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Porous titanium alloys have been extensively used for diverse engineering applications. However,
current additive manufacturing (AM) strategies face significant challenges (e.g., low fabrication
efficiency and limited shape diversity) in producing porous titanium alloys. This work aims to develop a
distance-controlled direct ink writing (DC-DIW) approach for constructing macroscale 3D
architectures from titanium alloy powders. This approach integrates a constant interlayer distance
control with traditional DIW, breaking through the angle limit in current porous metal printing from 60°
to 30°. Additionally, subsequent heat treatment is applied to control microstructures. To demonstrate
the capabilities of this approach, three representative structures, including a bifurcated tube, an orbital
implant, and a knee implant, are successfully printed and treated, achieving suitable mechanical
properties and high shape fidelity. This work provides a viable and efficient AM strategy for fabricating
porous titanium alloys with enhanced shape diversity and controllable porosity suitable for various

engineering applications.

Porous metals are materials characterized by high and controllable porosity,
with microscale pores that are either interconnected or isolated'~*. Common
materials used to make porous metals include aluminum, titanium, copper,
nickel, and their alloys"”. Among these, titanium alloys are significant
because of their unique properties, such as high strength-to-weight ratio®,
excellent corrosion resistance’, and good biocompatibility”’. Particularly,
porous titanium alloys offer high toughness and low stiffness, which help
avoid  stress-shielding” and  enhance  biocompatibility =~ and
osseointegration'*". Additionally, porous titanium alloys provide custo-
mizable mechanical properties'', making them extensively used in various
engineering applications'’™"".

In contrast to traditional manufacturing methods (e.g, powder
metallurgy’® and forming techniques™), additive manufacturing (AM) is an
emerging technology that allows for the creation of metal products with
customized designs and complex architectures”. There are two main stra-
tegies for the fabrication of porous metals using AM: (1) pixel-by-pixel based
and (2) sacrificial additive based. In the first strategy, a high-energy laser or
electron beam spot is used to selectively sinter and/or melt metal powders in

a pixel-by-pixel manner to create each pore and the overall architecture.
Representative AM methods for this strategy include selective laser
sintering™, electron beam melting™, and direct metal laser sintering”’. While
this approach can produce pores with complex internal structures and
accurately control porosity, its pixel-by-pixel printing method significantly
reduces fabrication efficiency, especially for scaling up porous metallic
products™*. In addition, the high cost of the equipment needed for gen-
erating high-energy lasers and electron beams increases the manufactur-
ing cost.

To improve fabrication efficiency and reduce manufacturing costs,
recent advancements have focused on the sacrificial additive-based strategy.
In this strategy, metal powders are mixed with sacrificial additives/particles
and solvents to prepare build materials. Generally, direct ink writing (DIW),
a cost-effective material extrusion three-dimensional (3D) printing tech-
nique, is used to extrude the build material through a nozzle, forming
continuous filaments that are deposited layer-by-layer to create a pre-
defined macroscale structure. Subsequently, heat treatment is performed to
burn out the sacrificial additives and solvents, resulting in microscale pores.
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This strategy has been adopted to print various porous metals and alloys. For
instance, Chen et al.”’ fabricated microlattices from high-entropy super-
alloys using a three-step process: printing 3D structures with the ink com-
posed of elemental powders and titanium alloy powders, sintering to densify
and homogenize the structures, and aging to tune the microstructure.
Valentin et al.”’ developed a self-supporting titanium-6% aluminum-4%
vanadium (Ti64) ink consisting of Ti64 powders and a polymer/particle
matrix to print 3D structures which were further sintered in a furnace to
produce Ti64 parts. Xu et al.”' combined DIW with vacuum sublimation to
manufacture porous implants, using DIW for constructing macroscale
structures and sublimation of manganese to create micropores in the
structures. However, due to the poor interlayer bonding strength, DIW is
limited to creating simple geometries such as lattices”, 60°-tubes,
honeycombs®, and scaffolds™". For more complex designs with over-
hanging sections at angles below 60°, numerous supporting scaffolds are
required, similar to the structure limitation in fused deposition modeling
(FDM)™. For example, Xu et al.”* developed a multi-material DITW method
to fabricate complex 3D steel architectures with supporting scaffolds made
from sacrificial, low melting-point metals like copper. Despite these
advancements, some challenges still remain, including additional post-
treatments to remove scaffolds and high material waste. Therefore, it is
necessary to improve DIW approaches to produce porous metals with
enhanced shape diversity and minimized material waste.

In this work, a distance-controlled direct ink writing (DC-DIW)
approach is introduced. This approach integrates a constant interlayer
distance control method with traditional DIW to construct macroscale 3D
architectures from a slurry ink composed of titanium alloy powders and
sacrificial additives embedded in a polymer matrix. After printing, heat
treatment is applied to remove the sacrificial components, sinter titanium
alloy powders, and control the resulting pore geometries at the microscale.
The DC-DIW approach aims to overcome the angle limit of traditional
DIW, extending it from 60° to 30°. This innovative method offers a viable
and efficient AM strategy for fabricating porous titanium alloys with
enhanced shape diversity and controllable porosity for a wide range of
engineering applications.

