al. study [43]. In addition,
cross-section shown on Fig 4(d) confirms that there is no addi-
tional phase formation on D350-S1200 surface.

Figure 4 (e) focuses on the surface layer of D500-S1200 sample.
This layer can be almost 10 pm thick in some areas. However, its
thickness is not homogeneous and the layer even presents discon-
tinuities as shown on Fig. 4(c).

EDX analysis shown on Fig. 4(e) suggests that this is a carbon
rich layer which might also contain oxygen. In addition to this car-
bon rich layer, titanium carbides can also be found in D500-51200
bulk (Fig. 4(f)), whereas higher oxygen concentration were only de-
tected in sample pores. Also, it should be noted that no carbides
were observed in D350-S1200 bulk, and that carbides in D500-
$1200 bulk were non-homogeneously distributed.

To complete the microstructural study, Fig. 5 shows inverse pole
figure maps obtained for both D350-S1200 and D500-51200 sam-
ples, with their associated phase maps. First it can be observed
that D500-S1200 presents, in average, twice smaller o grains than
D350-S1200. In addition, these smaller « grains are fully equiaxed,
whereas coarser grains of D350-51200 are still lamellar.

Also, the difference in « grains morphology goes with a dif-
ference in morphology of the inter-granular beta phase but does
not seem to change the o [ 8 ratio, with an estimation through
EBSD of 4 to 4.5 % remaining B phase. The difference between
this value and the one estimated through XRD measurements
can be explained by several factors. First, S being the finest
phase, it may be less well indexed and therefore slightly under-
estimated by EBSD. In addition, EBSD is a surface analysis car-
ried out on a relatively small area. Finally, XRD quantification can
lead to an overestimation of the B phase as the presence of alu-
minium in the o phase and vanadium in the 8 phase were not
taken into account and preferential orientation effects were ne-
glected.

Finally, it should be noted that the chosen sintering treat-
ment leads to a residual porosity within filaments of around 12
- 13 %, regardless of the debinding conditions used. As illustrated
by the Fig. 7 of our precedent work [6], this porosity is com-
posed of 97 % of open and interconnected porosity and only 3 % of
closed pores. Combining the macropores of the design with these
residual micropores results in scaffolds with an average density
of 57.3 %.
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D350-S1200

Oxygen

Element| Site 1 Site 2 Site 3
Ti (Wt%)| 79.9 91.2 81.8
Al (Wt%) 0.1 6.6 35
V (Wt%) 0.5 2.2 14.7

C(Wt%)| 143 - -
o wt%)| 8.2 - -

Vanadium

Fig. 4. Surface aspect of (a) D500-S1200 and (b) D350-S1200; Cross-section showing surface of (c) D500-S1200 and (d) D350-S1200 ; EDX analysis showing carbide formation

on surface (e), as well as in the bulk (f) (See Table 2).

4.4. Mechanical properties

4.4.1. Bending properties of constitutive filaments

Three-points bending tests on constitutive filaments enable to
determine the intrinsic mechanical properties of the printed ma-
terial (without structure effect). These tests were performed on
the three conditions D500-S1200, D350-51200 and D350Ar-S1200,
which represent the two extreme amounts of interstitials obtained
and an intermediate case among the sintered materials.

Stress-strain curves presented on Fig. 6 show that D500-S1200
samples are fully brittle whereas the two other conditions lead to

a bit of ductility. The ultimate stress decreases with increasing in-
terstitials amount. As a result, the ultimate strength of the least
brittle sample (D350-S1200) is twice higher than that of the most
brittle one (D500-S1200).

While the use of 0.2L.min~! argon flow does not lead to me-
chanical strength as high as the dynamic primary vacuum due to
higher oxygen and carbon contamination, it seems to reduce scat-
tering of the results. Thus it would be interesting to check whether
increasing the flow would further reduce carbon and oxygen pol-
lution or not.
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Fig. 5. As-sintered microstructure : EBSD inverse pole figure map and its associated
phase map of: (a) D500-51200 and (b) D350-S1200 samples.
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Fig. 6. Three-points bending tests: Stress-strain curves obtained for D500-51200,
D350Ar-S1200 and D350-S1200 with their associated ultimate stress and elongation
at break.

