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Porous titanium alloys for medical application:
Progress in preparation process and surface
modification research

Binghao Wang'?, Miao Luo'?, Zheng Shi3, Yuwei Cui? Yuting Lv3,

Chengliang Yang'***, and Ligiang Wang***

'Life Sciences and Clinical Medicine Research Centre, Affiliated Hospital of Youjiang Medical
University for Nationalities, Baise, Guangxi, China

2Guangxi Key Laboratory for Preclinical and Translational Research of Bone and Joint Degenerative
Diseases, Guangxi Biomedical Materials Engineering Research Center for Bone and Joint
Degenerative Diseases, Baise, Guangxi, China

3College of Mechanical and Electronic Engineering, Shandong University of Science and Technology,
Qingdao, Shandong, China

“State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai, China
SNational Center for Translational Medicine, Shanghai Jiao Tong University, Shanghai, China

Abstract

Excellent mechanical properties and biocompatibility are the most sought-after
attributes in biomedical materials for the regeneration of damaged tissues. However,
conventional dense titanium alloys possess a modulus significantly higher than that of
human tissues, leading to potential stress-shielding effects. Medical porous titanium
alloys can reduce the elastic modulus of the material, promote tissue fixation and
vascular regeneration, and improve the suitability for human tissue properties. With the
continuous development of technology, the preparation process of porous titanium
alloys has undergone a series of multifaceted transformations and improvements in the
aspects of powder sintering, fiber preparation, and additive manufacturing processes,
and its structural characteristics and mechanical properties are constantly evolving
in a controllable direction. Alongside the enhancement of the material’s mechanical
properties through porous design, optimization of the properties at the implant-tissue
interface also leads to improved antimicrobial and osteogenic properties of porous
titanium. Due to the complex internal structure of porous titanium alloys, surface
modification is mainly carried out in fluid media, which is realized by morphological
modification and the introduction of functional substances. Over time, the surface
modification of porous titanium alloys for medical applications has progressed from
morphological modification and introduction of chemical composition to the loading
of bioactive substances. This evolution aims to enhance safety and efficiency in the
use of these materials. This paper reviews the preparation and surface modification
processes of porous titanium alloys for medical use and summarizes the advantages,
disadvantages, and influencing factors among different processes, with a view to
providing new ideas for the development of porous implants for medical use.

Keywords: Medical implants; Porous titanium alloy; Preparation process; Surface
modification
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1. Introduction

Millions of people around the world suffer from incurable
injuries due to infection debridement, cardiovascular
and cerebrovascular diseases, degenerative orthopedic
diseases, and oral and maxillofacial diseases every year,
posing a huge socio-economic burden on society and
the health-care system.! Biomedical materials, which are
used in fixing, supporting, and repairing damaged parts,
are key players in moving medical advancements forward.
As clinical product technology and quality requirements
continue to improve, there is a growing demand for
biomedical materials that are cost-effective, of higher
quality, and can be processed more conveniently.

According to the type of material, biomedical materials
can be divided into metal materials,” ceramic materials,’
and polymer materials.* Among them, metal materials have
many excellent properties, such as high strength, good wear
resistance, and easy processing, occupying 70 — 80% of the
entire market share of medical materials.* Commonly used
medical metal materials include titanium and titanium
alloy, stainless steel, nickel-cobalt alloy, and magnesium
alloy.® Titanium and its alloys have the advantages of high
strength and low modulus, high fatigue performance, and
excellent biocompatibility, attributes that make them the
most widely used medical metal materials for being able to
meet most medical needs.”

However, itis found that titanium alloyas an endoprosthesis
is prone to loosening when it has been implanted in the human
body for a long period of time.® The loosening occurs due to
two major factors: (i) Dense titanium and titanium alloys
have high elastic modulus compared with human bone/tissue,
which will cause a “stress shielding” effect;” (ii) traditional
titanium and titanjum alloys are bioinert metal materials,
and implants cannot form a good biological fixation with the
surrounding tissues of the human body.’

To address the above clinical problems, researchers
integrated three-dimensional (3D) porous structures into
titanium alloy implants to effectively reduce the elastic
modulus of implants, reduce the “stress shielding” effect,
and improve the bonding strength between implants and
human tissues.'® Therefore, porous titanium has been used
as a promising new biomedical material for artificial joints,
spinal fusion devices, dental implants, and cardiovascular
scaffolds and in other fields."

However, introducing a porous structure to reduce the
modulus alone cannot alter the bioinert nature of titanium
alloy, which still lacks the capacity to promote cell adhesion,
tissue differentiation, and bacterial suppression.'” To
enhance the biological performance of porous titanium
scaffolds, it is crucial to improve the physicochemical

properties at the interface between the scaffold and the
surrounding tissue. Surface modification technology is a
method to change the surface properties of materials by
physical or chemical means, which plays an important role
in the functional transformation of titanium alloys."

Medical porous titanium alloy implants have gradually
emerged as a critical ingredient in the orthopedic,
stomatologic, cardio-cerebrovascular, and other fields.
Researchers have focused on improving the mechanical
and biological properties of materials by optimizing the
preparation process and surface modification process.'*'®
Despite the continuous technological advancements, there
is still a lack of comprehensive and in-depth summary in
the field of processing and surface modification of medical
porous titanium alloys, especially about (i) the complexity
of the preparation process of porous scaffolds and the
comparison of advantages and disadvantages; (ii) the
application scenarios and influencing factors of various
surface modification methods; and (iii) the synergistic
effect between the preparation method of porous
structure and the surface modification. This paper aims
to provide a timely, comprehensive, and critical review
of the preparation and surface modification of medical
porous titanium alloy scaffolds. The overall content of the
paper is shown in Figure 1. The paper first outlines the
performance requirements, structural requirements, and
influencing factors of the medical titanium alloy porous
scaffold (Section 2). Then, the preparation methods of
porous scaffolds and their advantages and disadvantages
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Figure 1. Overview of performance requirements preparation processes,
and modification methods for medical porous titanium implants.?
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are introduced (Section 3). Subsequently, the current
surface modification methods of medical porous titanium
alloys are reviewed (Section 4), and finally, the future
development direction is summarized (Section 5).

2. Performance requirements and
influencing factors of porous titanium alloy

Compared with the external environment, the physical and
chemical environments of various tissues and organs in the
human body are vastly different from each other and in a
complexand dynamic state.'® To ensure durable functionality,
human bones must be able to withstand pressure, tension,
and other load changes encountered in daily life. After being
implanted in the human body, more stable metal materials
are also prone to corrosion, wear, fatigue fracture, and other
failures. Therefore, higher requirements are put forward for
porous titanium alloys in clinical practice, and ideal titanium
implants should have mechanical properties, morphology,
structure, and physical and chemical properties similar to
those of the human body."”

2.1. Performance requirements of porous titanium
alloys

Porous titanium alloys must fulfill the necessary functions
or specific requirements in tissue engineering. In these
standards, mechanical properties such as strength, elastic
modulus, and flexibility are the basic requirements
for maintaining structural function and durability.'s
Considering the influence of different parts and age factors,
the strength of human bone ranges from 33 to 193 MPa,
and its modulus is between 0.3 and 30 GPa.” To qualify as
a medical metal material, its properties should fall within
the above-mentioned ranges.

Biocompatibility is also an essential variable guaranteeing
the function of porous titanium.” Porous titanium alloy’s
biological properties are mainly reflected in two aspects: (i)
The material is non-toxic and will not cause local or systemic
immune reactions and (ii) it can promote intracellular protein
expression and accelerate tissue recovery and growth.*!

Wear and corrosion resistance play a decisive role
in the lifespan of joint implants.”* Low wear resistance
will produce extremely severe wear, causing loosening of
the fit. In addition, metal particles generated by wear or
metal ions generated by corrosion will also lead to adverse
reactions in the cellular organization. Therefore, titanium
alloy materials must have excellent wear resistance.

2.2, Structural characteristics of porous titanium
alloys

Human bones, teeth, and other tissues and organs are graded
porous structures. Changes in pore characteristics (porosity,

specific surface area) will cause changes in permeability,
fluid shear force, cushioning energy absorption, and other
properties, thus affecting cell adhesion, migration, and
tissue growth.” In addition, pore characteristics also affect
the transport of nutrients, the exchange of oxygen, and the
removal of metabolites within the cell tissue.** Therefore,
the bionic porous design of porous titanium alloys is also
one of the requirements.

In addition to the internal structure, surface
morphology and roughness have a significant effect on cell
adhesion and bone mineralization. Studies have shown
that the roughness range of 1 - 10 um can promote the
mineralization reaction and mineralization of bone tissue
in the implant® and improve protein adsorption, osteoblast
adhesion, and the healing rate of the peripheral area
outside the implant. Therefore, it is important to explore
the suitable surface morphology to enhance the bonding of
the implant with the tissue to improve the biocompatibility
of porous implants.

2.3. Factors affecting the properties of porous
titanium alloys

The composition and type of titanium alloy are the primary
factors affecting its performance. Pure titanium is the
earliest form of material used in making titanium alloy, but
its modulus can reach as high as 110 GPa; TC4 is the second
most widely used material after pure titanium due to its
low cost, but it can precipitate Al/V elements in the human
body for a long time, jeopardizing the human nervous
system.?® Therefore, 3 titanium alloys with lower modulus
and less toxicity are gradually emerging, and f§ phases with
lower modulus are formed inside titanium alloys by adding
biological elements such as Nb, Ta, and Zr.*” At present,
the modulus of TiNbTaZr, TiNbZr, and other materials has
been reduced to 50 GPa, with high strength and, low mode
characteristics and good biocompatibility.”® Developing
new materials can improve the performance of implants
from the source. Still, the development and application
of new materials are restricted by their high development
cost, long cycle, and minor performance adjustment range.

Compared with the research and development of new
materials, optimizing the preparation processand structural
design of existing materials is a more efficient pathway to
material enhancement. Especially when coinciding with the
rise of the additive manufacturing process, the mechanical
properties of materials can be significantly adjusted to our
favor, and an optimized structural design can help realize
the precise regulation of porous titanium alloys. These
procedures could constitute a systematic structural design
method. The strength, modulus, and other properties of
porous titanium can be directly adjusted by changing the
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design factors of porous implant unit structure, pore size,
porosity, and pore distribution.”

The material’s surface is in direct contact with cells and
tissues, and the surface properties are related to the interface
bonding between materials and tissues. In addition, surface
roughness or morphology and element release directly
affect gene expression and protein synthesis inside cells.
Therefore, surface properties are important factors affecting
the biocompatibility of porous titanium alloys.*® Figure 2
summarizes the performance requirements of porous
titanium alloys and the relationship between them and the
influencing factors. It is clear that material development,
structural morphology, and surface properties are the
three key factors affecting the mechanical and biological
properties of porous titanium alloys.

3. Preparation process of porous titanium
alloy

According to the analysis in Section 2, the structure is one of
the direct factors affecting the properties of porous titanium
alloys, and the preparation process is the key to determining
the structural properties. Different methods exert different
influences on the degree of melting, internal microstructure,
pore size, and distribution of titanium alloy powder and
thus affect its modulus, strength, and other mechanical
properties.”! In this section, the processing methods of porous
titanjum are divided into the powder sintering method,*
fiber fabrication method,” and additive manufacturing
method,** according to the state of raw materials and
processing principles, and the advantages and disadvantages
of different processes are compared and analyzed.

3.1. Sintering method
3.1.1. Powder sintering method

The powder sintering method uses metal powder as raw
material, which is a preparation method to melt and bond

the powder surface through compaction, sintering, and
other processes to obtain porous metal* (Figure 3A). The
structure and mechanical properties of porous titanium
alloys obtained by this process are affected by sintering
temperature, time, pressure, powder composition/particle
size, and other factors.*

Oh et al.*” studied the effect of powder diameter on
porous titanium’s morphology and mechanical properties.
By controlling the sintering conditions and the particle
size of titanium powder (65 wm, 189 wm, and 374 um), the
medical porous titanium alloy with a porosity of 5.0 - 37.1%
was prepared (Figure 3B and C). The mechanical test
results show that the larger the powder diameter is, the
lower the modulus of the porous material is at the sintering
temperature of 1173°C and the sintering pressure of
10 MPa. The main reason is that the pores of the large-
diameter powder are larger and difficult to close during
the sintering process, and thus, the resulting material
has a higher porosity. In addition to powder properties,
temperature sintering is also an essential factor affecting
the mechanical properties of sintered porous titanium.
Torres et al.*® sintered titanium powder at 1000°C for
40 min to obtain porous titanium with a porosity of 41.5%,
a strength of 480 MPa, and a modulus of about 10 GPa.
Later, they increased the sintering temperature to 1100°C
and found that the material’s porosity decreased to 34.6%,
the strength increased to 560 MPa, and the modulus
increased to 20 GPa. These parameter changes indicate
the conformance to the law of material molding. The
increase in sintering temperature promotes the melting
of the powder, making the pores of the material isolated,
thereby resulting in the reduction of porosity, and the
improvement of material density leads to the enhancement
of its mechanical properties.

