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Abstract: The aim of this work is to analyze the effect of the heating rate used during the debinding
step on the consolidation of parts fabricated by additive manufacturing using the 3D printing
extrusion of Ti64 samples. The cylindrical samples print by extruding MIM pellets of Ti64 mixed
with a binder. Dilatometry tests follow the densification of the samples by using three different
heating rates during the heating stage. All the samples then undergo the same thermal cycle of
sintering. SEM and XRD analyze the microstructure. Microhardness and compression tests evaluate
the mechanical properties of the sintered samples. We analyze the corrosion behavior under Hank’s
solution. The results indicated that the heating rate used during the debinding step affects the
densification by reducing this as the heating rate increases. After sintering, a lower relative density is
reached, resulting in decreased mechanical properties and corrosion resistance. The Young’s modulus
and yield strength correspond well with those of the Ti64 samples prepared by other techniques with
similar porosities. Despite the remaining porosity, the parts fabricated by SLM had worse corrosion
behavior than ours. The main conclusion is that the isothermal step during debinding is not necessary
to ensure complete binder elimination, which will reduce the process time and thus, the fabrication
costs of parts by this technique.

Keywords: additive manufacturing; sintering; kinetics; mechanical properties; corrosion

1. Introduction

Currently, the demand for bone implants has greatly increased due to different sick-
nesses and accidents, as well as long life expectancy. Ti and its alloys, in particular Ti6Al4V
(Ti64), are the most commonly used materials for the fabrication of bone implants. Various
techniques have been used and/or studied to fabricate such parts [1-3]. Among them,
additive manufacturing (AM) is the most promising for designing parts close to human
bones and reducing costs [4]. In metallic parts, techniques using lasers, such as selective
laser melting (SLM), electron beam melting (EBM), and laser powder bed fusion (LPBF),
have received much attention, and there are many studies on this topic [5-9]. Although the
laser-based technique is a good alternative, it still has some disadvantages for obtaining
parts with a bone-like configuration. As a different route, 3D extrusion printing has recently
emerged as a new alternative for producing parts by using metal injection molding (MIM)
feedstock, which provides slightly more flexibility for controlling the microstructure and
properties at the particle scale [10-13].
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Two main ways exist to produce printed parts using the extrusion technique, which
depends on the feedstock form used. The first method uses filaments as feedstock [14-17],
and the second method uses pellets [18-20]. In both processes, the feedstock is forced
to pass through a nozzle to form a thinner filament that follows the impression path
programmed to obtain a green part. After that, the part must be consolidated in two steps:
binder elimination and sintering. It has been reported for MIM that binder elimination
is a key step in obtaining parts without defects [21,22]. The binder elimination of MIM
feedstock is carried out in two steps: solvent and thermal debinding. The first is usually
made by immersing the parts in water or different solvents at temperatures lower than
80 °C. This process does not show the formation of defects since the binder eliminated is
approximately 2 wt.%. However, thermal debinding is more complicated since the quantity
of binder eliminated is greater than 10 wt.%, which could lead to the formation of defects,
cracks, and the delamination of the parts. Therefore, different works have studied the effect
of the thermal cycle used to eliminate the binder, reporting some interesting results [23-28].
Hamidi et al. reviewed the different thermal debinding cycles used for parts fabricated by
MIM and reported that the heating rate varied from 2 to 10 °C/min with isothermal holding
times up to 10 h [23]. Seerane et al. determined the optimal thermal cycle for debinding
Ti64 parts fabricated by MIM and concluded that the most important parameter during
binder elimination is the heating rate. They found the best results when a 5 °C/min heating
rate was used at 450 °C for 1 h [24]. Singh et al. fabricated parts by metal fused filament
fabrication (MF3), and they used thermal cycle debinding composed of different steps
but with a slow heating rate of 1 °C/min at different temperatures (250 °C, 330 °C, and
440 °C). All the debinding steps were too long at approximately 23 h to ensure the complete
elimination of the carbon contained in the binder. After sintering, they obtained parts
with 94% relative density and mechanical properties similar to those reported for MIM
parts [25]. Gonzalez-Gutierrez et al. fabricated copper parts by metal extrusion fabrication
and evaluated the thermal elimination of the binder at two different temperatures, 250 °C
with 1 h of holding time and then heating to 450 °C with 1 h of holding time at a heating
rate of 2 K/min. They concluded that this thermal schedule was satisfactory for obtaining
the bending properties of complex parts that cannot be obtained by other processing
techniques [26]. Singh et al. fabricated parts by 3D-printed extrusion of 17—4 PH steel and
copper using a MIM feedstock. They used a heating rate of 1 °C/m up to 500 °C with a
dwell time of 1 h to obtain highly dense parts [27,28]. It is understood that having slow
thermal cycles can ensure complete binder elimination, avoiding the possibility of defects
in the fabricated parts. Nevertheless, it also leads to higher production costs due to its
high energy consumption, high-purity gases for disposal, and low mass production over
a long period of time, aspects seen from an industrial production point of view that can
generate losses. Enneti et al. estimated an expense of 2.5 dollars per kg of part mass for the
removal of the binder from small parts using an 8 h cycle [29]. Therefore, the purpose of
this work was focused on evaluating such thermal removal in 3D-printed extrusion parts
using different heating rates during the debinding step up of to 500 °C with a one-hour
dwell time in order to evaluate the effects and interparticle defects that could be formed
during binder removal and thus optimize the heating parameters to reduce the cost and
production time.