Results

Mechanism of the DC-DIW approach

The schematic of the proposed DC-DIW approach is illustrated in Fig. 1. In
the material preparation step, the Ti64 slurry ink comprises four key
components as follows. (1) Ti64 powders are employed as the metallic

component to create functional products after sintering. (2) Bentonite
particles act as the yield-stress additive. Bentonite is a type of nanoclay with
negatively charged faces and positively charged edges, enabling the elec-
trostatic interactions between particles. When dispersed in a solvent, ben-
tonite particles form a unique “house-of-cards” arrangement, which
provides a self-supporting capability for DIW and stabilizes Ti64 powders to
prevent undesired particle aggregation™. Since the ink is self-supporting,
crosslinking between layers is unnecessary and not preferred, as it may cause
interfacial stress and/or incomplete fusion between newly deposited liquid
layers and previous crosslinked layers, negatively affecting the integrity and
mechanical properties of as-printed parts”. (3) Polyethylene glycol dia-
crylate (PEGDA) is used as the polymer solvent to support the printed
structure after UV crosslinking. (4) The photoinitiator (PI) drives the
crosslinking of PEGDA under UV radiation. These components are shown
in Fig. 1A.

In the DIW step, the Ti64 slurry ink is loaded into a syringe. Because
the external shear stress is lower than the ink’s yield stress, the “house-of-
cards” arrangement remains intact. At the macroscale, the Ti64 slurry ink
presents in a solid state (inset of Fig. 1B1). When high-pressure air is applied,
the ink is extruded through a dispensing nozzle. Within the nozzle, the
external shear stress increases and exceeds the inK’s yield stress, disrupting
the “house-of-cards” arrangement (inset of Fig. 1B2). This disruption
induces the ink to transition from a solid-like state to a liquid state at the
macroscale. After deposition, the external shear stress significantly decrea-
ses, allowing the bentonite’s “house-of-cards” arrangement to rebuild.
Consequently, the ink transitions back from a liquid to a solid-like state,
enabling the printed structure to stably maintain its as-printed architecture
even without crosslinking.

Following printing, a photocrosslinking step is performed by exposing
the 3D structure to UV radiation, as shown in Fig. 1C. The photoinitiator
(Irgacure 2959 in this work) absorbs UV photons, leading to homolytic
cleavage of molecules and the generation of free radicals’* ™. These radicals
react with the carbon-carbon double bonds (C=C) in the acrylate groups of
PEGDA to form new radicals that react with acrylate groups on other
PEGDA molecules, creating covalent bonds and forming a 3D network
within the printed structure (inset of Fig. 1C)*"*. This network provides
permanent and robust support, stabilizing the architecture®.

Finally, a multi-step heat treatment is conducted in a vacuum furnace.
During the first and second steps, PEGDA and bentonite are removed from
the structure at 500°** and 800 °C***, respectively. In the third step, the
temperature is increased to promote solid-state sintering of Ti64 powders, as

Fig. 1 | Schematic of the proposed DC-DIW
approach. A Preparation of the Ti64 slurry ink.

B DIW of the Ti64 slurry ink into a pre-defined 3D
structure and the microstructure evolution B1
without and B2 with external shear stress.

C Photocrosslinking to induce the solidification of
the printed structure. D Multi-step heat treatment to
remove unnecessary components and sinter Ti64
powders. E Representative applications of the prin-
ted porous metal structure.
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Fig. 2 | Effects of key printing parameters on shape
diversity. A Constant step distance control method
in current DIW: A1 schematic and printed tubes
with theinclined angle of A2 60°, A3 45°,and A4 30°.
B The proposed constant interlayer distance control
method in DC-DIW: B1 schematic and printed
tubes with the inclined angle of B2 60°, B3 45°, and
B4 30°. C Effects of interlayer distance: formation of
C1 floating layer, C2 stable layer, and C3 com-
pressed layer at different conditions. D Phase dia-
gram to summarize the effects of two dimensionless
numbers on the shape diversity. Scale bars: 5 mm.
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shown in Fig. 1D. The pore characteristics, such as pore size and porosity,
are influenced by the sintering temperature and duration. The resulting
porous metal structure features a well-defined macroscale architecture and a
controllable microstructure, making it suitable for diverse engineering
applications, including orthopedic and dental implants, filters, and heat
exchangers (Fig. 1E). This work aims to address two major engineering
challenges in current methods for constructing porous metals: the con-
strained inclined angle (>60°) in the DIW step and microstructure control
during heat treatment.

Effects of key printing parameters on shape diversity

In traditional DIW, a constant step distance (d;), also called layer height, is
controlled between layers to print 3D structures in air, as shown in Fig.
2A1. This approach imposes significant limitations when printing over-
hanging architectures. For instance, as illustrated in Fig. 2A2-A4, the tube
structure can maintain its overall shape when the inclined angle (¢) is 60°.
However, as ¢ decreases to 45°, the tube structure partially collapses, and
at ¢ of 30° the structure completely collapses. Consequently, external
scaffolds are often required for printing overhanging sections with an
inclined angle of less than 60°. This is because the bonding strength
between layers is influenced by the interlayer distance (dp), instead of the
step distance, which can be described by dy= di/sing. Thus, as ¢ decreases
from 90° to 30°, df increases twofold at a constant step distance, which
results in a reduced contact area between layers. Therefore, the previously
deposited layers cannot adequately support subsequent ones, leading to
the collapse of the printed tubes.