In addition to controlling the traditional melting
temperature and powder, the discharge plasma sintering

Influencing factors Performances
Materials I Strength ‘ s
properties ‘ g
‘ Modulus ‘ 2
S
Manufacturing ' Corrosion resistance ‘ 3
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Figure 2. Relationship between properties of medical porous materials and influencing factors.
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Figure 3. Powder sintering process and sample properties. (A) Schematic diagram of porous scaffold prepared by powder sintering method. (B) Scanning
electron microscopy image of titanium alloy powder before and after sintering. (C) Sample compression properties after sintering.”” Copyright © 2003

Elsevier. Reprinted with permission from Elsevier.

method has become an important preparation process
for porous titanium alloys due to its advantages of
low sintering temperature, sintering time, and high
processing efficiency. Annur et al.* used spark plasma
sintering (SPS) processing to sinter porous titanium with
porosities ranging from 4.2% to 27.5% at 600 - 800°C.
The porous titanium was obtained by using the SPS
process. The modulus of elasticity of the obtained porous
titanium was 13.6 — 24.4 GPa, which is close to that of
human bone (0.3 - 30 GPa). The self-propagating high-
temperature synthesis method is a kind of powder
sintering method. In this method, the heat released by the
chemical reaction of the powder itself spontaneously and
continuously spread through all the reactants in the form
of a combustion wave,* resulting in a high reaction rate
and high-temperature gradient, and the crystal lattice of
the prepared material produces high-density defects to
form a porous structure. This method is suitable for the
preparation of NiTi porous titanium.

The powder sintering method is the main method for
preparing porous metal implants in the early stage because
of its low cost, simple operation, and the low requirement
on powder parameters such as powder sphericity and
particle size.*! However, the porosity and pore size of the
porous titanium alloy obtained by this method are mainly
affected by the properties of the powder (melting point,
particle size, etc.). The porosity of the sintered scaffold is
up to 50%, and the shape of the pores is small and irregular.
In addition, porous titanium sintered by powder has poor
toughness and is prone to crack propagation under low-
stress conditions.*?

3.1.2. Foaming method

The process of preparing porous titanium alloy using the
foaming method involves adding a blowing agent to the
metal powder and ensuring thorough mixing. On heating,
a chemical reaction or a sudden change in pressure triggers
the blowing agent to release gas, causing expansion and
overflow during the metal melting process, thus creating
a porous structure. Foaming agents are mainly divided
into solid foaming, slurry foaming, and vacuum foaming
(Figure 4A and B). Its properties are affected by factors
such as the type of foaming agent, temperature, and time.*

Chen et al.** used pure titanium with an average particle
size of 38 wm as raw material, mixed sodium carboxymethyl
cellulose (CMC), sodium hexametaphosphate (SHMP),
and hydrogen peroxide solution as a binder, dispersant,
and blowing agent; the sample was stirred and dried at
room temperature and heated in a vacuum atmosphere
to 1300°C for 3 h. By adjusting the hydrogen peroxide
content, the porous titanium with porosity of 48%, 64%,
and 76% (Figure 4C) was obtained, its strength was
between 78 and 235 MPa, and the corresponding modulus
was 1.3 - 4.2 GPa. Rao et al.*® prepared porous Ti-Nb-Zr
alloys with porosity ranging from 6.06% to 62.8% by
mixing TiH,, Nb, and Zr powders with 0 - 50% NH,HCO,
and controlling the content of Nb and Zr and the sintering
temperature. The hardness of porous titanium alloys
is between 290 and 63 HV, the compressive strength is
between 1530.5 and 73.4 MPa, and the elastic modulus is
between 10.8 and 1.2 GPa. During the foaming process,
vibration or stirring can improve the uniformity of foaming.
Ahn et al.* mixed titanium hydride powder with nonionic
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Figure 4. Classification of the foaming method and the morphology of the prepared samples. (A) Classification of slurry foaming method. (B) Principle
of preparation of porous titanium alloy by foaming method. (C) Porous titanium with different porosity obtained by the slurry foaming method and its
microstructure.” Copyright © 2009 Elsevier. Reprinted with permission from Elsevier.

surfactant (Hypermer KD-6) and poly(vinyl alcohol)
(PVA) to form TiH2 suspension, which was poured into
a mold after creating a large number of bubbles inside the
suspension by mechanical stirring, and sintered at 1400°C
for 2 h to obtain porous scaffolds with 83% porosity, with a
strength of 8.9 + 1.6 MPa.

The foaming process is simple, rapid, and low-cost.
However, it is challenging to ensure a pore uniformity in the
porous material prepared by this process, and the material
is also prone to crack and fatigue damage. In addition,
if the material is used as a medical porous implant, the
residual blowing agent may enter and harm the human
body. Therefore, this method is predominantly used for the
preparation of porous structures of low-density materials
such as polymer compounds.*’

3.1.3. Space holder technique

The space holder method mixes the metal powder and
pore-forming agent in proportion, prepares the precursor
under certain conditions for sintering, and removes the
pore-forming agent in the sintering process to obtain
porous metal materials. Commonly used pore-forming
agents include hydride, carbide, magnesium, and sodium
chloride.”

Pore-forming agents’ shape, content, and distribution
are the main factors affecting the pore characteristics. As
shown in Figure 5A, Haghjoo et al.*® used urea and cubic
sodium chloride (SC) of two different forms (NU and
SU) as pore-making agents, which were mixed with TiH,
and compacted under a load of 120 MPa. After the urea

was removed at 200°C, the porous titanium scaffold was
prepared at 1000°C. After sintering, NaCl was removed by
soaking the scaffold in warm water for 24 h, and the porosity
of the prepared scaffold was about 64%. Mechanical tests
showed that the strength of porous titanium with different
pore shapes varied between 230 and 340 MPa, and the
modulus was between 3.78 and 6.32 GPa. The results of
cell proliferation experiments in vitro showed that the
roughness and high surface area provided by acute angle
in Ti/NU and Ti/SC samples significantly improved the
cell viability of the samples. Compared with titanium
alloy, magnesium metal is degradable in the human
body, has better biocompatibility, and has a significant
difference in physical properties from titanium metal, so
it is also used as one of the pore-making materials. Luo
et al® used magnesium powder, magnesium particles,
and titanium powder as pore-making agents (Figure 5B),
mixed titanium powder with magnesium powder/particles
and ethanol adhesive, pressurized the sample to form at
400 MPa, heated the sample at 60°C to remove ethanol,
and finally heated the sample slowly to 1150°C for 4 h
to remove magnesium powder and complete sintering.
Porous titanium with a 35 — 65% porosity was obtained,
as shown in Figure 5C. Mechanical experiments showed
that its strength and Young’s modulus were 22 — 126 MPa
and 0.063 - 1.18 GPa, respectively. In addition to organic
substances and metals, CaCl, in inorganic substances is
also one of the pore-making agents. Yang et al>® mixed
Ti,0, and calcium chloride powder with different contents
into cylindrical preforms. It was then transferred into
the crucible, and the bottom was placed with metallic
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Figure 5. Principle and shape of space holder method. (A) Scanning electron microscopy images of two different shapes of urea NaCl and schematic

diagram of porous titanium preparation. (B) Schematic diagram of preparing porous titanium alloy using magnesium particles and magnesium powder as
pore-forming agents. (C) Preparation of porous titanium alloy using magnesium particles and magnesium powder as pore-forming agents.*

calcium, which acts as a reducing agent. Porous titanium
was prepared from calcium chloride volatilization by
continuous heating at 1273 K under 0.1 Pa. Then, porous
titanium with a porosity of 62 — 82% was prepared by
leaching the reduction products with dilute hydrochloric
acid, and more than 90% of the pores were open. The
porosity gradually increased with calcium chloride content
in the raw material.

Space scaffold technology can achieve a wide range of
pore size adjustments and high porosity by controlling
the mixing ratio and is one of the most commonly used
methods for preparing porous materials.”® However,
the uniformity of the mixture is not easy to control, and
the pore-forming agent needs to be removed by heating
evaporation or soaking, which makes it easy to produce
residual pore-forming agents and engender other problems
affecting the material’s biocompatibility.

3.1.4. Gel injection molding

The gel injection molding method involves mixing powder
and adhesive, followed by injection molding and curing to
obtain a uniform blank. After drying, dust removal, and
sintering, the billets are prepared into nearly net porous
titanium alloys with complex shapes.*

The advantage of the gel casting method is that it
can design the overall appearance of porous materials
according to the needs of the damaged parts. Yang
et al® used acrylamide, N-methylene diacrylamide,
n-tetramethylenediamine (TEMED) as  catalyst,
ammonium persulfate hydrogel system, and titanium
powder to prepare a premixed solution. The slurry was
poured into a non-porous mold (Figure 6), kept at 60°C for
2 h to cure into the required shape, and dried in vacuum
at room temperature after demolding. By changing the
volume of the polymer network between the powder
particles, 39 - 50% porous Ti-Mo and Ti-Nb alloy porous
implants were prepared after sintering at 900 - 1050°C for
2 h, with Young’s modulus ranging from 5 to 18 GPa.

Biasetto et al.** used gel casting to prepare porous
Ti6Al4V metal by mixing titanium alloy powder with
a surfactant to prepare suspension Doran molds for
mechanical stirring to study the effect of stirring speed
(700 rpm and 1500 rpm) on the evolution of porous
titanium porosity morphology. At 700 r/min, the porous
titanium porosity decreased from 91.3% to 81.3% at
700 r/min, and the porosity decreased from 88.3% to
70.7% at 1500 r/min. From the results, it clear that the
increase in rotational speed decreases the bubble content
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Figure 6. Schematic diagram of gel injection molding.

in the mixture, resulting in a reduction in porosity, with
the compressive strength of the sintered samples ranging
from 24.4+6.8 to 79.1+6.5 MPa.

Parts with high quality, complex shape, and uniform
aperture distribution can be prepared by gel injection
molding. The mold required by this process is inexpensive
and is suitable for preparing large-size and high-precision
porous medical implant materials.

3.2. Fiber braiding method

Fiber sintering refers to the technique of winding or
arranging metal fibers into the desired structure and then
placing them in a reducing atmosphere so that the contact
points between the fibers are thoroughly combined and
sintered to obtain porous titanium alloys. This method has
been widely used in preparing cardiovascular scaffolds and
titanium mesh.

The pore characteristics of metal fibers can be adjusted
by changing the winding mode, length, diameter, and
length-diameter ratio. Liu et al.> utilized a commercial
pure titanium wire with a diameter of 0.27 mm as raw
material, wound it along a rod with a diameter of 1.5 mm,
and uniformly stretched the helical spring section prepared
to maintain a particular pitch. The stretched coil spring
wire was then wound together to form a pre-compacted
sample, as shown in Figure 7A. Using bisphenol A glycyl
methacrylate (BisGMA) as a binder, the free cross-wire
nodes in wound porous titanium were fixed to enhance
its strength, and the BisGMA-reinforced porous titanium
material with a porosity of 40 — 55% was prepared. Its
elastic modulus and yield strength were 0.4 - 1.4 GPa and
12.9 - 52.5 MPa, respectively. Wang et al.> took NiTi wire
as raw material, used a mold to arrange NiTi regularly,
and added Nb powder at the connection points of each
cross line for sintering, forming a NiTi porous scaffold
(Figure 7B). The strain of the elastic test scaffold reached
27%, and the remaining strain remained close to zero
after unloading, showing good superelasticity. Li et al.”’
superimposed titanium mesh with different apertures
(300 pm, 551 wm, 697 um) layer by layer (Figure 7C) to

produce porous titanium with an anisotropic structure. The
Young’s modulus and yield stress of porous titanium were
1 - 7.5 GPa and 10 - 110 MPa, respectively. The length-
diameter ratio of titanium mesh affects the compression
properties of porous titanium. A higher length-diameter
ratio of the pore increases the Young’s modulus and yield
stress of titanium mesh.

Compared with the powder sintering method to
prepare porous titanium, the product prepared by the
fiber sintering method has better plasticity and impact
resistance, and the porosity can reach more than 90%.
The products prepared by this method have been widely
used in cardiovascular and cerebrovascular scaffolds and
other fields, but the prominent drawbacks lie in their shape
limitations and the low bonding strength at the titanium
wire connection in the complex service environment of the

human body.

3.3. Additive manufacturing method

Additive manufacturing, also known as 3D printing, has the
advantage of manufacturing medical implants quickly and
accurately”® The products of which can not only achieve
specific mechanical properties but also shape compatibility,
which was otherwise not possible between traditional
universal internal implants and the human body.* At present,
the common methods for 3D-printing medical titanium
alloys are selective laser sintering (SLS),” electron beam
melting technology (EBM), selective laser melting technology
(SLM), and direct ink writing (DIW) technology.*'

3.3.1. SLS/EBM/SLM

As shown in Figure 8A and B, the principle of electron
beam melting molding technology and selective laser
sintering/melting technology is preparing a construct
using melted metal powder in a layer-by-layer fashion
using electron beam or laser as heat source in vacuum or
inert gas environment.®* The specific working process is as
follows: pre-laying powder, high-energy electron beam/
laser deflection after focusing on producing high energy,
scanning the powder layer in a local small area to produce
high temperature and even melting,** continuous scanning
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by the heat source to produce energy to make the melt pool
fuse and solidify, and connecting into linear and planar
metal layers.® After finishing the layer, the powder-laying
process is repeated until forming is completed.®®

The process is mainly affected by laser power, spot
diameter, hatch spacing, scanning speed, powder thickness,
preheating temperature, and other parameters,* and the
materials obtained by different processes exhibit different
properties.®® The processing principle of SLS is close to that
of the powder sintering method, which mainly makes the
powder surface melt and bond. However, compared with
the traditional powder sintering method, SLS technology
has more advantages in the preparation of macroscopic
pores, and the porosity, pore size, and other structural
parameters can be controlled better and faster. However,
a notable disadvantage of this method is that the obtained
material is of low strength.