2. Materials and Methods
2.1. Materials and 3D Print

The raw material was obtained from PolyMIM (Bad Sobernheim, Germany) and is
composed of Ti64 particles with a particle size distribution lower than 45 um and two
polymers, namely polyethylene glycol (PEG) and some wax (not precisely specified by the
provider). The cylindrical pellets were approximately 5 mm in diameter and were directly
poured into the screw-based extrusion printing machine AIM3D 3D printer (Germany).
The samples of 8 mm diameter and 12 mm height were designed in a CAD model by using
SolidWorks software (2022 version), and then the model was imported by the Simply 3D
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program that connects with the 3D printer. The impression parameters used had a layer
thickness of 0.05 mm, a nozzle speed of 20 mm/s, an extrusion flow rate of 120% of the
standard value, an extrusion temperature of 196 °C, a bed temperature of 60 °C, and an
infill density of 100%. These parameters were optimized by Singh et al. [30] for MIM pellets
of copper furnished by the same company. For further details on the printing parameters,
see [27,28,30].

2.2. Debinding and Sintering

Binder elimination was carried out in two stages. First, the samples were immersed in
distilled water at 60 °C for 12 h with magnetic stirring. After that, the samples were dried in
a furnace under air at 100 °C for 2 h. Then, the second stage was a thermal process, which
was investigated in this work. This process is achieved in a Linseis L75 vertical dilatometer
(Germany) under a high rate of flowing argon. The isothermal temperature during debinding
was fixed at 500 °C, as reported for works using the same binder [27,28,30]. The heating
rate during this stage varied from 2 to 10 °C/min. After this stage, sintering was performed
at 1300 °C with a dwell time of 1 h using a heating rate of 20 °C/min. Similar sintering
parameters were evaluated by Obasi et al. for Ti64 parts fabricated by the MIM technique,
for which densities of 96.4% were obtained [31]. Finally, the samples were cooled inside the
dilatometer at 20 °C/min under a flowing argon atmosphere.

2.3. Sample Characterization

The longitudinal sections of the sintered samples were cut, and half of the samples
were mounted on conductive Bakelite for surface preparation and handling. The surface
was metallographically preprepared by polishing with different SiC papers and alumina
powders with a particle size of 1 pm. Finally, the samples were subjected to ultrasonication
in a bath for 30 min. The microstructure was observed by scanning electron microscopy
(SEM) with a JEOL JSM 7600F field emission scanning electron microscope (FESEM). The
crystalline microstructure was determined by X-ray diffraction (XRD) using a D8 Bruker
diffractometer. The XRD patterns were acquired with K alpha copper radiation and an
energy of 30 kV and 30 mA, with a step size of 0.2 and a time step of 1 s in the 20 range of
30-90°. The crystallite size is determined by using the free software MAUD.