Young’s moduli measured with the stress-strain curves are 60 +
9GPa, 70 + 9 GPa and 68 + 7GPa for D350-S1200, D350Ar-S1200
and D500-S1200 respectively. Considering the high standard devi-
ation, no obvious influence of debinding conditions on the Young’s
modulus can be determined here.

Fracture surfaces shown on Fig. 7 confirm both: the brittle be-
haviour of D500-S1200 samples which are fully cleaved, and the
mixed brittle-ductile behaviour of samples debinded at 350 °C
which present dimples in addition to cleavage. In D500-51200, ti-
tanium carbides can be found in cleavage sites (Fig 7(d)). Carbides
could not be detected at cleavage sites of samples debinded at 350
°C (Fig 7(c)), neither by XRD nor by SEM.

In addition to three-points bending tests, Vickers hardness was
measured for D350-51200 and D500-S1200 samples. The load used
was sufficiently low (500 gf) to characterise only filaments and not
whole structure. D500-S1200 samples present a higher hardness
than D350-51200 samples, with an average value of 298 4 16HV 5
compared to 243 + 8HV 5 for D350-S1200 samples.

4.4.2. Compression tests on scaffold structures

Compression tests were performed on scaffolds from the
two extreme debinding conditions, D500-S1200 and D350-S1200.
Stress-strain curves are shown on Fig. 8.

First it can be observed that the global behaviour of the two
kinds of samples is similar. The elastic domain is followed by den-
sification during which vertical cracks are formed on sample sur-
faces as shown for D500-S1200 on Fig. 8. This phenomenon has
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been previously observed on D350-S1200 [6]. Then an internal
crack is initiated and spreads at 45° throughout the sample. This
crack is initiated earlier and propagates faster for the D500-S1200
scaffolds than for D350-S1200 as highlighted on Fig. 8. For D350-
S$1200 samples, tests were stopped at 90kN to prevent damage of
the 100 kN load cell, thus ultimate strengths were not measured.

Both D350-S1200 and D500-S1200 printed structures present
similar apparent Young’s modulus (around 30 GPa) and yield stress
(around 250 MPa). Although the yield stress of D500-S1200 seems
to be a bit lower and more scattered than the one of D350-51200
(246 vs 265MPa), more statistic is needed to confirm this differ-
ence.

5. Discussion
5.1. C/O uptake

The two pairs of debinding parameters (30 min at 350 °C and
2 h at 500 °C) lead to very different carbon and oxygen enrich-
ments, as shown in Table 2. These values are the result of C/O
diffusion from the binder to the Ti64 particles during the debind-
ing treatment. In order to verify the consistency of these C and O
uptakes, diffusion simulations were performed on a Ti64 powder
particle (bulk: [nodeO] and surface: [node2]) coated with C and O
rich binder layer [node1] (see Fig. 1(a)). All parameters used in this
simulation are recalled in Table 3.

As a first step, no precipitation was permitted within the Ti64
particle and only diffusion of C/O was allowed. Fig. 9 compares the
predicted values of total C and O content in the powder particle
(|[node0] and [node2]) with the amount measured by spectroscopy
for D350, D350-S1200, D500 and D500-S1200 samples.

Starting from the initial C/O contents measured in the pow-
der, the simulation shows a fast enrichment in C and O during
the debinding treatment at 500 °C and no increase in C and O
content during the debinding at 350 °C. The presence of remain-
ing binder noticed after this debinding treatment at 350 °C ex-
plains the higher amount of measured C compared to the simu-
lated one. As the C can diffuse from this remaining binder to the
Ti64 particle during the ramp up of the sintering treatment be-
tween 350 and 500 °C, simulated and measured C contents rejoin
after sintering. Note that O enrichment of Ti64 particles during
the sintering stage at 1200 °C is attributed to the presence of the
quartz (SiO;), which could act as an O source at such high temper-
atures.

This first step of simulation is in agreement with experimental
values and can therefore quantitatively explain the C and O up-
takes during debinding and sintering treatments.