EBM technology uses an electron beam as a heat
source,’® which has advantages in refractory metal additive
manufacturing. In contrast, SLM has higher accuracy, which
is suitable for preparing high-precision components.”!
Ataee et al.”* studied in vitro biocompatibility of CP-Ti
manufactured by SLM and Ti64 scaffolds fabricated by
EBM and compared them with cast CP-Ti. The in vitro cell
experiment results showed that the CP-Ti scaffold made

by SLM had higher cell viability and cell adhesion density
than the TC4 scaffold made by EBM. Then, the mechanical
properties of CP-TI prepared by SLM and cast CP-Ti were
tested, and the modulus of the porous scaffold prepared
by SLM was lower. Due to the advantages of additive
manufacturing technology in the preparation of complex
porous structures, design methods involving the adjustment
of parameters such as porosity, aperture, cell type, and
structure size have gradually attracted the attention of
researchers,”” and porous structure design methods
such as CAD structure,’* medical imaging,” topology
optimization,” and minimal surface’”” have been established.

The additive manufacturing method has significant
advantages in the preparation of bionic porous implants. Lv
et al.”® prepared porous scaffolds with porosity varying along
a radial gradient using SLM technique. The mechanical
properties showed that the decrease in peripheral porosity
could increase the moment of inertia of the porous implant
and improve the bending and compression resistance of the
material. In addition, the effect of porous unit variation on
the mechanical properties has also been investigated.” The
mechanical and permeability properties of the scaffolds are
compromised when different units are combined. Overall,
the additive manufacturing method is able to achieve precise
control of the strength, modulus, and biological properties of
the present porous implants with reduced material usage.*
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3.3.2. Direct ink writing technology

Direct ink writing technology is a new additive
manufacturing molding process in which a suspension is
prepared by mixing a metal powder material with a viscous
fluid before printing. The suspension is then loaded into a
printer and extruded through a nozzle for molding, and
the extruded material is dried and sintered to form a 3D
porous structure,® as shown in Figure 8C.

Zhao et al.®* prepared porous Ta-Ti-Nb-Zr high-entropy
alloy using DIW technology. By adjusting Zr content,
porous titanium alloys with different properties were
obtained, whose compressive strength increased from
70.08 to 149.95 MPa, and elastic modulus increased from
0.18 GPa to 0.64 GPa. To improve the molding accuracy
of extruded materials, Li et al.*® designed a photocurable-
assisted technology to print porous Ti6Al4V alloys by
DIW. Titanium alloy suspension with a powder content
of 45% was prepared based on 1,6-hexanediol diacrylate
monomer and trimethylolpropane triacrylate monomer
(HDDA-TMPTA) photosensitive system. The extruded
suspension was cured by ultraviolet irradiation, and the

TC4 porous scaffold with 50% porosity was obtained after
sintering, and its maximum compressive and buckling
strengths were 60.47 and 106.8 MPa, respectively.

Compared with SLM and other technologies, DIW
technology avoids the temperature gradient caused
by laser and other heat sources and effectively reduces
internal stress concentration, cracks, and other defects.®* It
can carry bio-friendly elements or drugs and has excellent
potential in targeted therapy and osteogenic induction.
However, this method is still fraught with problems of a
single structure and low strength.®

Table 1 summarizes the advantages and disadvantages
of different preparation processes for medical porous
titanium scaffolds. The structural parameters and
performance of porous titanium scaffolds prepared by
different processes are summarized in Table 2.

4, Surface modification method of porous
titanium alloy

The advances attained in porous titanium alloy, which
has significantly reduced elastic modulus and improved
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Table 1. Advantages and disadvantages of different preparation processes for medical porous titanium scaffolds

Technology Principle Advantages Disadvantages References

Sintering process

Powder sintering Porous materials are obtained through Easy to operate, low cost ~ The prepared porous titanium 38
method compaction, bonding, and sintering processes alloy has a rough interior, irregular
using metal powders as raw materials pores and small pore size
Foaming Gas or solid particles are heated, subjected Rapid preparation and It is often used to prepare polymer 46
to sudden changes in pressure, or undergo large aperture porous materials, and it is difficult
chemical reactions to produce gas, which to prepare porous metal materials

expands and overflows during the metal melting
process to prepare porous structures

Space holder method ~ The metal powder is mixed with the pore-making  Controllable porosity, There are partially closed holes; 86
agent in proportion, and the precursor is made pore shape and the pore-making agent may easily
into a precursor for sintering under certain distribution remain in the material

conditions, and the porous metal material is
obtained by removing the pore-making agent
during the process of sintering

Gel injection molding ~ The porous structure is obtained by preparing  Fulfilling the implant’s Poor toughness, low strength 54
gel metal mixed slurry with low viscosity and  appearance requirement,
high solid volume fraction and putting it into and low cost in
the mold, drying, and sintering the slurry mold-making
Fiber weaving method Metal fibers are wound or arranged into the Scaffolds or mesh It is easy to break at the 87
desired structure, and then placed in a reducing ~ implants with large intersection of wires

atmosphere for sintering to fully bond the porosity can be prepared
contact points between the fibers, resulting in
porous titanium alloy

Additive manufacturing

SLS/EBM/SLM Laser or electron beam is used as a heat The complex porous High cost, slow speed, and not 88

source to selectively irradiate pre-laid powder ~ metal can be prepared suitable for mass production

materials, achieving rapid material melting and ~ with high precision and
forming controllable performance

DIW Metal powder materials are mixed with viscous ~ The internal stress is Single structure and low strength 83

fluids to form a precursor, using a nozzle with  small, and functional

a certain diameter for extrusion molding, components can be
followed by drying/photocuring shaping, and added

finally, sintering into a porous structure

Abbreviations: DIW: Direct ink writing; SLS: Selective laser sintering; EBM: Electron beam melting; SLM: Selective laser melting.

Table 2. Porosity and mechanical properties of porous titanium prepared by different processes

Processing technology Materials Porosity (%) Ultimate strength (MPa) Elastic modulus (GPa) References
Sintering method
Powder sintering method Ti 34.6 560 20 38
Foaming method Ti-Nb-Zr 6.06 - 62.8 73.4 - 1530.5 1.2-10.8 45
Space holder technique Ti 35-65 22-126 0.063 - 1.18 49
Gel injection molding Ti-Mo, Ti-Nb 39-50 - 5-18 53
Fiber braiding method Ti 40 - 55 12.9 - 52.5 04-14 55
Additive manufacturing
SLS Ti-6Mo 24 - 58 31.4-152.8 2.07 - 41.9 60
EBM TC4 70 - 1.4 70
SLM NiTiNb 60 82 -321 1.51 -3.32 78
DIW Ta-Ti-Nb-Zr - 70.08 — 149.95 0.18 - 0.64 82

Abbreviations: DIW: Direct ink writing; EBM: Electron beam melting; SLM: Selective laser melting; SLS: Selective laser sintering.
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matching degree of its mechanical properties with human
tissues,® cannot change the fact that titanium alloy is a
bioinert metal. Several problems such as inflammation
and bone resorption in the human body still persist with
using this kind of alloy. In addition, porous implants also
face problems such as antimicrobial/inducible/osteogenic/
wear/corrosion  resistance.”” Therefore, in addition
improving mechanical properties (strength and modulus)
through material development and structural design,
augmenting the performance of porous implants through
surface modification has become the focus of researchers.”

Porous implants have a complex internal structure, and
it is difficult to penetrate the interior of the implants by
means of the strong plastic surface processing techniques,
such as friction stir,”* shot peening®, and femtosecond
laser.”® Therefore, the modification of porous implants
mostly takes fluid (gas and liquid) as the medium, by
modifying the surface morphology of porous titanium or
adding components, as shown in Figure 9. In this section,
based on the working principle of surface modification,
the medical porous titanium alloy is divided into four
categories: physical modification, chemical modification,
biological modification, and composite modification
(or compound method), and the advantages and
disadvantages of different methods and influencing factors
are summarized.

4.1. Physical modification

The physical method mainly refers to the modification of
the surface structure and roughness of porous titanium.
The surface roughness and surface free energy of materials
are the necessary conditions that affect cellular processes
such as protein adsorption, cell adhesion, migration, and
differentiation. The use of chemical reagents and strong
acids to etch titanium alloys is a common method to
change the surface structure of materials.”

Metal elements, bone composition

|
Chemical/biological modification:
loading of functional ingredients

Porous scaffold

Fluid medium

Reagent type, concentration, and etching time affect the
material’s surface properties. In addition, the composition
and structure of porous titanium alloys also affect the
material’s surface roughness and mechanical properties.
Civantos et al® chemically etched porous titanium
scaffolds for manufacturing additives by hydrofluoric acid
impregnation and studied the effect of etching time (125
s, 625 s) on the biological properties. The results showed
that 125 s of porous titanium etching time was more
conducive to cell adhesion, while 625 s of etching promoted
cell osteoblastic differentiation. However, etching will
also hurt the mechanical properties of porous titanium.
Wang et al.*® investigated the effect of etching time on the
mechanical properties of porous titanium in a hydrochloric
acid solution containing 20% (mass fraction). Pitting and
grain boundary corrosion occurred in a hydrochloric acid
solution on porous titanium’s inner and outer surfaces. With
time, the number and size (diameter and depth) of etching
pits increased significantly, and the material strength
decreased from 152 MPa to 106 MPa after 150 min.

Etching plays an important role in the early surface
modification of porous implants due to its simplicity and
low cost of operation. However, it is difficult to control
the surface morphology of the material, and the corrosion
process can cause cracks or stress concentration, which
affects the fatigue performance of the scaffold.

4.2. Chemical modification

The chemical method is used to introduce inorganic
materials or organic components onto the surface of
porous scaffold, contact them with cells/tissues, or release
functional components, and then affect cell behavior
to achieve bone formation or an antibacterial effect.
According to the processing methods, it is mainly divided
into chemical molecular dipping, vapor deposition, and
electrochemical methods.

Entering the cell and affecting intracellular
gene expression and protein synthesis

Affects cell adhesion and gene expression

/
~aliiRen

Roughness, cycle structure
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Figure 9. Schematic diagram of morphologic modification of porous implants or surface modification by adding components in a liquid environment.
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4.2.1. Chemical molecular dipping

In the chemical molecular dipping method, the scaffold
is immersed in a solution containing active ingredients,
and the solution adheres to the surface of the material
through chemical reaction or drying to form a coating so
as to improve the material performance of porous implants
whose performance is mainly affected by the chemical
composition.” At present, components that are added to
its surface are primarily Ca/P inorganic salt materials such
as hydroxyapatite and organic materials.

Calcium phosphate and hydroxyapatite are the main
inorganic components of human bone and the most
common additive components, which can participate in
metabolism, stimulate or induce regeneration of bone
tissue, and accelerate the repair of damaged parts. Because
of its brittleness, hydroxyapatite is generally coated by
thermal spraying, laser cladding, and hydrothermal
treatment. In addition, to promote the deposition of
inorganic materials, its adsorption can also be promoted
by alkali heat treatment in advance. Wang et al.®® immersed
TiNbZr alloy in sodium hydroxide solution and heated it
at 60°C in an autoclave for 24 h. The treated scaffold was
immersed in simulated body fluid (SBF) for a week so that
Ca/P elements were uniformly deposited on the material’s
surface. Cell experiments showed that synthetic calcium
and phosphorus materials significantly enhanced cell
fixation and osseointegration, and enhanced phenotypic
osteogenic lineages (osteopontin and osteonectin) and
osteoblast synthesis activities of human bone marrow-
derived mesenchymal cells.

The organic polymer coating is conducted mainly
by preparing a solution containing the expected load
components, and soaking the modified porous titanium
alloy in the solution, a step through which the substrate
binds to the surface through electrostatic adsorption or
chemical reaction with the functional group of active
molecules, to achieve a firm bond between the substrate
and the load material. Chudinova et al.” coated chitosan/
hydroxyapatite composite (CS/HA) on a porous titanium
surface to prepare biomaterials with good bone integration
ability. It was shown that CS/HA composites are novel
materials for treating bone defects in diabetic patients by
reactivating the Wnt/b-catenin pathway.

Chemical conjugation between the substrate surface and
grafted molecules is vital to stable covalent modification.
Compared with electrostatic interaction, chemical grafting
with polydopamine (PDA) as a binder can achieve more
multi-functional component loading.'® Jiao et al.'®
utilized PDA combined with Ag particles to modify the
porous titanium surface. PDA achieved tunability of silver
adsorption and release, and the modified surface had

better antimicrobial properties than the pristine surface, as
shown in Figure 10.

Chemical molecular dipping has played an important
role in the field of surface modification of early medical
materials; its preparation conditions are simple, and the
cost involved is low. However, given an array of pitfalls, such
as the weak binding force between the prepared coating
and the substrate, the poor surface wear resistance of the
scaffold, and the susceptibility to fatigue fracture, it proves
to be difficult to use in a complex stress environment.

4.2.2. Vapor deposition

The vapor deposition method refers to vaporizing the
component to be added, contacting porous titanium, and
forming a film on the surface, as shown in Figure 11A.
According to the principle of gasification and reaction, it
can be divided into physical vapor deposition (PVD) and
chemical vapor deposition (CVD).