To analyze the residual porosity of the sintered samples, 3D images were acquired
with a Zeiss Xradia 510 Versa nanotomograph. The beam intensity was 120 kV, and
1600 projections were recorded at approximately 360° of the sample with a CCD camera of
1024 x 1024 pixels with a voxel size of approximately 6 pm. The image analysis focused on
segmenting the porosity in the whole sample by following manual thresholding to obtain
binary images; more details can be found elsewhere [32].

2.4. Mechanical Properties Testing

Microhardness tests were performed with a Mitutoyo MVK-HVL microhardness tester.
Twenty indentations were made on the sample’s surface with a load of 50 g/f and a dwell
time of 15 s on each sample. The compression tests were carried out in an Instron 1150
universal mechanical testing machine at a strain rate of 0.5 mm.min~! following ASTM
D695-02. The Young's modulus (E) and the yield stress are calculated from the elastic
behavior of the stress-strain curves.

2.5. Corrosion Tests

The corrosion behavior was evaluated using a potentiostat-galvanostat “CorrTest elec-
trochemical Workstation CS350” with a standard three-electrode cell. The samples were
evaluated in Hank’s solution, and the evaluation sequence was as follows: an initial open
circuit potential (OCP) test for the stabilization of the cell potential for 50 min, followed by
electrochemical impedance spectroscopy (EIS) tests in a frequency range of 100,000 Hz to
0.01 Hz, with a perturbation amplitude of 10 mV vs OCP. Finally, potentiodynamic tests were
performed in the potential range from —0.5 V to 1.0 Vs OCP, with a sweep rate of 0.5 mV/s.
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3. Results
3.1. Debinding and Sintering Analysis

The extruded filament is shown in Figure 1a, in which particles are imbibed in the
binder with small isolated pores. To obtain the relative density of the filament, a 3D
image was acquired by computed tomography. The voxel resolution of such images was
approximately 0.5 um because the filament diameter was approximately 400 um. Virtual
2D slices show the distribution of the particles inside the filament (Figure 1b). The binder
occupies interparticle spaces with a few isolated pores. To determine the relative density of
the solid particles, a virtual cube of 500 x 500 x 500 voxels was cropped from the center
of the image, and a thresholding procedure was used to segment the Ti64 particles. The
relative density is calculated by counting the number of voxels that correspond to the Ti64
particle divided by the total number of voxels in the cropped cube. A 61.5% relative density
was obtained. Figure 1c also shows the distribution of the particles in 3D, and the particle
size distribution was obtained by granulometry (Figure 1d) [33]. Most of the particles are
smaller than 25 um, and the median particle size is 15.9 um.

b
Cumulative volume fraction

(d)ﬂ 0 - Illl ?Iﬂ . 3‘0 4‘0 50

Particle size (um)
Figure 1. SEM images (a,b) 2D virtual slices in grayscale image, (¢) 3D image of the particles inside
the extruded filament and (d) particle size distribution. The arrow shows that data in the blue line
are in the left of “y” axis.

The axial deformation during debinding and prior to sintering is depicted as a function
of the temperature in Figure 2. The heating rate is varied during the debinding stage, but
the same heating rate is used for the sintering stage. First, thermal dilation is observed up
to 160 °C, at which point negative deformation starts. This is due to binder elimination,
which is consistent with the TGA results reported for feedstocks containing similar kinds
of binders [28]. The binder elimination ends at approximately 350 °C, depending on the
heating rate at which the binder elimination is retarded. After that, the sample did not
undergo any dimension changes in the axial direction until sintering was activated at
650 °C; this temperature is consistent with that reported for sintering Ti64 particles [34-36].
Once the sintering is activated, a negative deformation is observed until the sintering
plateau is reached. Then, during isothermal sintering, linear deformation is observed until
cooling starts. At the end of sintering, the samples with the slowest heating rate during the
debinding stage exhibited greater shrinkage and negative axial deformation.
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Figure 2. Axial strain as a function of temperature during the sintering cycle of the printed samples
with different heating rates used during binder elimination.