In the proposed DC-DIW approach, dy is controlled (Fig. 2B1) to
mitigate the challenges associated with varying inclined angles. As shown in
Fig. 2B2-B4, three tubes with inclined angles of 60°, 45°, and 30° are printed
via DC-DIW. Due to the sufficient contact area between layers, these tubes
exhibit high interlayer bonding strength and overall structural stability.
Specifically, even when ¢ is 30°, the printed tube still maintains its shape with
much of the structure suspended above the substrate.

In addition to the interlayer distance, the filament diameter (D) also
affects the contact area and bonding strength between layers. To illustrate
the effects of these critical printing parameters (ds and D) on the shape
diversity of printable structures, a dimensionless ratio 8 = dy/D is defined.
When the interlayer distance exceeds the filament diameter (e.g., > 1.0),
floating layers are deposited without sufficient contact area, leading to the
collapse of the printed tube with each layer, as illustrated in Fig. 2C1. When
B =0.75, the proposed DC-DIW approach effectively prints a 30° tube with
well-defined geometries (Fig. 2C2). Conversely, when df is much smaller
than D (e.g., < 0.5), the compression from the nozzle tip and extruded ink
exceeds the yield stress of the Ti64 slurry ink, causing deformation (Fig. 2C3)
or even the failure of the entire tube structure. By coupling 3 with another
dimensionless ratio sing, diverse tubes can be printed with varying para-
meters, as summarized in the phase diagram in Fig. 2D. It is observed that
when f is around 0.75, the proposed DC-DIW approach can effectively
print tubes with various inclined angles. In contrast, when f is outside the
optimal range (e.g., less than 0.5 and/or higher than 1.0), DC-DIW can only
produce overhanging sections with steeper inclined angles. This phase
diagram serves as a guideline for selecting suitable printing parameters to
create diverse 3D structures via DC-DIW.

Microstructure control by multi-step heat treatment
An essential requirement for porous metals is the ability to control micro-
structural features, such as pore size and porosity, which significantly impact
the mechanical properties at the macroscale. This control also enhances
other beneficial properties, including corrosion resistance in chemical
engineering™, thermal insulation in aerospace applications', and cell pro-
liferation in biomedical fields”***. This work investigates the effects of
temperature and time, two critical sintering parameters, on porous micro-
structure formation and the resultant mechanical properties.

Initially, the samples made from Ti64 slurry ink are sintered in the
vacuum furnace at three temperatures (1200, 1350, and 1500 °C) for 2 h. The
relative densities of these samples (with the density of bulk Ti64 as the
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reference) are shown in Fig. S1. As the sintering temperature increases from
1200 to 1500 °C, the relative density decreases from 92.6 +0.88 to
89.9 + 0.79%. This decrease is attributed to variations in the microstructures.
As illustrated in Fig. S2, both the porosity and pore size increase with the
increasing sintering temperature: the porosity rises from 7.4 +0.88 to
10.1£0.79% (Fig. S2A), and the pore size increases from 5.17 +0.48 to
3441+222pm (Fig. S2B). The same trend is also observed for the
nanoscale pores, as shown in Fig. S3. This is because the increase in tem-
perature leads to the expansion of encapsulated gases within the printed
structure (i.e., carbon monoxide and carbon dioxide), which are generated
from the thermal degradation of PEGDA***’ and bentonite***’. Addition-
ally, the short sintering time does not allow sufficient gas expulsion to enable
effective solid-state sintering of Ti64 powders™, leading to larger pores,
increased porosity, and reduced relative density. The microstructure images
of the samples sintered at different temperatures (Fig. S4) reveal a decrease
in the neck width among adjacent Ti64 powders from 47.84 £ 1.76 to

>
Rl
—_
[=3
(=}

26.86 + 2.60 pum, as shown in Table S1. This change is consistent with the
increase in the mesoscale pore size from 5.17 + 0.48 um to 34.41 + 2.22 ym.

Despite the lower relative density at 1500 °C, this temperature remains
the most effective for enhancing solid-state sintering. To further investigate
its effect, the sintering time is extended from 2 to 6 h. Sintering for extended
durations, such as 8 or 10 h at high temperatures, may be detrimental to the
samples, as excessive sintering results in significant grain growth, which may
lead to strength loss’**. As shown in Fig. 3A, extending the sintering time
increases the relative density from 89.9 +0.79 to 93.3 +0.35% due to the
enhanced sintering among Ti64 powders™**. This explanation is supported
by the change in porosity and pore size. As shown in Fig. 3B, the porosity
decreases from 10.1 +£0.79 to 6.7 + 0.35%. Simultaneously, the mesoscale
pore size decreases significantly from 34.41 +2.22 to 7.16 + 0.56 um, as
illustrated in Fig. 3C, while the nanoscale pore size also reduces from 209.27
to 87.27 nm, as shown in Fig. S5. Therefore, the prolonged sintering leads to
the shrinkage and closure of many pores, densifying the fabricated
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Fig. 3 | Characteristics of porous Ti64 structure after multi-step heat treatment.
Effects of sintering time on A relative density, B porosity, and C pore size.
D Microstructure images of the Ti64 samples sintered for different time durations at