PVD is a method in which the target material is
transferred by evaporation or sputtering in atomic,
molecular, or ion states and aggregated on the surface of
the substrate to form a film in a vacuum environment.'®
This method primarily encompasses vacuum evaporation,
sputtering coating, and ion coating. Escudero et al.'®
used PVD to deposit silver coating with a thickness of
4.5 = 1.5 pm on the surface of porous Ti6Al4V alloy.
Compared with the blank group, the silver-coated
scaffold reduced the adhesion of Staphylococcus aureus
on the porous sample and inhibited the formation of
Staphylococcus biofilm on the material's surface within
72 h. In addition, the maximum cumulative silver release
measured within 28 days was <3.5 x 10°° ppm, which did
not cause significant damage to osteoblasts’ adhesion,
proliferation, and differentiation, highlighting good
compatibility and antibacterial effects.

CVD refers to depositing a metal inorganic coating
or solid film on the substrate by chemical reaction with
one or several compounds containing film elements after
gasification. Wang et al. used the CVD method to prepare
tantalum coating on the surface of a porous TC4 scaffold,
as shown in Figure 11B. The healing and fusion effect of
the scaffold in rabbits with lumbar vertebrae resection was
evaluated. The results showed that bone marrow-derived
mesenchymal stem cells (BMSCs) increased on the surface
of Ta-coated scaffolds by a larger margin than those in the
blank group (Figure 11C).

Due to the rapid gas diffusion, the gas deposition
method can be used to modify the surface of complex
porous structures, producing a deposited coating with high
purity. However, the problem with this process is that the
thickness of the deposited coating is small. Compared with
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the PVD method, the films prepared by the CVD method
have better matrix coverage and progressivity.

4.2.3. Electrochemical modification

Electrochemical modification is one of the most widely used
methods for material surface modification. The underlying
principle involves preparing a metal salt solution with pre-
added substances, using the material to be plated as the
electrode, and leveraging an electrochemical reaction to
precipitate ions in the solution and fix them on the material’s
surface to generate a coating.!” According to the reaction
principle, it is mainly divided into electrochemical deposition,
micro-arc oxidation, anodic oxidation, and other processes.

Electrochemical  deposition, also  known as
electrodeposition,  electrophoretic ~ deposition,  or
electroplating, is a method of depositing materials (metals,
polymers, ceramics, glass, and their composites) onto a base
material through redox reactions using an electric current.
Vidal et al.'® performed pulse electrodeposition on porous
titanium scaffolders to achieve uniform coverage of Ca-P
coating. The results of antibacterial tests showed that the
scaffolds possess antibacterial activity against Gram-positive
and Gram-negative bacterial strains and effectively reduced
the infection around the implant. In addition, researchers
also electroplated Cu, Zn, Ag, and other metals onto the
material’s surface to improve biocompatibility. Guo et al.'””
prepared titanium copper/titanium copper nitride coating
by electroplating on the surface of the titanium scaffold.
Biological experiments showed that the proliferation
and adhesion of human bone mesenchymal stem cells
on coated scaffolds were higher than those on blank
scaffolds. The coating plays a significant role in adsorbing
hBMSCs, upregulating SDF-1a/CXCR4 gene expression,
and stimulating extracellular signal-related kinase (Erk)
and Akt signaling pathways. Compared with conventional
chemical deposition, the coating materials prepared by
electrochemical deposition have better uniformity, wider
thickness range, and higher bonding strength.

The anodizing method can form a uniform porous
structure on the surface of materials, which is a convenient
and fast method for preparing highly ordered nanotube
structures,'® as shown in Figure 12A. The geometric
characteristics of nanotube arrays (morphology, length,
pore size, and wall thickness) are influenced by various
factors such as anodizing time, voltage, electrolyte
composition, viscosity coefficient of electrolyte, and
substrate composition.!” Its electrolytes are mainly
composed of nitric acid, hydrofluoric acid, and organic
compounds such as fluoride salts and ethylene glycol.'*°

Liang et al.''! utilized titanium alloy porous screws as
anodes, using an electrolyte solution containing ethylene

glycol (EG), water and ammonium fluoride, and conducted
anodic oxidation reactions using a direct current voltage
source. The voltages were set to 10, 15, 20, and 25 V and
continuously energized for 40 min. Observation of the
surface of porous screws reveals that the morphology
of the anodized surface is influenced by the location of
the screw and the magnitude of the voltage. Shokuhfar
et al.'” used HH,F and ethylene glycol as electrolytes, 60 V
constant voltage, and direct current to conduct anodic
oxidation experiments on CP-Ti surface and TC4 surface,
respectively, to obtain periodic nanotube structures. The
total cell density was higher on the cp-Ti surface than on
the TC4 alloy surface because the precipitation of Aland V
elements in the TC4 alloy affected cell proliferation.

During micro-arc oxidation, the material is used as the
anode in the electrolyte, and a strong voltage is employed
to generate micro-arc discharge and local high temperature
so that the electrolyte ions vaporize at high temperature
to form plasma and oxidize with the porous implant,
thus generating a metal oxide coating with TiO, as the
main component,'? as shown in Figure 12B. The coating
prepared by this process is mainly affected by factors such
as pulse frequency, duty cycle, duration, and electrolyte
composition.'

Carbonate, sulfate, and silicate solutions containing
Ca/P/Si elements are the most commonly used
electrolytes."* Yan et al'® formed a bioactive coating
enriched with micropores on the pore wall of porous
titanium by micro-arc oxidation. The composition analysis
of the coating shows that the porous titanium coating is
mainly composed of anatase and rutile TiO, and other
complex Ca-P-Sr phases. In vitro, osteogenic induction
experiments showed that the porous titanium treated with
MAO displayed good apatite induction ability. In addition
to the traditional electrolyte, some new materials, such
as graphene, are also added to the solution. Sun et al.''¢
coated graphene on a porous titanium alloy using a micro-
arc oxidation process. Biological experiments showed
that graphene coating significantly improved the surface
roughness of the material, and promoted the adhesion,
growth, and proliferation of human adipose-derived
stem cells. In addition, graphene-coated scaffolds also
successfully repaired rabbit mandibular defects, providing
anew idea for the clinical application of tissue engineering
in the field of oral and maxillofacial bone defect repair. The
coating prepared by micro-arc oxidation has the advantages
of good wear resistance, strong corrosion resistance, and
small thermal conductivity. Applying different electrolyte
components can ensure the other functions achievable
by micro-arc oxidation coating, a property that can be
leveraged to add relevant substances to the electrolyte to
make the coating more biocompatible.
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4.3. Loaded drug or active substance

The antibacterial and osteogenic effects of porous implants
can be achieved by modifying the materials’ surface
morphology and chemical composition. However, it is
often difficult to control the release time and content from
the porous implants generated by methods such as metal
element coating, a predicament that would cause certain
damage to the human body. Thus, loading drugs, stem
cells, or exoactive substances on the surface of porous
scaffolds can greatly improve its safety.

Due to the strict storage conditions required for
drugs and bioactive substances, a much stringent set of
requirements should be applied in the design of carriers.
Hydrogels emerge as the ideal carriers of drugs and
bioactive substances due to their high hydrophilicity,

unique three-dimensional network, good biocompatibility,
and cell adhesion.!””""® Bai et al.'® constructed a porous
titanium/Poloxam 407 hydrogel system loaded with
zoledronate (ZOL) to promote bone integration in rabbit
osteoporosis models to inhibit local excessive bone absorption
and promote bone integration. The composite scaffold
(ZOL/gTi) showed good biocompatibility and continued to
release ZOL as the hydrogel degraded (Figure 13A).

Cell tissue modification refers to the culture of stem
cells or their secretions in vitro and subsequently the
modification of the surface of materials by gel loading or by
culture with materials. Yu et al.' encapsulated bone BMSCs
into a matrix gel, as shown in Figure 13B. Subsequently, the
BMSC-containing matrix was infiltrated into the porous
Ti6Al4V scaffold surface to improve the extracellular
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environment of porous titanium alloys. Compared with the
local injection of BMSCs, the modified Ti6Al4V scaffold
promoted the formation of new bone at the mandibular
defect site in rats. Qiao et al.'*' constructed pure titanium
scaffolds coated with platelet-rich plasma (PRP) by freeze-
drying. In vitro biological experiments showed that PRP-
coated porous titanium scaffolds significantly promoted
the attachment, proliferation, migration, and osteogenic
differentiation of bone marrow mesenchymal stem cells
(BMSCs). In vivo studies of implant coatings using an
osteoporosis model have shown that the bioactive interface
of PRP coatings enhanced bone vitality.

Compared with changing the surface morphology of
materials and adding metal elements, loaded drugs or active
substances have no side effects on damaged tissues, and
their effectiveness and safety are significantly improved.'*
However, this modification method necessitates excellent
extraction and storage of surface materials. Hence,
developing low-cost modification methods for active
substances is one of the critical problems to be solved.

4.4. Compound method

Oftentimes, approaches such as surface modification of
porous implants, chemical composition adjustment, and active
material loading would only produce implants with limited
conducive functions or properties. In the context of addressing
the urgent needs to promote osteogenic and antibacterial
effects, especially during the early stages of implantation, there
is increasing interest in unifying morphology modification
and composition loading approaches to create multifunctional
implants. Therefore, combining morphology modification
and composition loading to obtain multiple effects has become
one of the hot research topics.

Ag particles have antibacterial effects. Depending on
this property, Croes et al.'** added different concentrations
of Ag nanoparticles to the chitosan-based (Ch) coating.
The Ch+Ag particle composite coating is endowed with
enhanced antibacterial properties than simple chitosan
coating. Wei et al'** prepared carbon nanotubes by
electrophoretic deposition on the surface of porous titanium
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and then added mesoporous silica nanoparticles (MSNs) and
mechanical growth factor (MGF) into the carbon nanotubes,
as shown in Figure 14. The results of biological experiments
show that the porous titanium coating has a nanostructured
topological structure and can improve myoblasts’ adhesion,
proliferation, and myogenic differentiation on the material’s
surface through covalent bond prolongation.

The dynamic changes in the fluid environment and
tissues present hurdles for the continual usage of implants.

TMJ prosthesm

“ Shoulder prosthesis

s -\ EPDﬁ
N L 30V, 1 min

| CNTs . CNTs@MSNs

| Knee prosthesis

30V, 2 min

For example, the surface morphology of porous titanium
cannot adapt with time to the continuous changes, posing
difficulty to the chemical composition released in response
to a change in tissue growth and the human environment.
Using ultrasonic, electromagnetic, photothermal, and other
external stimulation combined with special coatings, the
function of the modified layer can be stimulated to achieve
dynamic regulation and satisfy the conditions required
for human tissue recovery.'” As shown in Figure 15, Wu

Ti-CNTs-MSNs

F.PDZ;

Ti-CNTs-MSNs@MGF

Figure 14. Multi-method composite construction coating. The porous prosthesis was coated with CNT and deposited to Ti-CNTS-MSNS@MGE.'*

Copyright © 2022 ACS. Reprinted with permission from ACS.

Abbreviations: CNTs: Carbon nanotubes; CTAB: Cetyltrimethylammonium bromide; EDC/NHS: N-hydroxysuccinimide and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride; EPD: Electrophoretic deposition; MGF: Mechanical growth factor; MSNs: Mesoporous silica

nanoparticles; TEOS: Tetraethoxysilane; TMJ: Tendon muscle junction.
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et al.'*® used a hydrothermal synthesis method to form
BaTiO, coating uniformly on the surface of a 3D-printed
porous Ti6Al4V scaffold. The wultrasonic excitation
of coating vibration to generate electrical stimulation
promoted the pro-regenerative M2 polarization, inhibited
the M1 polarization of macrophages, and promoted the
bone regeneration process of the sheep cervical vertebra
resection model.

The principles, advantages, and disadvantages of
different surface modification methods are summarized in
Table 3.

5. Summary and outlook

Medical porous titanium alloy has broad development

prospects in biological tissue engineering. Through the

review and summary of its performance requirements,
processing methods, modification methods, and effects,
the following conclusions are drawn:

(i) Medical porous titanium alloy in the human body
mainly plays a fixed, supporting, loading, and
other roles. Good mechanical properties (strength,
modulus, corrosion/wear resistance) guarantee

(ii)

biocompatibility and ensure the primary conditions
for their functioning, while the above properties can
be influenced by the material composition, structural
design, and surface properties.

The porous structure can reduce elastic modulus
and improve compatibility, in terms of mechanical
properties, with the human body. The properties of
porous titanium are affected by the preparation process
and structure. According to the sintering principle, the
preparation process of porous titanium mainly includes
the sintering method, fiber preparation, additive
manufacturing, and so on. With the development
of additive manufacturing, the machining accuracy
and structural complexity of porous titanium will be
continuously improved, alongside the steady develop
of a design scheme based on design elements such as
aperture, porosity, and structural units. In the future,
additive manufacturing of porous titanium alloys
will take into consideration the development of new
materials and the structural topology optimization
for realizing the processing of structure-function
integrated devices, with the aim of enhancing their
performance in mimicking human tissue.