5.2. Carbides precipitation

Two conditions must be met to enable the carbides precipita-
tion: the carbon concentration must be above the carbon solubility
limit in Ti64, and the time or temperature must be long or high
enough to allow diffusion. According to the XRD patterns, these
two conditions are only met for D500-S1200 samples. However
carbon solubility limit at 1200 °C in B-Ti64 containing 0.5 wt% of
oxygen is about 0.32 wt% [36]. Thus, global carbon concentration
measured in all the sintered samples studied here, including those
debinded at 500 °C, is below this solubility limit (see Table 2).
In addition, carbon solubility in the « phase is decreasing below
0.16 wt% at 500 °C. But at this temperature the mobility is proba-
bly not sufficient to allow precipitation as no carbides are observed
in D500 samples. Thus precipitation may occur during the cooling
ramp but in the B phase.

Discontinuities of the surface layer present on D500-S1200
added to the surface topology are more reminiscent of a precipi-
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Element Site 1 Site 2 Whole
Ti (wt %) 93.3 94.9 92.9
Al (wt %) 5.3 37 40
V (wt %) 14 14 3.1
Element Site 1 Site 2 Whole
Ti(wt%)| 949 58.9 89.2
Al (wt %) 29 23 44
V (wt %) 2.2 2.0 3.8
C (wt %) - 36.8 26

Fig. 7. Fracture surfaces: (a) Surface of D500-51200 showing brittle behaviour (cleavage); (b) Surface of D350-S1200 showing mixed ductile-brittle behaviour (cleavage and
dimples); (c) Focus on a cleavage site of D350Ar-S1200 showing standard composition for Ti64 (EDX analysis); (d) Focus on a cleavage site of D500-S1200 showing the

presence of a carbide.

tation phenomenon than a simple oxidation. In contrast with bulk
carbides that present globular shapes to reduce their interface en-
ergy, these surface precipitates keep more elongated shapes, as
they only have one side in contact with Ti64 matrix. Also, it should
be noted that carbides observed in D500-S1200 bulk were non-
homogeneously distributed. This seems in agreement with the hy-
pothesis of a precipitation in 8 phase during the cooling ramp, in
the dual phase temperature range.

The presence of carbides is also highlighted by the morphol-
ogy differences of the o grains. Indeed, the smaller o grains of
D500-S1200 samples (Fig. 5(b)) can be explained by the presence
of titanium carbides, which can limit grain growth due to Zener
pinning [44] or act as nucleation sites for the « grains during
the B — « transformation [45,46]. In addition, their equiaxed mor-
phology is also induced by the presence of titanium carbides as
shown in former studies [45,47,48]. Note that these two phenom-
ena cannot be attributed to the presence of oxygen, since an on-
going study with finer powders having a carbon content similar
to samples D350-S1200 but a higher oxygen content than samples
D500-S1200 reveals a still lamellar microstructure after sintering
with a slight magnification of the alpha grains compared to sam-
ples D350-51200.

In order to verify the observations (no precipitation during de-
binding stages and precipitation of carbides during the sintering
treatment for D500-S1200 samples), precipitation simulations were
performed on the same system as previously (a Ti64 powder parti-
cle (bulk: [node 0] and surface: [node 2]) coated with C and O rich
binder layer [node 1] (see Fig. 1(a))).

In this second simulation step, precipitation was allowed to oc-
cur within the bulk of the Ti64 particle [node 0]. Figure 10 presents
the evolution of precipitate volume fraction during the debinding
and sintering treatments for both debinding temperatures 350 and
500 °C. Not surprisingly, no precipitation occurs during debinding
stages, neither at 350 °C, nor at 500 °C. For both holding tempera-
tures, the solubility limit of C is higher than the maximum amount
of C present in the Ti64, so that no precipitation can occur. Precipi-
tation is not observed either during the heating ramp of the sinter-
ing treatment, even if there is a driving force for precipitation. In-
deed, the nucleation is not occurring due to the low mobility of C:
the dynamic evolution of temperature does not give enough time
for precipitation to occur.

At 1200 °C, precipitation is still not observed because the solu-
bility limit of C in the Ti-f phase is once again too high (0.32 wt%)
compared to the C content (0.2 wt%). However, during the cool-
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ing, as the f — « transition temperature is lowered by the trans-
formation kinetics (as shown in the CCT diagram of Ti-6AI-4V of
Dabrowski [40]), a temperature domain ranging from 1000 to 700
°C exists where mobility and driving forces are high enough for
precipitation of TigC4 carbides to occur during cooling in the Ti-8
phase.