20 (°)

1500 °C. E PF modeling results: sintering of E1 two and E2 multiple Ti64 powders for

different time durations at 1500 °C. F Effects of sintering time on elastic modulus.
G Crystal structures of the porous Ti64 samples before and after sintering.
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structures™ . The pore size change is also visible in the images in Fig. 3D.
Based on the measurements in Table S2, the average neck width increases
from 26.86 +2.60 to 55.63 + 2.83 um, indicating the ongoing solid-state
sintering.

To identify the mechanisms responsible for the microstructure evo-
lution during solid-state sintering, the phase-field (PF) modeling™™ is
employed to simulate the sintering of Ti64 powders with a diameter of
80 pum. The details in the modeling are summarized in Supporting Infor-
mation S7. The particle coalescence and neck formation at different tem-
peratures (ie., 1200, 1350, and 1500 °C) are illustrated in Fig. S6. It is
observed that the neck width for two separated particles increases from 0 to
29.80 um with the increasing temperature, while the neck width for nine
particles also increases from 23.86 to 30.70 um. The simulation results are
not consistent with the experimental results in Table S1. This is because, at
the short sintering time of 2 h, gas expansion may affect the solid-state
sintering more than surface diffusion and grain boundary diffusion. In the
PF modeling, this factor is not considered, leading to the deviation between
the simulated and experimental results. However, when the temperature is
elevated to 1500 °C, the gas generated from the thermal degradation of
PEGDA and bentonite is expulsed and its effects on the microstructure
evolution are negligible. In this case, the neck width of two separated par-
ticles increases gradually from 29.80 to 41.26 um as the sintering period
extends from 2 to 6 h, as shown in Fig. 3E1. A similar result is also obtained
when simulating the sintering process of nine particles: the neck width
increases from 30.70 to 40.26 um (Fig. 3E2), which matches well with the
experimental data as summarized in Table S2. This consistency indicates
that at elevated temperatures, the surface diffusion and grain boundary
diffusion dominate the sintering process and significantly affect the
microstructure formation.

The evolution of the microstructure significantly impacts the
mechanical properties of porous metal structures at the macroscale. Fig. S7A
illustrates the stress-strain curves for the samples sintered at different
temperatures, while Fig. S7B depicts their corresponding elastic moduli. The
data shows that as the sintering temperature increases, the elastic modulus
decreases from 0.98 + 0.010 to 0.63 + 0.006 MPa. This trend aligns with the
observed changes in relative density, porosity, and pore size as detailed in
Supporting Information S1, S2, and S3. Furthermore, the samples sintered
for different durations are analyzed, with the stress-strain curves shown in
Fig. S8. The elastic modulus of these samples increases from 0.63 + 0.006 to
1.27 £ 0.012 MPa when the sintering extends from 2 to 6 h at 1500 °C, as
shown in Fig. 3F. This increase suggests that prolonging the sintering time at
an elevated temperature enhances the solid-state sintering of Ti64 powders,
thereby improving the mechanical properties™.

Detection of residues after sintering

It is worth noting that the elastic moduli measured in this study (ranging
from 0.6 to 1.5MPa) are lower than those of the Ti64 products
(20~120 GPa) in published literature®"*, which also exhibit higher relative
density and minimal porosity. This discrepancy can be attributed to two
primary factors. First, different porous metal AM methods yield different
microstructures. For instance, Xiao et al” printed the porous
Ti64 structures using selective laser melting, which transiently increased the
temperature above 1650 °C to induce rapid melting rather than compara-
tively slow solid-state sintering of Ti64 powders, enhancing the inter-
powder bonding at the microscale as well as the mechanical properties at the
macroscale. Second, potential residues remaining after heat treatment may
weaken the mechanical properties of the porous Ti64 structures. To explore
the composition of these residues, X-ray diffractometer (XRD) analyses are
performed on the pure Ti64 powders as well as the Ti64 slurry ink before
and after multi-step heat treatment. As shown in Fig. 3G, the XRD spectrum
for the pure Ti64 powders exhibits the characteristic a peaks at the 26 values
of 35.5° (110), 38.5° (102), 40.5° (101), and 53.5° (102)*. When bentonite
and PEGDA are added to prepare the slurry ink, the XRD spectrum pre-
dominantly displays the same characteristic peaks without additional dis-
tinct peaks from bentonite and PEGDA. This absence can be attributed to