Table 3. Comparison of different surface modification processes for porous titanium alloys

Modified technology Preparation principle Working principle Advantages Disadvantages  References
Physical modification Alteration of the surface structure Forms a certain rough Low cost and easy to  Poorly effective 95
and roughness of the material by structure on the surface of operate
means of etching, etc. the material to promote cell
growth
Chemical modification
Chemical molecular The coating is directly formed by Influence cellular behavior Low cost and Low bonding 101
dipping a chemical reaction between the by attaching chemicals to effective strength to the
modified solution and the surface of surfaces material surface,
the material prone to debris
and inflammation
Vapor deposition Attachment of the metal to Acts on cells/bacteria via Good coating Limited metal 127
the surface of the material by metallic components such as  bonding properties, loading and thin
vaporization of the evaporated Ag/Cu/Zn in the film suitable for modification layer
metal to produce a modified film by metal element
reaction modification
Electrochemical Electrochemical reaction causes the  The electrolyte component  Strong binding and High cost 109
modification analytes in the electrolyte to adhere  and porous structure of the good effect and complex 107
to the surface of the material to coating also promote cell preparation 115
form a coating growth process
Loaded drug or active Bioactive substances such as drugs ~ Promote tissue recovery by High safetyand ~ High requirements 117
substance and cellular platelets are loaded  releasing drugs and buildinga ~ quick recovery  for surface coating 119
onto the surface of the material bioactive environment preparation
using a carrier such as a gel
Compound method Combining morphological The synergistic action of Better results with ~ High preparation 126

modification with compositional
effects, or building coatings
from combinations of different
components

different components, or
the joint action of surface
morphology and components

simultaneous
antimicrobial and
osteogenic effects

requirements and
complex processes
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(iii) The surface modification process is a crucial step for
endowing the material with functional properties. Given
the complex internal structure of porous titanium alloy,
penetratingtheinsideofthestructureusingthetraditional
modification method is challenging; therefore, surface
modification of porous titanium is mostly conducted
in a fluid medium. According to the principle of action,
the modification strategies of porous titanium alloy
can be divided into physical modification, chemical
composition loading, biological activity introduction, efc.
Composite modification combines the above methods to
achieve multiple functions simultaneously. In addition,
the spatiotemporal modulation of coating properties
through external aids, such as sound, light, electricity,
heat, and magnetism, can help with further adapting to
the growth of human tissues and environmental changes
and allow for matching with human properties, paving
the way to become the new generation of modification
methods.
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Abstract

Hot cracking is a major bottleneck preventing the additive manufacturing
community from adopting precipitation-strengthened nickel-base superalloys,
such as the IN738LC. Prior literature demonstrates the beneficial outcome of
increasing the carbon content within IN738LC to alleviate its hot cracking problem.
However, the effect of carbon content on the gamma prime precipitation and grain
recrystallization was not fully addressed. Here, we fabricated five sample sets of
IN738LC with different carbon contents and subjected these samples to two separate
heat treatment processes. The precipitate and grain evolution were monitored under
the backscattered electron imaging and electron backscattered diffraction studies.
While the carbon addition could assist in addressing the hot cracking problem,
horizontal delamination cracks were detected during the fabrication of large samples
when the overall carbon content was above 0.4 wt.%, highlighting the need for care
when introducing carbon for the purpose of resolving hot cracking.

Keywords: Additive manufacturing; Cracking; Nickel-base superalloy; Carbon

1. Introduction

Precipitation-strengthened nickel-base superalloy IN738LC was originally designed
as an investment casting alloy'. It contains a high-volume fraction (about 45 %) of the
coherent L1, Ni,(Al, Ti) gamma prime (y’) precipitates,” which provides the material
with excellent high-temperature (up to 980°C) resistance to hot corrosion and desired
mechanical properties,* enabling the alloy to serve as critical components within the
hot sections of land-based and aero gas turbines.>® The envisioned benefits of one-step
near-net-shape production of this material through additive manufacturing (AM) have
driven many research efforts for the past half-decade.”” If successful, the AM approach
could save on raw material feedstock and eliminate the need for post-machining,
which is a considerable cost for such an expensive and difficult-to-machine hard alloy.*’
However, under AM’s rapid solidification conditions, for example, laser powder bed
tusion (LPBF), IN738LC is prone to hot cracking.'"'?
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Prior studies illustrate that one potential method to
eliminate the problem of hot cracks in this alloy is through
the addition of carbon, as the formation of carbides serves
as trapping sites for the hot-crack-promoting element, that
is, boron."” The role of carbon has long been a debatable
topic within the nickel-base superalloy community.
First, carbon segregation along grain boundaries was
reported to improve the grain boundary strength.’* As
a result, the concurrent improvement in the material’s
room temperature and high-temperature tensile strength
(5 - 6%) and elongation (30 — 50%) was observed on
several occasions.'>'® However, low-temperature and high-
stress creep tests show that the increase in carbon content
has a detrimental effect. The excessive carbon content leads
to enlarged carbides, which facilitate the formation of gas
pores and subsequently result in a large primary creep
strain and short rupture life.”” Second, carbon was found
to prevent oxide formation during the material’s melting
stage, improving the overall melt’s cleanliness.'”® Yet,
during service under a high-temperature environment,
the oxidation of carbide itself could introduce plastic
deformations and contribute to soft recrystallized regions
nearby, serving as crack initiation sites.' Finally, metastable
carbides at low temperatures are effective trapping
sites, either for hydrogen or boron, to prevent hydrogen
embrittlement and solidification defects.”” However, brittle
topologically close-packed (TCP) phases tend to form on
the carbide decomposition at high temperatures, leading to
pre-mature material failure under loading.”!

Besides the effect of carbon on the performance of
nickel-base superalloys, its interaction with y’ precipitation
is also another subject worth investigating. The y" phase
within those LPBF-built IN738LC only appears during
heat treatment (HT).® It is believed that the additional
carbon will induce competitive precipitation between
the carbide and y.* Hence, an optimization of the HT
process due to the additional carbon addition might be
necessary. Conventionally, the as-cast IN738LC goes
through a classic two-step HT, with a solutionization HT
at 1120°C for 2 h, followed by 24 h aging HT at 845°C.”
Several studies have reported on the inadequacy of this
conventional two-step HT toward recrystallization and
suggested that a stress-relief HT at 845°C for 24 h before
the two-step HT is required to lower the temperature
threshold for recrystallization.* Past literature suggests
that for IN738LC alloys, a unimodal fine Yy’ precipitation
or a bimodal y* precipitation with the size of the finer ¥
below 100 nm is desirable for both the room-temperature
and high-temperature (up to 850°C) tensile properties.®
To obtain such a fine ) the aging temperature needs to be
at least 1120 °C to trigger the mechanism of “precipitate
refinement by solution HT”* Hence, there is still plenty of

room for improvement to optimize the HT processes for
LPBF-built IN738LC alloys.

In this study, we fabricated five sample sets of IN738LC
alloys with different carbon contents through the LPBF
approach and subjected the as-built samples to different
HT cycles. The evolution of the carbide and ¥’ precipitation
was closely monitored after each procedure, including
their microhardness and tensile properties. Moreover,
the less-reported issues of delamination cracking during
the fabrication process are also presented and discussed
toward the end.

2. Methods
2.1. Sample fabrication

A Trumpf TruPrint 1000 LPBF machine was employed for
fabricating the IN738LC samples in the present study. The
equipment has a laser source with a wavelength of 1070 nm
and alaser spot size of 30 um. Five sample sets with different
carbon (C) concentrations ranging from 0 to 0.4 wt.% were
produced, with a 0.1 wt.% carbon interval between each
sample set. The IN738LC powders were obtained from
Shanghai Truer Industrial Development Co., Ltd, with
a powder size ranging from 15 to 53 um. Its chemical
composition is listed in Table 1. Graphite powders were
purchased from Nanografi Nano Technology, having an
average powder size of ~1 um. The powders were mixed in
a roller mill (BMU-100-3) for 12 h, with a rotational speed
of 180 rpm. Before sample production, the powders were
dried in a vacuum at 60°C for 24 h. A chessboard laser scan
strategy was adopted for the actual production, with an
individual island dimension of 4 x 4 mm?, a layer thickness
of 20 um, hatch spacing of 90 wm, a laser scanning speed of
1200 mm/s, and a laser power input of 115 W and 130 W,
respectively.

Blocks with a size of 10 x 10 x 25 mm?® were fabricated
in a graded structure format from 0 wt.% carbon to
0.4 wt.% carbon, with each composition having a 5 mm
height (Figure 1A), under an oxygen concentration of
about 100 ppm. The different powder compositions were
loaded into the powder storage unit within the LPBF
machine sequentially; therefore, the graded structure
could be produced in a single production run.

2.2. Material characterization and HT

All as-built specimens were removed from the substrate
through electric discharge machining. The specimens were
mounted in PolyFast carbon resin and grounded with SiC-
paper of grit in the descending order of #220, #500, #1000,
#2000, and #4000, respectively. Subsequently, a polishing
step with MD-Dac (DiaPro Dac 3 um suspension) and
MD-Nap (DiaPro Nap 1 um suspension) was carried out,
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Table 1. Chemical composition of IN738LC powders

wt.% Cr Co Al Ti w Nb Ta Si Zr C B Ni
IN738LC 16.06 8.61 3.54 3.58 2.65 0.97 1.69 0.032 0.031 0.124 0.0086 Bal
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Figure 1. The effect of laser power, 115 W and 130 W, on the density and microhardness of IN738LC samples mixed with different amounts of carbon,
from 0 to 0.4 wt.%. (A) The actual as-built samples. (B and C) The optical image and (D and E) microhardness evolution along the build direction of these

specimens.

followed by Vibratory polishing (MasterMet colloidal silica
suspension).

Optical microscopy (OM) examination was conducted
using an Olympus BX53M microscope equipped with
Olympus stream motion 2.3.3 software. Scanning electron
microscopy and electron backscattered diffraction were
performed using a JEOL JSM-IT500HR equipped with an
Oxford Symmetry detector, using an accelerating voltage
of 20 kV and a step size of 1 um. Bruker D8 discover
diffractometer was employed for the X-ray crystallography
(XRD) study, with a Cu Kot radiation and 2D Vantec detector.

Only specimens built with the 130 W laser power
input were subjected to subsequent HT in the QSXL-1616
box-type electric furnace due to its higher relative density
(to be shown in Section 3.1). For HT studies, specimens
with different compositions were machined into smaller
blocks of 2.0 x 4.5 x 1.0 mm. In total, two HT procedures
were adopted to optimize the grain recrystallization and
gamma prime (y’) morphology, namely, the two-step HT
and the three-step HT. The two-step HT process mimics
the standard industrial practice of post-processing the
conventionally made IN738LC. The material first goes
through a solution treatment at 1120°C for 2 h, with the
intention of dissolving any previously present Y. Then, an
aging process is conducted at 845°C for 24 h to promote
Y precipitations.”” However, literature results showed that

LPBF-built IN738LC does not have any Yy’ in its as-built
state, as they are kinetically suppressed.?® Thus, the
dissolution treatment no longer justifies its presence.

The three-step HT was conceived in this study
to promote grain recrystallization and avoid the
anisotropic of the LPBF-produced
samples. The three-step HT began with a stress-relief
procedure at 845°C for 24 h, which has shown to be
effective in lowering the threshold temperature for
recrystallization during HT.** Subsequently, the stress-
relieved specimens were held at 1200°C for 4 h before
being placed at a temperature of 1120°C for 24 h to
promote a bimodal Yy distribution, with the fine y’
having a size below 100 nm.? All heating processes use
a constant heating rate of 10°C/min. Water quenching
was adopted after each HT step.

performance

Microhardness tests were carried out on the Innovatest
Falcon 5000 machine, using a 0.1 kg and 1.0 kg load,
respectively, with a holding time of 15 s. At least, ten
indents were placed on each specimen. Tensile specimens
have a gauge length of 20 mm, gauge width of 8 mm, and
gauge thickness of 1 mm. They are machined from the
larger, as-built rectangular blocks. Tensile studies were
conducted on an Instron Mechanical Tester 5569 machine,
using a nominal strain rate of 0.3 mm/min.
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3. Results
3.1. Laser processing parameter optimization

LPBF fabrications using five different combinations of
powders were conducted within the same build platform
(Figure 1A), with the bottom of the build being pure
IN738LC, followed by IN738LC with 0.1 wt.% carbon. The
carbon content sequentially increased, and the top-most
portion was IN738LC with 0.4 wt.% carbon. The OM images
of samples fabricated using two different laser powers are
shown in Figure 1B (115 W) and Figure 1C (130 W). The
specimen made from 115 W depicts uniformly distributed
pores, with a density value of 99.35% measured through
OM image analysis. The size of the pores is mostly below
100 pm, as illustrated from the enlarged view in Figure 1B.
In comparison, the specimen fabricated with a 130 W laser
power input had much fewer and smaller pores, with a
density value of 99.95%, obtained from the same analysis
approach. The effect of carbon content on microhardness
under the two laser power inputs is shown in Figure 1D
(115 W) and Figure 1E (130 W), respectively. For both
builds, the microhardness value increases concurrently
with the carbon content, ranging from ~380 HV to ~530
HV for 115 W and from ~400 HV to ~ 550 HV for 130 W,
indicating that the higher power gives the as-built samples
a higher microhardness. Due to a larger number of pores
within the 115 W build, its microhardness results show
a greater degree of scatter (Figure 1D), with the lowest
microhardness value recorded being <100 HV, which likely
occurred when the microhardness indents fell near those
pre-existing pores.