With the aim of determining the changes during the whole debinding and sintering
stage, the strain rate is depicted as a function of the temperature or time during the
isothermal plateaus in Figure 3. The first stage is debinding during heating from room
temperature to 500 °C. Figure 3a shows the strain rate as a function of the temperature
for the three different heating rates used during this stage. A negative peak is found
when binder elimination is activated, which becomes more pronounced as the heating rate
increases. In addition, the temperatures at which binder elimination was activated were
163,173, and 182 °C for samples heated at rates of 2, 5, and 10 °C/min, respectively. After
the peak reached the maximum value, a decrease in the strain rate was observed until the
value approached 0, indicating that no additional changes occurred in the axial dimension
of the samples. The sample heated at 2 °C/min shows a second peak at 415 °C that could
correspond to the final elimination of the binder, which is consistent with the TGA results
reported elsewhere [28]. On the other hand, samples heated at 5 and 10 °C/min do not
show this final peak, which suggests that the binder is eliminated in a short period of time.

Figure 3b shows the strain rate as a function of time during the isothermal plateau at
500 °C, which has been reported to be used for binder elimination in most of the samples
fabricated by either MIM or printing 3D by extrusion [23-28]. The strain rate remains near
0 for all samples, indicating that no displacement in the axial directions of the samples is
detected during the whole plateau. This suggests that all the binder is eliminated during
the heating stage, with no visual effect during the isothermal stage of debinding.

Figure 3c shows the strain rate as a function of temperature during the sintering stage.
For all the samples, the same heating rate of 20 °C/min was used in this stage. The different
samples were named 2, 5, and 10 °C/min as a reference for the heating rate used for the
debinding stage. It is observed that sintering is activated between 650 and 660 °C, which is
not important since sintering activation has been previously reported from 650 to 700 °C for
Ti64 particles depending on the particle size and impurities [34-36]. During the sintering
stage, the strain rate is barely the same for all samples, which indicates that sintering is
well developed during the heating stage. On the other hand, during the sintering plateau,
as shown in Figure 3d, the strain rate increases as the heating rate used during the debiding
stage decreases. This difference during isothermal sintering increases the final relative
density after sintering as the heating rate used during the debinding stage increases to 97,
95, and 92% for samples heated at rates of 2, 5, and 10 °C/min, respectively (Table 1). This
could suggest that the rapid elimination of the binder generates a rearrangement of particles
with larger interparticle pores that inhibit sintering at the final stage, in which the isolated
pores appear and are more difficult to close. This could generate a slow densification
during the isothermal stage, which is observed from Figure 3d.
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Figure 3. (a) Strain rate as a function of temperature during the debinding step, (b) strain rate as a
function of time during the 500 °C plateau used for binder elimination, (c) strain rate as a function
of temperature up to reach the sintering plateau and (d) strain rate as a function of time during the
1300 °C plateau.

Table 1. Relative density and mechanical properties of sintered samples with different heating rates
during the debinding step.

Heating Rate (°C/min) Relative Density (%) E (GPa) oy (MPa)
2 97.1 903 £2 827 £13
5 95.8 86.1 £ 0.5 800 + 4
10 92.1 81.6+13 775 £12

3.2. Sample Characterization

After sintering, 3D images of the whole samples were acquired with a voxel resolution
of approximately 6 um (Figure 4), with the aim of detecting the formation of large pores
and/or defects created during the debinding-sintering process. Other works have reported
crack formation, fissures, or larger pores formed during the debinding process [29,30].
Virtual 2D slices were extracted from the centers of the samples, in which any defects
or large pores were observed regardless of the heating rate used during the debinding
step. To determine the porosity, the pores were segmented from 3D images by manual
thresholding, and a 3D rendering of the pores is shown for each sample. It was found that
the porosity increases as the heating rate increases, particularly when 10 °C/min is used,
and a few pores can be found in the center of the sample. Nonetheless, some remaining
pores are detected, and their size is less than 20 um. The printing process was similar for all
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the samples, which indicates that some larger pores can be formed during the debinding
step for higher heating rates. This could confirm that some particle rearrangement occurs
during binder elimination when the heating rate is faster, which agrees with the strain rate
found by dilatometry. The pore volume fractions measured from the 3D images are 1.7, 3.1,
and 4.4% for samples heated at rates of 2, 5, and 10 °C/min, respectively. These porosity
values are lower than the real porosity measured because the voxel resolution of 3D images
does not allow the detection of pores smaller than 6 pm; however, this analysis focused on
defect formation.