the low concentration of bentonite (4% (w/v)) in comparison to Ti64 (50%
(v/v)) and the amorphous nature of PEGDA®. After heat treatment of the
slurry ink at 1500 °C for 2, 4, and 6 h, the XRD spectra reveal the emergence
of three sharp characteristic peaks corresponding to titanium carbide (TiC)
at the 26 values of 36.8°, 42.8°, and 62.9°. This indicates that carbon atoms,
which remain in the structure after heat treatment®, react with Ti64 at
temperatures above 1350 °C to form TiC”. A low-intensity peak at 26 of
27.5° is observed, which corresponds to the titanium dioxide (TiO,) rutile
phase (110)*, suggesting the oxidation of Ti64 powders at elevated tem-
peratures. As the sintering time increases, the intensity of Ti64 peaks
decreases while TiC peaks become more pronounced, reflecting the ongoing
carbonization of Ti64 powders. These undesired residues (ie., TiC and
TiO,) result in the reduced mechanical properties of the sintered porous
Ti64 structures. To mitigate Ti64 oxidation and carbonization, an inert gas
such as helium” or argon’ can be used to rapidly expel oxygen while
providing a protective atmosphere for Ti64 powder sintering™. Addition-
ally, advanced techniques like plasma’ and microwave™ sintering offer
effective methods to minimize the presence of carbon monoxide and other
carbon-based gases that promote TiC formation”.

Freeform fabrication of diverse 3D structures via DC-DIW

After evaluating the effects of printing parameters and microstructure for-
mation, three representative 3D structures with complex architectures are
printed to demonstrate the printing capability of the proposed DC-DIW
approach. First, a bifurcated tube is designed with two overhanging sections
possessing an inclined angle of 45° (Fig. 4A1). Using the proposed DC-DIW
approach, this bifurcated tube can be directly printed in air with precise
architectural details, as illustrated in Fig. 4A2 and Movie S1. The bifurcated
tube presents an outstanding self-supporting capability to sustain its shape
before UV crosslinking due to the accurate control of interlayer distance and
filament diameter. Following UV exposure, the PEGDA component in the
tube forms a networked microstructure, providing the necessary stiffness for
the subsequent heat treatment (Fig. 4A3). Then, the multi-step heat treat-
ment is conducted on the tube to produce the bifurcated structure (Fig.
4A4). The heat treatment process begins with the removal of PEGDA and
bentonite. Specifically, the pyrolysis temperature of bentonite is 800 °C,
which is approximately half of the melting point of Ti64 (1660 °C).
Therefore, solid-state sintering of Ti64 powders accompanies the beginning
steps of the heat treatment, sufficiently bonding Ti64 powders to retain the
tube’s shape and preventing the risk of collapse. The key dimensions, such as
tube height, width, and inner diameter, are measured and compared to the
designed values, as summarized in Table S3. The relative errors are 6.95%,
6.51%, and 9.00%, respectively, indicating the high printing accuracy. The
functionality of the bifurcated tube is demonstrated by injecting colored
water into each channel. Yellow (Fig. 4A5) and black (Fig. 4A6) drips are
observed at the tube’s exit as different colored water is alternatively perfused,
which is recorded in Movie S2, validating the operational effectiveness of the
printed structure.

An orbital implant is designed (Fig. 4B1) to explore the potential
biomedical application of the proposed DC-DIW approach. The printing
process is shown in Fig. 4B2 and recorded in Movie S3. The key dimensions
of the as-fabricated implant are measured in Table S4 with low relative
errors along different directions, including 2.40% in length, 3.28% in width,
and 6.67% in thickness. To illustrate its application in repairing an orbital
fracture, a human skull model is partially reconstructed using FDM. Due to
the implant’s high accuracy, it can be smoothly inserted into the skull to
patch the fracture, as illustrated in Fig. 4B4 and Movie S$4.

Finally, a knee implant is designed (Fig. 4C1) and fabricated using the
DC-DIW approach (Fig. 4C2 and Movie S5). The knee implant has the key
dimensions of 43.88 mm in length, 53.34 mm in width, and 14.22 mm in
height. The fabrication of this implant aims to validate the capability of the
proposed approach to produce large-scale biomedical structures. After
sintering, the dimensions of the knee implant (Fig. 4C3) are measured as
listed in Table S5. The relative errors in length, width, and height are 5.33,
1.63, and 4.64%, respectively. This accuracy allows the knee implant to align
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Fig. 4 | Representative structures printed by DC- A)

Fabrication of Bifurcated Tube

B) Fabrication of Orbital Implant

DIW. A Fabrication of bifurcated tube: A1 3D
model design, A2 DC-DIW process, A3 UV curing
step, A4 tube after heat treatment, and A5 and A6
dripping different colored water through the bifur-
cated tube. Scale bars: 10 mm. B Fabrication of
orbital implant: B1 implant design, B2 DC-DIW of
implant in air, B3 implant after heat treatment, and
B4 implant aligned with the fractured skull. Scale
bars: 15 mm. C Fabrication of knee implant: C1

3D model
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precisely with a 3D-printed tibia (Fig. 4C4) to replace a knee damaged by
arthritis. Additionally, the femur and synthetic meniscus are reconstructed
using FDM and assembled with the tibia and knee implant, as shown in Fig.
4C5 and Movie S6. These results highlight the feasibility of using DC-DIW
to fabricate customized biomedical components, demonstrating its relia-
bility as an AM technique for diverse healthcare applications.