3.2. Evolution of Y’ and carbide under different
processing and HT conditions

Only specimens fabricated with the 130 W laser power
input were subjected to subsequent characterization due
to their superior density of 99.95%. The ¥’ and carbide
characteristics of the as-built specimens were examined
under the backscattered electron (BSE) imaging condition
(Figure 2). Out of the five different compositions, only
three alloys were examined in detail, that is, the pure
IN738LC, IN738LC with 0.1 wt.% carbon, and IN738LC
with 0.3 wt.% carbon. This is because the trend on
the effect of carbon addition is consistent among all
specimens. In general, the grain boundaries have a zig-
zag morphology and are interlocking with one another
(Figure 2A —C)). The grains were not uniform in color due
to the intragranular rotations induced by inherent residual
stresses incurred during LPBF’s cyclic heating.® With
the increase in carbon content, the number of carbides
(bright spherical dots under the BSE imaging) was found
to increase monotonously along the cellular boundaries

(Figure 2A -C,). The carbides were previously found to be
titanium carbide (TiC), thus appearing bright under the
BSE condition.” The size of these cellular structures was
approximated to be around 500 nm, consistent with the
previous reports."”” For pure IN738LC, the MC carbides
were isolated from one another, and the distance between
individual carbides was reduced with the increment of
carbon content (Figure 2A,-C,). For alloy with 0.3 wt.%
carbon, the carbides occupied almost the entire cellular
boundaries and formed a carbide ring (Figure 2C,).

After the standard two-step HT, more carbides started
to precipitate out, mostly along the grain boundaries of
these three specimens, again appearing as bright dots
(Figure 3A -C)). The contrast within individual grains
became more uniform than their as-built state. The amount
of vy is inversely proportional to the carbon content,
with the pure IN738LC and the IN738LC with 0.1 wt.%
carbon samples having densely packed y’ (black phases in
Figure 3A, and B,), and the sample with 0.3 wt.% carbon
having a much lower quantity of y* (Figure 3C,). The first
two samples demonstrate a bimodal y* distribution, with
the bigger y’ having a diameter of about 200 to 400 nm
and the smaller y’ having a diameter of around 100 nm
(Figure 3A, and B,). For the IN738LC sample mixed with
0.3 wt.% carbon, the smaller carbides are not clearly visible
under the current imaging condition (Figure 3C,). It is
speculated that the missing ¥’ could be deprived of their
essential solute elements due to the competitive nucleation
and growth of MC carbides.

Straight annealing twins were present within the pure
IN738LC alloy after the three-step HT process proposed in
this paper (Figure 4A ). Its grain boundaries were no longer
tortuous but mostly smooth. The presence of MC carbides
(those white dots) was more apparent than its as-built and
two-step HT-processed counterparts. For the IN738LC
samples added with 0.1 wt.% and 0.3 wt.% carbon, the
accumulation of carbides (bright spots) along their grain
boundaries was clearly visible (Figure 4B and C)). The
higher temperature and longer duration designed in the
three-step HT caused the Y’ to grow further, reaching a
peak diameter of around 600 to 800 nm (Figure 4A,). In
conjunction, the MC carbide also reached a maximum
dimension of around 500 nm. With a higher carbon content,
the maximum size of y’ and those intragranular carbides
decreased (Figure 4B, and C,). While the larger v’ in the
three-step HT is about twice the size of those in the two-
step HT, the smaller ¥’ in the three-step HT is about half
the size of those in the two-step HT, having an average size
of ~60 nm for the pure IN738LC (Figure 4A,). A similar
trend in the refinement of y’ in the three-step HT was also
observed for the other two alloys (Figure 4B, and C,).
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IN738LC with
0.1 wt.% Carbon
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IN738LC with
0.3 wt.% Carbon

v

Figure 2. Backscattered electron imaging of the as-built specimens at different magnifications for (A -A,) pure IN738LC, (B -B,) IN738LC with 0.1 wt.%
carbon, and (C,-C,) IN738LC with 0.3 wt.%. Bright spots are the MC carbides.

3.3. Phase constituents and grain recrystallization
during HTs

The XRD results of the samples under the as-built, two-
step HT, and three-step HT conditions are shown in
Figure 5A-C. Within the XRD graphs, the orange diamond
represents the y/y’ phase, while the blue circle and yellow
star are the MCand M,,C, carbides, respectively. Right after
the LPBF production, the XRD profile suggests that the
pure IN738LC mainly consists of a single y/y’ phase, which
cannot be distinguished based on the XRD technique alone
due to their close lattice spacing (Figure 5A). However,
based on the previous BSE results, we know that it, in fact,
only contains the ¥ phase, as the y’ is kinetically suppressed
during the solidification process. With the addition of
increasing carbon, the MC carbide peak became more
obvious, consistent with a previous report that after rapid
solidification for IN738LC, the precipitated carbon tends to
form MC carbides." After the industrial standard two-step
HT, we started to observe MC carbides in the pure IN738LC
sample. As the carbon content increased, the intensity of
the MC carbide peaks became stronger (Figure 5B). When
mixing with 0.4 wt.% carbon, an additional M,,C, peak
(yellow star)*® was found for the two-step HT. This was the
only M,.C, carbide peak detected within this study, but

its intensity was relatively low. As for the three-step HT,
due to its higher HT temperature and longer HT duration,
there were more MC carbide peaks with higher intensities
(Figure 5C). Overall, despite the different HT processes
adopted, MC carbide is the dominant precipitate within
the LPBF-produced IN738LC.

The inverse pole figure maps of the previously mentioned
samples are shown in Figure 6. All maps were computed
with a viewing direction along the build direction and a
scan area of 500 x 500 wm? Under the as-built condition,
all specimens demonstrated a classic columnar grain
structure, growing parallel to the heat flow direction®
(Figure 6A -C)). The specimen with the highest carbon
content (0.3 wt.%) seems to have more <110>-oriented
grains in green (Figure 6C ). After the standard two-step
HT process, no discernible changes were observed for the
pure IN738LC and IN738LC mixed with 0.1 wt.% carbon
in terms of their grain morphologies or crystallographic
textures (Figure 6A, and B,). The intragranular rotations,
typical for LPBF-built samples,* are still present. However,
for the specimen blended with 0.3 wt.% carbon, grain
growth was evident, and the <110> grains expanded at the
expense of other grains with a different crystallographic
orientation (Figure 6C,).
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IN738LC with
0.1 wt.% Carbon

IN738LC

IN738LC with
0.3 wt.% Carbon

Figure 3. Backscattered electron imaging of specimens after the industrial standard two-step HT at different magnifications for (A -A,) pure IN738LC,
(B,-B,) IN738LC with 0.1 wt.% carbon, and (C,-C,) IN738LC with 0.3 wt.%. Bright spots are MC carbides and dark precipitates are y.

For the three-step HT, the pure IN738LC had a vastly
different grain morphology. Columnar grains changed
into equiaxed grains encompassing straight annealing
twins (Figure 6A,). Such a microstructure is envisioned
to be beneficial for providing an isotropic property when
the material is strained under different loading directions.
With an increment of 0.1 wt.% of carbon within the
base alloy, the material failed to make this columnar-
to-equiaxed transition but retained its columnar grain
shape, though the grain size enlarged with more <110>
crystallographic orientations (Figure 6B,). As for the
specimen with 0.3 wt.% of carbon, the three-step HT did
not yield a huge difference in comparison to the prior two-
step HT (Figure 6C, and C,). The sample was still mostly
made of large columnar <110> orientated grains along the
build direction.

4, Discussion

The aim of the present work is to explore the feasibility of
eliminating the hot cracking problem within LPBF-built
precipitation-strengthened IN738LC by increasing its
carbon content. This approach is mainly inspired by the
previous study,”® which shows that carbides are effective

trapping sites for the hot-crack-promoting element, boron.
Despite its promising result on hot crack elimination and
ease of application, there are several potential problems
associated with this method. First, it is the viability of
having sufficient ¥’ precipitates, as the increased carbon
content will yield more carbides, thus competing for those
essential Y forming elements. Second, carbides are also
known for their pinning effect in nickel-base superalloys,
as they prevent the migration of recrystallization grain
boundaries, thus hampering grain recrystallization.”
Third, while having more carbides should assist in the
eradication of hot cracks during solidification,*** when
existing in abundance, their brittle nature might cause
large delamination cracks under the inherent residual
stresses present in the LPBF’s cyclic heating cycles.*® In
this study, we addressed each of these potential problems
sequentially.

As shown in Figures 2-4, the characteristics of ¥’ are
strongly correlated with the carbon content and the HT
procedures. In the as-built state, we did not observe Y’ in
any of the three samples. All as-built specimens have a
cellular microstructure with a cell size of around 500 nm,
typical for LPBE-built nickel-base superalloys.”” Carbides
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IN738LC with
0.1 wt.% Carbon

IN738LC

IN738LC with
0.3 wt.% Carbon

Figure 4. Backscattered electron imaging of specimens after the proposed three-step HT at different magnifications for (A -A,) pure IN738LC, (B -B,)

IN738LC with 0.1 wt.% carbon, and (C,-C,) IN738LC with 0.3 wt.%.

are mainly observed within the interdendritic/cellular
boundaries, which can be ascribed to the high partitioning
coeflicient of carbon within the matrix gamma phase.”
With the adoption of a conventional two-step HT, the
addition of 0.1 wt.% carbon did not seem to alter the y’
morphologies to a large extent (Figure 3A, and B,). The
size and distribution of ¥’ are rather similar to the pure
IN738LC, which underwent the same two-step HT process.
The density of MC carbides did increase with the addition
of carbon, but y’ was still the dominant precipitate within
the sample (Figure 3B,).

However, the same cannot be said for the alloy with
0.3 wt% carbon addition. After the standard two-
step HT, the number density of the larger ¥’ was greatly
reduced, estimated to be less than 50% of those in the
pure IN738LC by visual inspection (Figure 3B,). Under
a higher magnification, those smaller Y can no longer
be detected (Figure 3C,). Instead, smaller carbides were
observed. It is shown that the MC carbide within LPBF-
built IN738LC is mainly made of titanium, which has the
same atomic concentration as its carbon content.'** Thus,
when more carbides are formed through acquiring the
titanium solutes within the supersaturated gamma matrix,
the availability of titanium for y formation is sharply

decreased. This lack of sufficient ¥ is expected to diminish
the high-temperature performance of IN738LC with an
additional 0.3 wt.% carbon. Yet, for room-temperature
applications, the presence of more carbides contributes
to a higher hardness, as shown in Figure 7A. The similar
microstructures after the two-step HT in Figure 3A, and B,
yielded similar hardness results around 490 HV. With the
increase in carbide density, the hardness property of the
IN738LC added with 0.3 wt.% carbon reaches about 520
HYV, yielding a 30 HV increment.

The higher solution and aging HT temperatures in the
three-step HT process promote the growth of primaryy; but
reduce the size of those secondaryy’ (Figures 3 and 4). Prior
literature suggests that the presence of fine Y’ (< 100 um) is
beneficial toward both the room temperature and high-
temperature (up to 850°C) strengths of IN738LC,* which
is also the rationale for the design of the existing three-
step HT. Yet, our preliminary hardness results show the
opposite trend (Figure 7A). In general, the samples after
the three-step HT are about 50 HV to 80 HV, softer than
their counterparts experiencing the two-step HT, despite
that the three-step HT produced much finer secondary
Y precipitates. There are two potential explanations for
the observed phenomenon. First, during the growth of
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Figure 5. X-ray crystallography results of the IN738LC samples mixed with different amounts of carbon (from 0 to 0.4 wt.%) fabricated with a 130 W laser
power input in the (A) as-built, (B) two-step heat treatment (HT), and (C) three-step HT conditions. The orange rectangle indicates the y/y’ phase, while

the blue circle and yellow represent the MC and M, C, carbides.

those exceptionally large primary ¥’ under the three-step
HT, they absorbed all available adjacent solutes, as shown
in the empty white space in Figure 4A,. These areas are
unable to resist the propagation of slip dislocations during
plastic deformation, hence weakening the material.”®
Second, the carbides under the three-step HT have become
much larger in size and are primarily confined within
the high-angle grain boundaries (Figure 4B, and C)),
possibly due to the lowering of grain boundary energies
through solute segregation during HT.** The lack of fine
intragranular carbides will then reduce the materials
hardness. The hardness results from Figure 7A corroborate
this hypothesis, as all three samples under the three-step
HT have similar hardness results, and the difference in
their carbon content (thus carbides) did not make any
discernible difference in the hardness property.

While the influence of carbon content on the Y
characteristics might not be too obvious, at least for the 0.1
wt.% sample, its effect on recrystallization was much more
pronounced. All as-built specimens have a similar as-built
grain morphology comprising columnar grains (Figure 6).
The standard two-step HT yielded little change for the pure

IN738LC and IN738LC with 0.1 wt.% carbon additions but an
obvious grain growth for the 0.3 wt.% carbon-added sample.
Prior literature suggests that the carbide within nickel-base
superalloys serves dual purposes during recrystallization.” On
the one hand, carbides act as nucleation sites for recrystallized
grains, termed as particle-stimulated nucleation; on the other
hand, they inhibit recrystallized grain boundary migration
through the Zener pinning effect.” It is postulated that when
the carbide density increases, the grain nucleation during
recrystallization is initially promoted (Figure 6C)), but as
the carbides along the high-angle grain boundaries reach a
critical size (measured to be 1.8 + 0.6 um from Figure 4C,),
the grain can no longer grow further (Figure 6C,).

The same phenomenon was also observed for the
0.1 wt.% carbon-added sample under the three-step
HT procedure (Figure 6B,). The only specimen that
can transform from a columnar-shaped grain into an
equiaxed grain is the pure IN738LC under the three-step
HT (Figure 6A,). These results highlight the sensitivity
of carbon content within the IN738LC alloy during the
recrystallization process. Even with only 0.1 wt.% carbon
addition, grain growth is severely limited.
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IN738LC with IN738LC with
0.1 wt.% Carbon 0.3 wt.% Carbon
S : i P €.