(a) 500 um

'j:(b) : ' i ._-"»vsoomn

/

"_500 pm

Figure 4. Virtual 2D slices and 3D rendering of pores in the whole sample after the debinding-sintering
process for samples with heating rates of (a) 2, (b) 5, and (c) 10 °C/min during the debinding step.

Figure 5 shows the microstructure of the samples from a polished surface, where it
is possible to observe the small pores and the « + (3-Ti lamellar microstructure, which
is reported for Ti64 alloys. The circular isolated pores confirmed that the samples are
denser than 90%; however, it is not possible to establish a difference in the quantity of the
remaining pores. This is mainly because the surface preparation fills some pores during the
polishing step. Therefore, to determine whether the heating rate during the debinding step
has an influence on the final microstructure, the XRD patterns of each sample are shown
in Figure 6. First, the presence of both a + 3-Ti phases is confirmed for all the samples.
Next, the crystallite size in the « phase was estimated from the XRD patterns by using the
Rietveld technique. The obtained values were 1445 4 72 A, 1273 4 51 A, and 1033 + 32 A
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for the samples heated at rates of 2, 5, and 10 °C/min, respectively. These values can be
attributed to the abovementioned disorder generated during the elimination of the binder,
and the crystalline structure is affected in the same way; these same results are associated
with the densities obtained, as shown in Table 1. It was also assumed from Figure 6 that
all the binder was eliminated because the formation of titanium oxides and/or titanium
carbides was not detected. Nevertheless, in order to confirm that no carbon is absorbed
during additional tests are needed.

(@) — 100um (b) — 10pm

() —— 100um (d — 10um

() —— 100um ) — 10pm

Figure 5. SEM images of the samples after sintering with different heating rates during the debinding
step. (a,b) 2 °C/min, (¢,d) 5 °C/min, and (e,f) 10 °C/min.

——10°C'min

J.M WWM
— SCnin
fo-Ti

Intensity (a.u.)
T
=

K g ; ': \AJ
v v

ML LA LA LA L B
30 3540 45 50 5560 657075 8
50

Figure 6. X-ray patterns after the sintering of samples with different heating rates during the

debinding step.
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3.3. Mechanical Properties

Since microhardness is a mechanical property that, in turn, depends on the elastic limit
of the material, Figure 7 shows that the results plotted are the average of 20 indentations
made all over the surface of each sample. The results of the three samples do not reflect
a major difference between them. However, the microhardness slightly increased as the
heating rate increased. Although the values between the samples are close, the difference
could be associated with the crystallite size (grain), as mentioned by Cherkaoui and
Capolungo [37]. As the grain size decreases, the mechanical strength increases. The
average values of the microhardness are in the range of those reported for samples sintered
with similar relative densities and particle size distributions [36].

400

——

(93]

a1

o
1

250 -

200 A

150 A

100 A

Microhardness (HVZOUg)

a1
o
1

2 5 10
Heating rate (°C/min)

Figure 7. Microhardness as a function of the heating rate during the debonding step.

The stress-strain curves of all the samples after sintering are shown in Figure 8. Similar
behavior is found for all the samples, and a curve of the test of a solid bar of Ti64 is added
for comparison with the samples fabricated by 3D printing. The Young’s modulus (E)
and yield strength (oy) were calculated from the elastic part of the curves and are listed
in Table 1 as a function of the heating rate used during the debinding step. The E values
decreased as the heating rate increased from 90 to 81.6 GPa. A similar trend is associated
with oy 827 to 775 MPa. In comparison, the E and oy of the solid bar were calculated to
be 104 GPa and 801 MPa, respectively. The reduction in the E values is associated with
an increase in the pore volume remaining after the consolidation of the samples, as was
reported in the power law proposed by Gibson and Ashby [38]. Nevertheless, the value of
oy shows a small increase with respect to the solid bar, which can be associated with the
microstructure that can be refined for sintered materials in comparison to those obtained by
casting. The elongation of the samples is similar, although the sample heated at 5 °C/min
has the lowest elongation. Compared with the solid bar, the elongation was similar. To
compare the results with materials fabricated by similar processes, Ye et al. obtained a
value of 800 MPa for oy using a slower heating rate of 3 °C/m [39], while in this study, the
same value was obtained but at a rate of 5 °C/m. On the other hand, Singh et al. sintered
at 1250 °C and during binder removal at a heating rate of 1 °C/m obtained a oy, of 745 MPa
with a density of 94.2% [25]. Finally, Zhang et al. used two heating rates within the same
ramp, 5 °C/m at 300 °C followed by 2 °C/m at 550°, and, although they evaluated different
sintering temperatures, they obtained a higher value of E (155.25 GPa) for the samples
sintered at 1340 °C [40].
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Figure 8. Stress—strain compression curves of samples sintered at the same temperature but with

different heating rates used during debinding.