Note that only the sample debinded at 500 °C exhibits a
non-zero volume fraction of precipitates, as observed experimen-
tally. This is because this sample was more enriched in C dur-
ing the debinding stage. In the inset of Fig. 10, it can be ob-
served that the predicted precipitate size distribution is in agree-
ment with the value of 5 pm estimated from SEM characterisation
(see Fig. 4).

From the particle size distribution, it is possible to calculate
Zener [50] and Rios [51] critical grain sizes, giving 250 pm and
500 pm, respectively. These values are much larger than the actual
Ti64-« grain size (approx. 10 pm), confirming that TiC precipitates
do not act as pinning particles, but rather as nucleation sites for
the alpha phase during cooling, as also supposed in other stud-
ies [45,46].
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Stress-strain curves obtained for both D500-S1200 and D350-S1200; X-Ray tomographic sections of both cases showing internal damage for

These precipitation simulations are fully consistent with all ex-
perimental results and therefore validate the following scenario: (i)
C uptake during debinding at 500 °C and (ii) precipitation of car-
bides in the 8 phase during the cooling after sintering, before and
during the 8 — « phase transformation.

5.3. Mechanical consequences

The mechanical properties of Ti64 samples obtained by DIW de-
pend on their oxygen and carbon enrichments and resulting mi-
crostructures. As mentioned in Section 4.2 a carbon enrichment
during debinding can help to prevent oxidation during sintering.
But as both carbon and oxygen can affect ductility, a compromise
between carbon uptake and oxidation should be found. Thus the
use of an equivalent oxygen content, calculated according to the
contribution of each interstitial element on mechanical properties,
might be helpful. This equivalent oxygen content can be defined
as [52]:

Ocq = [0](W%) + 2[N](Wt%) + 0.66[C] (wt%) 7)
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Fig. 9. Total amount of C and O in a Ti64 particle [nodeO]+[node2]) during the de-
binding and sintering processes. The model is based on a C/O rich layer present
during debinding [nodel] (see Fig. 1(a)). The simulated diffusion is compared to
the C and O values obtained by spectroscopy for samples D350, D350-S1200, D500
and D500-S1200 (heat treatments under vacuum).

As the range of measured nitrogen concentration is really nar-
row, Ogq values were calculated using a concentration of 0.01 wt%
of nitrogen for all samples for which no measurement was per-
formed. This equivalent oxygen content enables to conclude that
D350-51200 samples represent the best compromise (with a value
of 0.301 wt%), which is in agreement with bending tests. Also
elongation at break is usually represented as a function of equiv-
alent oxygen content to try to define an acceptable limit. This is
for example well used in studies on metal injection molding pro-
cess [7,14,52].

In order to get rid of the differences in absolute values obtained
due to the difference in porosity of the tested samples, behaviours
obtained in this study were compared to behaviours obtained by
MIM by plotting €y | €g ; €g being the elongation at break obtained
for the most ductile sample. This enables to highlight the similar-
ity of behaviours with a ductility drop for an equivalent oxygen
content around 0.34wt% (see Fig. 11).

In addition, Vickers hardness measured on D350-S1200 samples
(HVg s of 243 + 8) is in agreement with values already observed
on Ti64 samples with similar sintering density [53-55]. However,
D500-S1200 sample presents a higher hardness, 298 4+ 16HV s,
which can be attributed to the higher equivalent oxygen [14].

The presence of carbides in cleavage sites shown in Fig. 7(d)
highlights their role in initiating the cleavage, in agreement with
cracks location observed in Ti64/TiC composites [56]. However,
oxygen in solid solution is also known to deteriorate the ductil-
ity of titanium and most likely play a role on embrittlement as
well [52].

In light of both bending tests on constitutive filaments and
compressive tests, scaffold structures allow to recover some ductil-
ity. However, the difference in interstitial amount between D500-
$1200 and D350-S1200 scaffolds still leads to an important differ-
ence in ductility. Thus debinding temperature used after DIW of
titanium should always be chosen as low as possible.