Discussion

Although Ti64 is selected as the exemplary titanium alloy in this work, the
matrix ink proposed in the DC-DIW approach is miscible with other tita-
nium alloys with enhanced biocompatibility for biomedical applications,
e.g., titanium-6% aluminum-7% niobium and titanium-13% niobium-13%
zirconium”*’*. Additionally, other metals (such as tin, aluminum, zinc, and
their alloys™) that have been printed by traditional DIW can also be pro-
duced and sintered through the DC-DIW approach. Moreover, ceramic
oxides (e.g., alumina and zirconia’>’®) and non-oxides ceramics (e.g., boron
carbide and silicon nitride”’®) can be incorporated to prepare diverse slurry
inks for the fabrication of end-use parts by DC-DIW. When printing these
metallic and nonmetallic materials, three essential requirements must be
fulfilled to design slurry inks. First, the effects of build material powder on
the ink’s rheology need to be considered. Generally, a yield stress
(10-200 Pa) is needed to prepare self-supporting inks for DC-DIW, which
enables slurry inks to maintain complex geometries and support subsequent
layers”. In addition, a thixotropic recovery time below 1s is typically
required to ensure the rapid recovery of microstructures within slurry inks
after extrusion through the nozzle””. Second, it is necessary to select a desired
combination of sintering temperature and time which can guarantee the
occurrence of solid-state sintering of powders when decomposing the
bentonite powders. Finally, the powder size and concentration directly affect
the porosity and average pore size of the printed parts after sintering and
need to be carefully selected.

In this work, a “printing-then-solidification” strategy™ is applied to
print diverse 3D parts via DC-DIW. In this strategy, a liquid Ti64 structure is
constructed in air and maintains its as-printed shape due to the self-
supporting capability of the slurry ink. After printing, UV radiation is used
to solidify the entire structure simultaneously. The advantage of this strategy
is at the liquid state, adjacent layers can fuse well with each other to prevent
the delamination defect. However, the use of “printing-then-solidification”
limits the achievable maximum size. When a tall structure is printed, the
maximum stress at the bottom layer may exceed the yield stress of the slurry

ink, leading to the liquefication of the bottom layer and the collapse of the
entire structure. To address this challenge, UV radiation can be integrated
with DC-DIW to cause the gradual solidification of the bottom layer(s) as
the current layer is being printed. Thus, it is technically feasible to print
scaled-up 3D structures.

The mechanical performance and microstructures of titanium alloys
differ significantly based on the applied AM methods. Usually, powder
bed fusion techniques, like selective laser melting and electron beam
melting, can produce titanium alloys with fully dense microstructures and
enhanced elastic moduli (approximately 7.22 GPa)™*™. In contrast, DIW
is featured by printing titanium parts with porous microstructures and
relatively weak mechanical properties. For example, Coffigniez et al.”' and
Montufar et al.”” produced titanium scaffolds with an average micropore
size ranging from 15 to 20 um and an average porosity of 13% through
DIW and sintering, which are close to the pore size and porosity in this
work. Specifically, Montufar et al.”” performed the plasma sintering in the
post-treatments and achieved scaffolds with an elastic modulus of
1.14 GPa. Whilea porosity range of 27-58%"*, an average pore size range
of 300-600 um, and an elastic modulus range of 2-19 GPa*** are con-
sidered beneficial for cell proliferation of titanium bone implants, tita-
nium implants with micropores below 20 um, like those produced
through DC-DIW, are necessary for applications that require increased
surface area for cell attachment, greater absorption of bone inducing
proteins, increased calcium and phosphate ion exchange, and the for-
mation of apatite®*. In addition, low porosities (5-10%) are beneficial for
replicating the porosity of cortical bone and reducing the risk of fatigue
failures®"’. Also, the reduced mechanical properties of titanium structures
produced through DIW are efficient in preventing the stress-shielding
effect and possible bone resorption at implant-bone interfaces”. There-
fore, the proposed DC-DIW approach is more suitable for printing porous
titanium products, like cortical and trabecular bone implants, for bio-
medical applications. To keep improving the mechanical properties of
Ti64 parts in this work, three research directions can be delved into. First,
the sintering temperature and time need to be further optimized based on
the prediction of the developed PF modeling platform. Second, some
advanced sintering techniques, such as spark plasma sintering”* and
microwave sintering™, can be applied, which are promising to reduce the
sintering time to less than 20min while offering greater porosity
control’"*. Finally, residuals in the heat treatment must be analyzed by
some characterization techniques (like scanning electron microscope and
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XRD) and well controlled through the use of inert gas and/or the appli-
cation of these advanced sintering techniques.