3.4. Corrosion Analysis
Figure 9 shows the polarization curves of the Ti64 samples fabricated with different
heating rates during the debinding step. The corrosion potential (Ey) does not have a
defined tendency; however, the values are close to each other, all having electronegative
values ranging from —0.322 V to —0.279 V (see Table 2). This indicates that the susceptibility
to corrosion under immersion is similar for the three samples analyzed. These values are
better than those reported by Chen et al. [41] for the Ti64 parts fabricated by SLM (—0.548 V)
in Hank’s solution. On the other hand, the corrosion rate (Vo) shows a clear trend, in
which the corrosion rate increases with an increasing heating rate (see Table 2). This
phenomenon occurs because at a low heating rate, there is a higher density, which indicates
a consolidated system with a smaller electrochemically active area. In contrast, at a higher
heating rate, there was a lower density, which generated a greater quantity of isolated
pores that could help the solution to sink, increasing the corrosion rate. A greater porosity
increases the electrochemically active area, which increases the charge transfer and favors
the anodic reaction [42]. It is important to mention that under all heating conditions, a
passivation phenomenon was observed at a current density of 1 x 107> A/cm?. The
sample with the lowest heating rate shows a better stabilization of the passive layer than

the other samples.

2
1.5 -
1 -
S
~ 0.5 A
=
0 -
-0.5 4
T- -~ 10°C/min
-1 —r o —rrrer —rrrr
1x107° 1x1077 1x107° 1x1073

i (A/cm?)
Figure 9. Polarization curves for Hank’s solution of samples sintered at the same temperature but

with different heating rates used during debinding.
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Table 2. Corrosion parameters obtained from the polarization curves evaluated in Hank’s solution.

Heating Rate Ep (V) b, V/DEC) b, (mV/DECQC) Icorr (A/cm?) Vorr (mm/year)
2 C/min —0.322 432 187 1.079 x 107 0.0022 +1 x 1074
5 C/min —0.279 294 239 3.55 x 1077 0.0073 £ 3 x 104
10 C/min —0.312 567 267 6.88 x 1077 0.0143 +£ 7 x 1074

In Figure 10a, the Nyquist diagrams are presented, in which the formation of incom-
plete semicircles can be observed and in which the 2 °C/min condition presents a higher
imaginary impedance (Z”) close to 16,000 Q-cm?. On the other hand, the 5 °C/min and
10 °C/min conditions presented a much lower imaginary impedance of approximately
4000 O)-cm?. Nevertheless, the sample heated at 10 °C/min showed the lowest impedance
among all the samples. This is corroborated in the impedance Bode-module diagram, in
which the same behavior is presented for the different heating conditions (Figure 10b).
Furthermore, the phase Bode-angle diagram (Figure 10c) shows that the 2 °C/min heating
condition reaches a maximum peak at approximately —80° at disturbance frequencies of
approximately 100 Hz. The 5 °C/min and 10 °C/min conditions also present a maximum
peak at this same frequency; however, as the heating rate increases, the magnitude of the
phase shift decreases. Due to the heating rate conditions that have been previously ana-
lyzed, having a higher density structure presents a higher resistance to corrosion because
the impedance is inversely proportional to the capacitance of the electrochemical double
layer (2 °C/min condition). In contrast, a less dense structure (higher porosity) contains
more active sites for the anodic process, which reduces the impedance and increases the
capacitance of the electrochemical double layer. This is associated with a larger electrochem-
ically active area and processes such as lower passivation leading to a higher susceptibility
to corrosion (10 °C/min sample).