IN738LC

Two-step HT As-built

Three-step HT

Figure 6. Inverse pole figure (IPF) maps of specimens under the as-built, two-step heat treatment (HT), and three-step HT conditions for (A -A,) pure
IN738LC, (B,-B,) In738LC mixed with 0.1 wt.% carbon, and (C -C,) IN738LC mixed with 0.3 wt.% of carbon. The IPFs are constructed with a viewing
direction parallel to the build direction.
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Figure 7. (A) Microhardness results of the three specimens under investigation after the two different heat treatment processes. (B) The room-
temperature tensile results of the as-built IN738LC and the as-built IN738LC with 0.3 wt.% carbon addition. It should be noted that the tensile property
of the 0.3 wt.% carbon-added sample was retrieved from its non-cracked regions. Care must be taken when interpreting its mechanical performance
for the entire built part.
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The room temperature tensile results of the as-built
pure IN738LC and IN738LC with an addition of 0.3 wt.%
are presented in Figure 7B. These results are comparable to
those reported in the literature, with and without carbon
additions.>'® However, one major issue found in the present
study, which is not reported in prior works, is the presence
of large, horizontal cracks within the as-built IN738LC with
an addition of 0.3 wt.% carbon (Figure 8A and B). Its tensile
property is only measured in those non-cracked regions. It
should be noted, though, that the present work used powder
mixtures between the IN738LC and graphite powders instead
of pre-alloyed powders. Despite this fact, the presence of
large delamination cracks still warrants further investigation.

Most of the delamination cracks in the existing literature
are centered on those carbide-containing tool steels,
whereas the occurrence of cracking is a measure to relieve
the inherent residual stresses accumulated during the LPBF
production.” We believe that it is a similar mechanism
for the crack occurrence in the current material. A small-
sized, representative fracture surface of the crack under
OM is shown in Figure 8C. Within this specimen, the top
portion is the cracked surface, showing a bright contrast.
The lower portion is the region, which was originally still
intact after production but was broken apart to examine
the fracture surface. Laser melt tracks were observed on
the cracked surface during LPBF fabrication (Figure 8D).
Such a feature indicates that fusion between successive

layers did not take place during the production run, likely
due to part distortions triggered by the build-up of residual
stresses. As for regions that were originally intact after
LPBF fabrication, ductile dimples were detected (enlarged
view within Figure 8E), suggesting the ductile failure mode
during the breaking of parts after the LPBF production.

Despite the few reports on such delamination cracks in
the open literature, these cracks pose a significant challenge
to the LPBF production of precipitation-containing alloys,
which often offer superb strength, wear, and conductivity
properties.*> During the production of samples with small
dimensions (with a cross-sectional area of 10 x 10 mm?,
Figure 1), no cracks were observed. The delamination
cracks only occurred for large samples, whose residual
stress content is believed to be much larger.”* Hence, the key
to fabricating crack-free samples having large precipitation
content is to minimize the amount of residual stress that
occurs during production. One proven method is to use
a heated substrate to reduce the thermal gradient during
fabrication and, hence, lower the residual stress content.*

5. Conclusion

The present study aims to examine the effect of increasing
the carbon content within precipitation-strengthened
nickel-base superalloy IN738LC during the LPBF process.
Besides its benefit of reducing the material’s hot cracking
susceptibility, three potential problems associated with

Figure 8. Large, horizontal cracks present in the as-built IN738LC with an addition of 0.3 wt.% carbon from (A) longitudinal and (B) cross-sectional views.
(C) The fracture surface of the horizontal crack under optical microscopy. Enlarged scanning electron microscopy images of the crack surface focusing on

the (D) delaminated and (E) still intact regions.
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this approach are investigated in detail, namely, the size
and distribution of v, the ease of recrystallization, and the
presence of large delamination cracks.

(i). The effect of carbon addition on the ¥’ precipitation is
limited when the addition amount is about 0.1 wt.%.
Under the conventional two-step HT, they” has a typical
bimodal distribution, with the primary y’ being around
200 to 400 nm and the secondary y’ about 100 nm.
However, with the addition of 0.3 wt.% carbon, the ¥’
precipitation is severely restricted. Instead, MC carbide
becomes the dominant precipitate, which increases the
material’s room-temperature hardness and strength.

(ii). The carbon content is found to be very sensitive toward
grain recrystallization. Even with an addition of 0.1 wt.%
carbon, the recrystallization is limited to large columnar
grains. Only the original IN738LC composition could
be fully recrystallized and form equiaxed grains with
annealing twins. With additional carbon, they could
facilitate early grain nucleation during recrystallization.
However, large carbides with a size of about 1.8 um
will eventually form and pin the high-angle grain
boundaries and restrict their migration.

(iii). Horizontal delamination cracks occurred during the
production of large specimens with the dimension
of 45 x 10 x 10 mm’. No crack was observed for
smaller samples (cross-sectional area of 10 x 10 mm?)
fabricated wusing the same LPBF production
parameters. Such cracks are frequently observed for
alloys containing a high density of hard precipitates,
and their formation is often attributed to the inherent
high residual stresses.
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Abstract

In the rapidly expanding field of additive manufacturing, multi-material fused
filament fabrication represents a frontier with vast potential for creating composite
structures that blend the benefits of different material properties. Interlaminar
adhesion between dissimilar materials remains a challenge for the realization of
multifunctional structure for practical use. This study investigates the interlaminar
adhesion between conductive polylactic acid and thermoplastic polyurethane,
materials representative of rigid and flexible characteristics, respectively. We present
a comparative analysis of two adhesion enhancement approaches: the incorporation
of mechanical interlocking features and the modification of surface roughness
at the interface. Through tensile testing, we evaluate the effectiveness of these
methods against a benchmark coupon with unmodified interface. Micro-computed
tomography analysis, surface morphology analysis, and mechanical performance
assessments elucidate the failure modes and provide insights into the interfacial
behavior of these interface designs. We found that the interface design with top
infill modification showed the highest interlaminar adhesion strength, with an
improvement of at least 25% compared to the benchmark coupon. Our findings aim
to inform the design and manufacturing practices in multi-material 3D printing and
to open new avenues for the development of multifunctional, composite 3D-printed
systems.

Keywords: 3D printing; Additive manufacturing; Multi-material; Polymer; Composite
material; Adhesion; Interface

1. Introduction

The advent of additive manufacturing, also known as 3D printing, has transformed
the landscape of material science and engineering, propelling the innovation of
new applications across a diverse range of industries such as printed electronics,
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tissue engineering, and aerospace and defense.'®
Fused filament fabrication (FFF) stands out among
the array of multi-material 3D printing technologies
(Figure 1A) for its versatility, accessibility, and efficiency
in creating complex geometries®® and the availability
of a wide range of materials, such as polylactic acid
(PLA), thermoplastic polyurethane (TPU), acrylonitrile
butadiene styrene (ABS), polyethylene terephthalate
glycol, nylon, and polyether ether ketone (PEEK). To
date, various material combinations have been attempted,
such as PLA/ABS, PLA/TPU, conductive polylactic acid
(cPLA)/ABS, PLA/TPU, chlorinated polyethylene (CPE)/
TPU, CPE/PLA, PLA/conductive-PLA, ABS/conductive-
PLA, and ABS/TPU, just to name a few.”*'* One of the
promising areas of interest within multi-material FFF is
the printing of soft and rigid materials, which promises
to revolutionize the manufacturing of multifunctional
applications, from structural electronics to soft robotic
devices.”® Among the materials of interest, cPLA and
TPU have garnered significant attention due to their
unique properties — cPLA for its rigidity and ability

A Conducting PLA filament TPU filament

Adsorption

o =

Polarity

/
.

0, 0

@

) )
©) ~ ®

Figure 1. Schematics illustrating (A) the fabrication of a multi-material
part through a multi-nozzle fused filament fabrication process and (B)
the possible adhesion mechanisms at the interface of a fused filament
fabricated multi-material part. Adapted from Watschke et al.** (licensed
under CC BY 4.0). Abbreviations: cPLA: conductive polylactic acid; TPU:
Thermoplastic polyurethane.

to conduct electricity, and TPU for its elasticity and
durability.”

The fusion of these materials within a single print
could lead to the creation of objects with both structural
support and flexible characteristics, offering myriad
possibilities such as actuators and electronic components
integrated into structural frameworks.?® This capacity
for in situ fabrication of structures combining multiple
material allows for more integrated system with fewer
parts and reduces the need for manual assembly. In recent
research, Goh et al. explored the multifaceted capabilities
of multi-material 3D printing by synergizing the distinct
properties of cPLA and TPU.” Their innovative approach
led to the fabrication of a multifunctional robotic gripper,
which integrates the rigid features of cPLA as a variable-
stiffness backbone, along with the inherent softness of
TPU to impart a gentle gripping action. This integration
exemplifies the potential of combining soft and rigid
materials to create adaptive, responsive structures that
leverage the best attributes of each constituent material
for advanced robotic applications.” However, a critical
challenge that impedes the broad implementation of
this technology is the issue of interlaminar adhesion
between distinct material types. Typically, the adhesion
mechanisms between dissimilar polymeric materials are
adsorption, mechanical interlocking, polarity, diffusion,
etc., as illustrated in Figure 1B.? Effective adhesion between
cPLA and TPU is pivotal to ensure mechanical integrity
and functional performance. Nevertheless, the disparity in
the thermal, mechanical, and chemical properties between
PLA and TPU creates a complex interface that is prone
to delamination and structural weakness under stress.'®
Moreover, the different melting temperatures and rates
of thermal contraction during the cooling phase further
complicate the bonding process, resulting in a lackluster
interfacial adhesion.

Existing approaches to mitigate these adhesion issues
are as diverse as the applications they serve. Strategies
range from plasma surface treatments to increase the
surface energy of the materials, to physical methods
such as the inclusion of mechanical interlocks or using a
gradient transition between dissimilar materials.”!%!11423-26
From a mechanical perspective, enhanced adhesion
between 3D-printed filaments can be achieved by
increasing the contact surface area at the interface. This
can be accomplished through the implementation of
a skewed toolpath configuration and by elevating the
material extrusion rate, both of which serve to augment
the interfacial bonding area between the filaments.”*
From a materials science perspective, researchers have
experimented with the introduction of chemicals or
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adhesion promoters that can bond to both PLA and
TPU.* Process-based modifications, such as optimizing
print temperature, speed, and layer height, have also
shown potential in improving adhesion.***! Moreover, the
integration of nanomaterials and the development of hybrid
filaments are emerging as promising frontiers in addressing
these adhesion challenges. Each approach carries its
own set of advantages and trade-offs, necessitating a
comprehensive study to identify the most effective method
for a given application. However, these works mainly
focused on the interaction between the pure polymeric
materials. Nevertheless, the existing literature primarily
emphasizes the interplay between unmodified polymeric
materials.*>” There remains a substantial research gap
in understanding the interlaminar properties when one
introduces nanocomposites into the mix, particularly
between cPLA enhanced with nanoparticles and unaltered
TPU. Furthermore, the mechanical interlocks approach
often requires a large overlap/transition region to achieve
satisfactory interlaminar strength which may not be
suitable for some applications. These areas of study are
crucial for advancing the application potential of multi-
material 3D printing, as it addresses the interface between
technologically augmented and standard polymers.

Recognizing the need for enhanced interfacial adhesion,
this study delves into two specific enhancement approaches:
the engineering of low-profile mechanical interlocking
features (<2 mm in thickness) and the tailoring of surface
roughness at the interface. These approaches are assessed
against a benchmark part with no modifications, providing
a comprehensive comparative analysis. By exploring these
strategies, this research aims to unravel the complexities
of the cPLA-TPU interface and to contribute to the
optimization of multi-material FFF processes. The outcomes

will provide crucial insights into maximizing the interfacial
adhesion, thus enabling the reliable creation of composite
materials with integrated soft and rigid characteristics for
advanced manufacturing applications.

2. Methods
2.1. Materials

In this study, we utilized cPLA and TPU filaments, with a
standard diameter of 1.75 mm, to investigate the adhesion
properties relevant for multi-material FFE The selected
cPLA filament, sourced from Protopasta®, is a composite
material enhanced with carbon black nanofillers to infuse
the PLA with electrical conductivity, while maintaining its
inherent rigidity. The soft material chosen is a NinjaFlex
TPU filament, acquired from Ninjatek®, notable for its
flexibility and a Shore hardness rating of 85A, which
falls into the medium-hard category for thermoplastic
elastomers. Comprehensive details regarding the
specifications, material properties, and manufacturer data
for both the cPLA and TPU filaments are systematically
cataloged in Table 1. The table provides an overview of key
parameters, such as tensile strength, elongation at break,
thermal properties, and electrical conductivity, offering
a foundation for the ensuing analysis of interlaminar
adhesion. This selection of materials facilitates a focused
assessment of the interfacial adhesion challenges between
a conductive, rigid filament and a non-conductive, flexible
counterpart, contributing to the broader understanding of
multi-material 3D printing dynamics.