1

Acta Materialia 219 (2021) 117224

Debinding at 350°C

0.012 1200
—— Simulation [NodePreciSo] 0
S 0.010 e  Estimation [XRD] (350 °C) 1000
'43 Temperature (°C) g.)
o o
& o.008 800 g
g 2
€ 0.006 600 ©
2 o
o aQ
>qo.004 400 £
(0]
< [
 0.002 200
0.000 l 0
0 20 40 60 80 100 120 140
("8 Time (ks)
Debinding at 500°C
0.012 1200
—— Simulation [NodePreciSo]
. ; ; o
g 0.010 Estimation [XRD] (500 °C) 1000 —
B Temperature (°C) )
© 0.0081{ ~ >
£ s le21 £ 800 g
[J] ® Number Iy B
g 0.006 1 T 6! Volume 3000} 600 ©
S g 45 Exp. [SEM], 2000% @
10.004 & a 400 £
Q g2 L ‘ 1000 ¢ &
o € 3
F0.002{ 5, - o 2 200
Radius (um)
0.000 0
0 20 40 60 80 100 120 140 160

Time (ks)

Fig. 10. Evolution of TigC,4 precipitates volume fractions during the debinding and
sintering processes. Precipitation is predicted during cooling from the sintering
stage in the Ti-B phase of the sample debinded at 500 °C (inset: number and vol-
ume precipitate size distributions at the end of debinding/sintering treatment are
in agreements with SEM observations - see Fig. 4).
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Fig. 11. Hardness and elongation at break evolution as a function of equivalent oxy-
gen content. Elongation at break reported in Yan et al. review is represented for
comparison [52].

The ASTM F1108 standard for Ti64 alloy castings for surgical
implants requires the following maximum contents: 0.20 wt% of
oxygen, 0.05 wt% of nitrogen and 0.10 wt% of carbon. Thus the
D350-S1200 group matches the requirement for carbon and nitro-
gen but is slightly above the acceptable oxygen content. However,
in this work, efforts to minimise interstitials enrichment were only
studied during debinding treatments whereas it has been demon-
strated that every step (including the selection of the initial pow-
der) plays a part in interstitial enrichment [14]. Thus it might be
possible to reduce the oxygen content below this acceptable max-
imum by playing on initial powder, minimising the binder con-
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tent, maximising the furnace load during sintering and using yttria
or zirconia sample holders instead of quartz. Another interesting
point would be to check whether an increase in argon flow would
lead (or not) to a better debinding, compared to what has been
measured here.

6. Conclusion

Interstitial content measurements, thermogravimetric, XRD and
SEM analyses and mechanical tests were performed on Ti64 struc-
tures obtained using various debinding treatments after direct-ink
writing. In parallel, a diffusion/precipitation model was applied to
study C and O uptake and titanium carbides precipitation. This
combination made it possible to show that:

350 °C is the lowest temperature that can be used to eliminate
Pluronic F-127 from the 3D printed structures.

Titanium carbides are only present in samples debinded at 500
°C, which contain the highest interstitial contents. This pres-
ence explains the resulting microstructure, with smaller and
equiaxed o grains.

For high enough carbon uptake, titanium carbide precipitation
can occur in the 8 phase during cooling from the sintering tem-
perature.

The loss in ductility observed for an oxygen equivalent around
0.34 wt% is in agreement with previous observations made on
Ti64 parts obtained by MIM.

The scaffold structures enable to recover some ductility com-
pared to the behaviour of constitutive filaments.

The difference in carbon and oxygen intakes caused by debind-
ing conditions variation is quantitatively explained by diffusion.
Therefore, the debinding temperature used after DIW of tita-
nium should always be chosen as low as possible to minimise
interstitials diffusion from the binder to the particles.

In this study, the best compromise in terms of carbon and oxy-
gen uptake is obtained for a debinding treatment of 30 min
at 350 °C under dynamic vacuum, using a heating rate of 1
°C.min~!. This treatment leads to C and N contents in agree-
ment with the ASTM F1108 standard for Ti64 alloy castings for
surgical implants. The oxygen content remains a little bit too
high compared to the 0.20 wt% required by the standard but
could still be decreased by optimizing the sintering conditions
and/or the interstitials contents of the powder used.
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