—1.840
100, —— 2Cinin
—16x10 O N SClmin
; 10°C/mis
—14x104 100m] mmn
—1.2a0|
o S —
g~ < 10004
: :
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—40'4 -
—2Cmin 104
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Figure 10. (a) Nyquist diagram, (b) Bode impedance module diagram, (c) Bode phase angle diagram,
and (d) equivalent electrochemical circuit (EEC).
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To quantify the susceptibility to corrosion, the impedance spectra are adjusted at
each heating rate by means of an equivalent electrochemical circuit (EEC), as shown in
Figure 10d. This circuit consists of a solution resistance (Rs) and two parallel elements
consisting of a constant phase element (CPE) and the polarization resistance (Rp). The
values related to this adjustment are shown in Table 3. The sample heated at 2 °C/min
generated a polarization resistance of 519,180 Q-cm?; in contrast, the samples heated at 5
and 10 °C/min showed similar polarization resistances with values close to 70,000 Q-cm?.
This is again associated with the correlation that the higher the density is, the more the
polarization resistance increases remarkably; otherwise, a higher heating rate reduces
the polarization resistance, increasing the susceptibility to corrosion. This process was
complemented by the polarization curves described above. It is important to note that
the CPE-P decreases with an increasing heating rate. This reduction is associated with
the constant phase element behaving as a more resistive element rather than a capacitive
element because of the porosity and low density of the material.

Table 3. Equivalent electrochemical circuit parameters obtained from EIS tests.

Heating Rate (°C/min) Rs Q-cm? CPE-T F-cm?-S7-1 x 105 CPE-P Rp OQ-cm?
2°C 20.64 4.6267 0.86573 519,180
5°C 22.54 5.9358 0.81447 70,926
10°C 29.6 9.964 0.76706 70,637

Cheng et al. [43] and de Assis et al. [44] evaluated the corrosion resistance of Ti64 in
Hank’s solution through Bode diagrams, which represented the results obtained from the EIS
tests, and they detected capacitive behavior, which indicates the formation of a passive layer in
the system. This behavior is obtained at an approximate phase angle of —90°. This is related to
the behavior obtained for the 2 °C/min condition. In addition, Tamilselvi et al. [45] observed a
higher current density in samples with a higher surface porosity. Such behavior is observed in
the results obtained in this work because although the current density increases as the heating
speed increases and the heating rate increases, the density slightly decreases, and the porosity
of the system increases. Hamza et al. [46] performed a microstructural characterization of
the Ti64 parts obtained by SLM and wrought that were subjected to corrosion tests. They
determined that the presence of the 3 phase was responsible for obtaining a higher corrosion
resistance, with values close to those obtained in this work.

As discussed above, the heating rate used during the debinding step has an effect on
the densification of the samples, which is mainly due to a rearrangement of the particles
that make larger interparticle pores, which inhibits densification. As a consequence, the
mechanical properties and corrosion resistance decrease as the heating rate during the
debinding step increases. On the other hand, the debinding plateau at 500 °C is not
necessary to ensure binder elimination since binder elimination is carried out during the
heating stage of the samples. Figure 11 shows the axial deformation during debinding and
sintering for a sample heated at 5 °C/min with and without a debinding plateau. The axial
deformation is barely the same, and the relative density reached is 95%, which suggests
that all the properties should be similar.
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Figure 11. Axial strain as a function of temperature during the sintering cycle of the printed samples
heated at 5 °C/min during the debinding step with and without an isothermal plateau during binder

elimination.

4. Conclusions

This work analyzed the effect of the heating rate used during the debinding step on
the sintering kinetics, densification, and the consequences that led to the microstructure,
mechanical, and corrosion properties, which led us to the following conclusions:

The heating rate during the debinding step affects the densification of the samples by
a rearrangement of particles that form larger interparticle pores that are difficult to close
during sintering. However, no defects were created during the debinding step even for the
highest heating rate used.

The isothermal debinding step is not necessary to ensure the complete elimination
of the binder; therefore, removal from the thermal cycle is suggested to reduce the pro-
cess time.

The mechanical properties of the samples are related to the quantity of pores remaining
after the consolidations process, which increased as the heating rate increased.

The corrosion behavior shows a similar trend to that of the mechanical properties, but
the values obtained are in the range of fully dense Ti64 and better than those reported for
SLM fabrication.
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