In summary, a DC-DIW approach is developed to fabricate porous
metals with intricate 3D structures. This approach employs a constant
interlayer distance control method to ensure adequate contact area, over-
coming the inclined angle limitation of current DIW techniques for printing
overhanging architectures. By precisely controlling the interlayer distance
and filament diameter, it is feasible to print overhanging features with an
inclined angle of 30° without building external supporting scaffolds. A
multi-step heat treatment is applied to regulate the microstructure by
adjusting the sintering temperature and duration. Additionally, a phase-
field modeling platform is established to theoretically predict the pore size
and neck width of the as-fabricated parts. XRD analysis is conducted to
identify undesired residues from the heat treatment, which weaken the
mechanical properties. Lastly, the printed porous Ti64 structures, including
the bifurcated tube, orbital implant, and knee implant, demonstrate the
potential of the proposed DC-DIW approach for diverse future applications.

Because of the relatively weak mechanical performance of the as-
fabricated parts, future work will focus on optimizing the multi-step heat
treatment to prevent undesired carbonization and oxidation of Ti64 pow-
ders, aiming to propel the key mechanical properties to the end-user pro-
duct level. In addition, comprehensive degradation studies will be
conducted to evaluate the long-term stability and safety of the printed
porous Ti64 implants under physiological conditions since one of the major
applications of titanium alloys is to produce biomedical implants. For the
theoretical studies, a 3D PF modeling platform will be established to more
accurately predict the neck and pore evolution. Particularly, gas dynamics
will be considered in the 3D simulation to understand the effects of gas
expansion on solid-state sintering at specific temperatures and time dura-
tions. Finally, more biological studies, such as cytotoxicity, cell adhesion,
proliferation, and differentiation, will be performed, which not only validate
the functionality of the printed Ti64 for potential biomedical applications
but also offer biological data to guide the design of the microstructure within
the fabricated porous metals.

Methods

Ti64 slurry ink preparation

Ti64 was selected as the main metallic component to print the porous metal
structures. The slurry ink was prepared following an identical protocol to
that described in an earlier publication™. First, the matrix ink was prepared
by diluting the stock polyethylene glycol diacrylate (PEGDA) solution (Mn
700, Sigma-Aldrich, St. Louis, MO) with deionized (DI) water to a con-
centration of 30% (v/v). Next, the photoinitiator (2-hydroxy-4’-(2-hydro-
xyethoxy)-2-methylpropiophenone, Sigma-Aldrich, St. Louis, MO) was
dissolved in the diluted PEGDA at a concentration of 2% (w/v). Afterward,
bentonite particles (Bentonite® clay, BYK Additives Inc., Gonzales, TX) were
added to the solution at a concentration of 4% (w/v) and mixed uniformly
using a glass rod. Finally, Ti64 powders (Ti-6A1-4V grade 5, AP&C, Bois-
briand, Canada) were manually mixed into the matrix ink at a concentration
of 50% (v/v) and then loaded into a syringe barrel for printing.

Customized DIW system and printing experiments

A customized DIW system was employed to print different structures from
the Ti64 slurry ink. This system was based on a modified commercial FDM
3D printer (Kobra 2 Neo, Anycubic, Guangdong, China). The modification
included the integration of a pneumatic control system (UltimusPlus I, EFD
Nordson, Westlake, OH) to regulate the on/off status and dispensing
pressure. A 20-gauge tapered nozzle with an inner diameter of 0.60 mm and
length of 31.75 mm (EFD Nordson, Westlake, OH) was employed to print
tubes with varying inclined angles (i.e., 30, 45, and 60°). The dispensing
pressure was set at 0.3 bar (1 bar = 100 kPa) and the path speed was con-
trolled at 7 mm/s. The standoft distance for the first layer was set at 0.75 mm.
Three interlayer distances (i.e., 0.30, 0.45, and 0.60 mm) were tested to
evaluate their effects on printing quality. The tube had a designed diameter
of 20 mm and was made from a single filament per layer.

The same dispensing nozzle, pressure, and path speed were used to
print various 3D structures from the Ti64 slurry ink. Specifically, a bifur-
cated tube with an overall height of 9.5 mm, an inclined angle of 45° at the
bifurcation, and a diameter of 2.0 mm was designed using SolidWorks 2023
(Dassault Systems SolidWorks Corp., Waltham, MA) and sliced using the
Cura 5.3.1 software (Ultimaker, Zaltbommel, Netherlands). The interlayer
distance for this model was set at 0.45 mm. Additionally, the orbital and
knee implant models were designed in SolidWorks 2023 and scaled to the
appropriate sizes for demonstration, with interlayer distances set at
0.45 mm. A digital camera (DC-FZ80, Panasonic, Osaka, Japan) was utilized
to document the printing processes and capture images of the printed
structures.

UV curing and heat treatments

After printing, the structures were subjected to an ultraviolet (UV) curing
system (OmniCure Series 2000, wavelength: 320-500 nm, Lumen
Dynamics, Mississauga, Canada) to chemically crosslink the PEGDA
component in the bifurcated tube, orbital implant, and knee implant. The
UV light was positioned 10 cm from the printed structures, and the curing
time was set at 60 min based on the previous work™.

After UV crosslinking, the structures were transferred to a single-zone
vacuum tube furnace (1700 °C 1-zone, Across International, Livingston, NJ)
equipped with an alumina tube (®60 mm Xx 1000 mm in size, CT-60-100,
Across International, Livingston, NJ) for the multi-step heat treatment. In
the first and second steps, the furnace temperature was set at 500 and 800 °C,
respectively, with a time duration of 2 h for each step. In the last step, three
sintering temperatures (i.e., 1200, 1350, and 1500 °C) were tested to examine
their effects on the formation of porous structures. All steps used a heating
rate of 10 °C/min. The sintering time was varied at 2,4, and 6 h to evaluate its
impact. After sintering, the structures were cooled to room temperature
within the furnace at a cooling rate of 10 °C/min before being removed from
the furnace.

Mechanical property testing

The Ti64 slurry ink was perfused into a homemade, cylindrical poly-
dimethylsiloxane (PDMS) mold to prepare the compression specimens
(@12 mm x 5mm). To crosslink the specimens, the mold was placed
under the UV curing system for 60 min. After curing, the specimens were
removed from the mold and transferred to the furnace for the multi-step
heat treatment. Different sintering temperatures and durations were
applied to study their effects on mechanical properties. After heat treat-
ment, the specimens were subjected to uniaxial compression tests at room
temperature using a mechanical tester (Model 3369, Instron Universal
Testing Machine, Instron, MA). The compression speed was set at
0.5 mm/min. The force-displacement curves were recorded for each
specimen, from which the stress-strain curves were derived. The elastic
modulus of each specimen was then calculated from its respective stress-
strain curves.

Microstructure characterization

The microstructures of the compression specimens were also characterized.
The specimens sintered under different conditions were examined using a
high-precision measurement system (Vertex 261, Micro-Vu, Windsor, CA)
to assess the surface quality. The system was set to a magnification of 209x to
image and measure the mesoscale pore size and the inter-particle neck
width. After capturing the images, Image]J software (https://imagej.nih.gov/
ij/) was utilized for data processing. The enhanced function was applied to
improve the contrast and visibility of the features of interest. Subsequently,
the images were converted to 8-bit grayscale to standardize the data for
analysis. A thresholding function was then employed to delineate the Ti64
particles from the surrounding pores, allowing for clear differentiation
between solid and void regions. After compression, the sample remains were
transferred into the sample cells and immersed in liquid nitrogen for further
analysis. A Brunauer-Emmett-Teller (BET) specific surface area and pore
size analyzer (Belsorp MINI X, Microtrac, York, PA) was used to measure
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the nanoscale pore size of the specimens. Additionally, a helium gas
pycnometer (BELPYCNO L, Microtrac, York, PA) was employed to
determine the density of the specimens.

Phase-field modeling

To investigate solid-state sintering in this study, a qualitative two-
dimensional phase-field (PF) model was employed using the Multiphysics
Object-Oriented Simulation Environment (MOOSE), which was developed
by the Idaho National Lab®. This model serves as a powerful tool for
capturing microstructure evolution by minimizing the system’s total free
energy. The details on the application of PF modeling in various processes
have been introduced in the previous studies’” and summarized in the
supporting information. The key material parameters utilized for simulating

57-59

the sintering process of Ti64 powders were available in the literature’
Crystal structure analysis

To analyze the chemical composition and crystal structure of the Ti64 slurry
ink during the sintering process, five grams of each sample were prepared.
The samples included untreated Ti64 powders, untreated Ti64 slurry ink,
and Ti64 slurry ink sintered at 1500 °C for 2, 4, and 6 h. Each sample was
manually milled to a homogeneous powder using a mortar and pestle. The
elemental composition and crystal structure of the resulting powders were
analyzed by an X-ray diffractometer (XRD; D8 Advance, Bruker, Billerica,
MA) equipped with a Cu-Ka conventional sealed X-ray tube, a goniometer
assembly, and a LYNXEYE XE-T detector. The X-ray source was operated at
40kV and 40 mA. The XRD measurements were performed using a 6-20
configuration over a range of 3° to 90°.

Demonstration of as-fabricated 3D structures

Before the demonstration, the key dimensions of the bifurcated tube,
orbital implant, and knee implant were measured by the high-precision
measurement system. For the bifurcated tube, two tubings (0.5 mm inner
diameter PTFE tubing, PerkinElmer, Waltham, MA) were inserted into the
bifurcated sections. These tubings were connected to two syringe pumps
(Pump 11 Elite, Harvard Apparatus, Holliston, MA, and NE-300 Just
Infusion Syringe Pump, New Era Pump Systems Inc., Farmingdale, NY).
DI water, alternatively with yellow and black dyes (McCormick, Hunt
Valley, MD), was pumped into the bifurcated tube to simulate the process
of switching fluids. The skull and leg bone models were printed on an FDM
3D printer (Super Racer, Flsun, Henan, China) using polylactic acid (PLA)
fibers (1.75 mm, HATCHBOX, Los Angeles, CA). The printed implants
were assembled with their respective models to demonstrate their clinical
applications.

Statistical analysis
Except for the XRD, all the other quantitative values in the text and figures
were reported as means + standard deviation (SD) with n (n = 3) samples

per group.
Data availability

All study data are included in the article and/or supporting information.
Additional data are available from the corresponding author (yifejj@unr.edu)
upon reasonable request.
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