2.2. Design and fabrication of test coupons

The test coupons were designed using a 3D design CAD
software, Solidworks®™ 2022. In this work, a multi-material

Table 1. Summary of materials used in this work for the fabrication of test coupons

Material type Brand Model

Property

cPLA Protopasta®

TPU Ninjatek® NinjaFlex

Electrically conductive composite PLA

« Appearance: black

« Additives: carbon black

o Volume resistivity of molded resin: 15 Q-cm

« Volume resistivity of 3D-printed parts along layers (x/y): 30 Q-cm
« Volume resistivity of 3D-printed parts against layers (z): 115 Q-cm
o Melt temperature: 155°C

« Density: 1.24 g/cm’

« Tensile modulus: 3.6 MPa

« Tensile yield strength: 60 MPa

» Appearance: glossy black

o Shore hardness: 85A

» Maximum elongation: 660%
o Melt temperature: 216°C

« Density: 1.19 g/cm’

« Tensile modulus: 12 MPa

« Yield strength: 4 MPa

Abbreviations: cPLA: conductive polylactic acid; PLA: Polylactic acid; TPU: Thermoplastic polyurethane.
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tensile coupon was designed and used to facilitate the
evaluation of interlaminar adhesion property between
cPLA and TPU materials. The design of the tensile coupons
was adopted from ASTM D638. In this work, we focused
on adhesion property between cPLA and TPU materials in
the build direction (z-direction). The design and the part
orientation used for printing of the tensile coupons are
illustrated in Figure 2.

In this study, we conducted a detailed examination of
interlaminar adhesion by fabricating and assessing three
distinct types of test coupons, differentiated by their
interface treatments:

(i) Unmodified interface coupons: These samples were
produced without any intentional alterations to the
interface. The printing parameters were set to allow
for filament deposition with no gaps, ensuring that
the layers were laid down in direct contact with one
another. This standard configuration serves as the
control group, providing a baseline for evaluating the
efficacy of interfacial modifications.

(ii) Low-profile mechanical interlocking feature coupons:
For these specimens, we introduced a mechanical
interlocking design, which features two layers of
interlocking geometry that extends 2 mm into
the material. The precise pattern of this feature is

A

Cross-section

illustrated in Figure 2C. The intention behind this
design is to enhance the mechanical bond between
layers through increased physical engagement, akin to
the interlocking teeth of a zipper. The design of the
interlocking feature was generated using Ultimaker
Cura®5.3.1.

(iii) Top infill modification: The final group of samples
includes a modification to the top layer of the bottom
part, designed to augment the effective bonding
surface area. This was achieved by programming a fine
1 mm gap (or groove) on the top layer of the lower
filament segment before depositing the subsequent
material. When printing this variant, the printer’s
nozzle was deliberately positioned closer to the
print bed. This adjustment ensures that the extruded
filament is compelled into the grooves, forming a
mechanical bond on solidification.

This approach to sample design allowed for the
comparative analysis of interlaminar adhesion under
varying interface conditions. By testing each configuration,
we seek to provide insight on the impact of various
interface designs and the print order of the materials on
the overall bond strength between the rigid cPLA and the
flexible TPU layers in multi-material prints.

Cross-section

Cross-section

—— ‘lmpnnted
Split view

texture

Figure 2. Schematic showing the (A) dimensions and print orientation of the tensile coupon for the investigation of interlaminar adhesion property between
cPLA and TPU. (B-D) show the designs of the interfacial feature of multi-material tensile coupon, with (B) showing the normal interface, (C) mechanical
interlocking feature, and (D) top infill modification coupons. Abbreviations: cPLA: conductive polylactic acid; TPU: Thermoplastic polyurethane.
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Another critical component of the methodology
involved the investigation of material deposition order
and its effect on interlaminar adhesion properties. We
systematically prepared and tested samples using two
distinct printing sequences, specifically varying the order
in which ¢cPLA and TPU were printed. This variation
aimed to ascertain the influence of print order on the bond
quality between cPLA and TPU. In Figure 2, “Material
A” and “Material B” refer to cPLA and TPU, respectively,
whose printing order was alternated as detailed in the
subsequent paragraph and summarized in Table 2.

The first set of samples was fabricated by initiating
the print with the cPLA, subsequently followed by the
deposition of the TPU layer. This sequence prioritizes the
placement of the rigid material as the foundational layer.
Conversely, the second set of samples reversed this order,
starting with TPU as the base, on which cPLA was printed.
The test coupons were fabricated through a modified E3D
ToolChanger on a standard glass heated bed. A 0.6 mm
nozzle was used to print cPLA filaments, whereas a standard
0.4 mm nozzle was used to print the TPU-based filaments.
A larger nozzle was used for cPLA filament to ensure
good printability as the cPLA filament tends to clog when
a smaller nozzle is used. The printing parameters used in
this work were adopted from the settings recommended
by the respective manufacturers. Table 3 summarizes the
print settings that were used to print each material.

2.3. Mechanical tests multi-material test coupons

The tensile test was conducted in accordance with ASTM
D638 with some slight modifications using a universal
testing machine (AGX plus 10 kN, Shimadzu). For the
tensile test, a strain rate of 2 mm/min was used. The force
required to pull the sample until it failed was recorded
over time. The tensile stress was calculated based on the
smallest cross-sectional area of the tensile coupons where
the interface between the two materials was situated.
Five samples were used for the tensile test to ensure the
statistical significance of the results. With three different
types of interfaces and two print orders, there were
altogether six different coupons that have been tested, and
they are summarized in Table 2.

2.4. Characterization of failure mode of the tensile
coupons

The characterization of the fracture modes for the tensile

coupons was performed using optical microscopy, micro-

computed tomography (micro-CT) analysis, and surface

roughness characterization to gain both qualitative and

quantitative insights into the failure mechanisms:

(i) Optical microscopy: For the initial qualitative
analysis, an optical camera was employed to capture

Table 2. Material combinations tested in this work

Sample Interface design Material A Material B
types (printed first)  (printed last)
1 No modification cPLA TPU

2 TPU cPLA

3 Low profile mechanical cPLA TPU

4 interlocking TPU PLA

5 Top infill modification cPLA TPU

6 TPU cPLA

Abbreviations: cPLA: conductive polylactic acid; TPU: Thermoplastic
polyurethane.

Table 3. Print settings for different print filaments

Settings Materials

cPLA TPU
Nozzle temperature (°C) 200 235
Print speed (mm/s) 70 50
Nozzle size (mm) 0.6 0.4
Part cooling fan yes no
Infill percentage 20% 15%
Infill pattern Grid Gyroid
Number of perimeter lines 2 2

Abbreviations: cPLA: conductive polylactic acid; TPU: Thermoplastic
polyurethane.

high-resolution images of the fracture surfaces post-
tensile testing. This visual inspection facilitated a
comparative assessment of the macroscopic features
across different coupon types, providing immediate
visual cues to the nature of the bond failure, such as
adhesive or cohesive fracture patterns.

(ii) Micro-CT analysis: We utilized a Bruker SkyScan
1173 micro-CT scanner to probe deeper into the
internal structures in three dimensions. This non-
destructive technique allowed us to construct
detailed 3D representations of the internal coupon
structure, including any voids, delamination, or
other imperfections that contributed to the failure.
The parameters set for the micro-CT scans included
a source voltage of 80 kV, source current of 60 A,
image pixel size of 17.47 wm, exposure time of 850 ms,
and rotation steps of 1°.

(iil) Surfaceroughnesscharacterization: A Keyence VX-100
non-contact 3D laser scanning microscope was used
to quantitatively measure the surface roughness at
the interface. The surface topography data acquired
through this method were critical for understanding
the role of surface roughness in interlaminar
adhesion. Specific parameters measured, including
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surface area: area ratio and average roughness (Ra),
are indicative of the interface’s tactile profile and its
potential impact on mechanical interlocking efficacy.
Two out of the five coupons are randomly selected for
the surface morphology investigation. In the surface
morphology analysis, we used a scanned area with a
size of approximately half of the cross-sections area
to ensure good coverage of the fractured surface. The
scan was carried out with a z-resolution of 4 wm.

3. Results and discussions

The interlaminar adhesion strength of the interface is
determined by the ultimate tensile strength of the multi-
material tensile coupon when the fracture happens at
the interface of the coupon. The interlaminar adhesion
strength of the interface between cPLA and TPU and the
corresponding maximum elongations for the six different
sample types are shown in Figure 3A and B, respectively.
The results reveal that the interlaminar adhesion strength of
coupons with no interface modifications are approximately
0.40 £ 0.03 MPa and 2.60 + 0.07 MPa for the print order
of cPLA = TPU and TPU > cPLA, respectively. For the
coupons with mechanical interlocking features, it is found
that the interlaminar adhesion strength of the coupons
with the print order of cPLA - TPU and TPU - cPLA
are 1.87 £ 0.17 MPa and 1.08 + 0.31 MPa, respectively. For
the coupons with top infill modifications, the interlaminar
adhesion strength of the coupons with the print order of
cPLA - TPU and TPU - cPLA is found to be 2.50 + 0.09
MPa and 3.25 + 0.30 MPa, respectively.

The elongation at break of the samples is shown in
Figure 3B. The results reveal that the elongation at break of
coupons with no interface modifications is approximately
1.30 +£0.09% and 11.47 + 1.27% for the print order of cPLA
- TPU and TPU - cPLA, respectively. For the coupons
with mechanical interlocking features, it is found that the
elongation at break of the coupons with the print order
of cPLA - TPU and TPU - ¢PLA is 38.33 + 6.65% and

Tacpatru
£ 300 { @TPU-cPLA

1§

No Interlocking
feature

Top infill
modification modification

Types of interface design

Elongation at break (%

6.49 £ 2.31%, respectively. For the coupons with top infill
modifications, the elongation at break of the coupons with
the print order of cPLA = TPU and TPU > cPLA is found
tobe 7.17 £ 0.57% and 15.15 + 2.36%, respectively.

Here, we observed that the coupons with top infill
modifications generally provide a higher interlaminar
adhesion strength at the interface compared to two
other coupon types. Furthermore, for the cases without
significant mechanical interlocking features, we observed
that the interlaminar adhesion strength for the print
order cPLA - TPU is generally higher than the reversed
order, TPU - cPLA. Like the results of the interlaminar
adhesion strength, similar trends can be observed for
maximum elongation. An exception to the trend would
be that the maximum elongation of the cPLA-TPU
coupons is exceptionally high compared to the rest of the
coupon types. One plausible explanation for the observed
phenomenon is the thermal degradation of the underlying
material resulting from the deposition of a material at a
higher temperature. This effect is especially noticeable
in the sequence of cPLA followed by TPU, where TPU
is deposited at 235°C, a temperature slightly exceeding
the maximum recommended temperature of 230°C for
cPLA. This higher deposition temperature of TPU may
lead to overheating of the underlying cPLA layer, causing
thermal degradation that adversely affects the interface’s
mechanical properties. Conversely, in the reverse printing
order of TPU followed by cPLA, the underlying material
(TPU) is compatible with the processing temperature of
the subsequent material (cPLA), generally resulting in
better adhesion strength. This compatibility helps avoid
the thermal degradation issues observed in the cPLA
2>TPU sequence, thus improving the bond quality at
the interface. Another possible explanation for the better
adhesion of TPU-> cPLA compared to cPLA - TPU is that
the former has a smaller temperature difference between
the underlying material and the deposited material
compared to the latter, resulting in a longer duration above

50.0
45.0 1
40.0 -
35.0
30.0
25:0
20.0
150 4
10.0 1
5.0 1
0.0

OcPLA-TPU
OTPU-cPLA

5 o]

Interlocking
feature

No

modification

Top infill
modification
Types of interface design

Figure 3. Graphs showing (A) the ultimate tensile strength and (B) the elongation at break of the multi-material tensile coupons in the interfacial adhesion
test. The error bars represent the standard error. Abbreviations: cPLA: conductive polylactic acid; TPU: Thermoplastic polyurethane.
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the glass transition temperature of materials thus better
intermolecule-diffusion between the materials.****

In our investigation of interlaminar adhesion strength,
we ensured that sample failures occurred at the interface
between the two materials, specifically where the cross-
sectional area of the coupons is the smallest, as delineated
in Figure 4. Through this controlled approach, we were
able to accurately assess the interface’s failure mechanism
and to determine the interlaminar adhesion strength for
each coupon type.

Our findings revealed that the majority of the samples
exhibited a clean break at the interface, with negligible
remnants of the opposing material adhering to the
fracture surfaces. This phenomenon was predominantly
observed in the coupons featuring an unmodified
interface and those with modifications to the top surface’s
infill, as shown in Figure 4A and C. Notably, the samples
with these interfaces displayed a consistent pattern of
clean separation, indicating a uniform material behavior
during failure. A clean break at the interface suggests that
the interfacial bond is the weakest link in the coupons
since the propagation of a crack will follow the path of
least resistance once a crack is initiated under stress. In
other words, this suggests that the interlaminar adhesion
strength between cPLA and TPU is lower than the tensile
strength between these materials. This could be due to
the weaker adhesive force compared to the cohesive

A B

No modification

(i) cPLA > TPU

(i) TPU > cPLA
TPU

L

D

recurele

forces within each material, resulting in a clean break on
application of stress.

Conversely, samples designed with mechanical
interlocking features presented a more complex failure
behavior. Several of these samples did not fracture along
the interface plane. Instead, breaks occurred at the smaller
features of the interlocking structure, slightly offset from
the intended plane, as shown in Figure 4B. This deviation
was evident from the corrugated appearance of the
fracture surfaces, suggesting that the mechanical interlocks
contributed to a redistribution of stress, thereby altering
the failure point. Notably, these failure points typically
occurred at the smallest features of the interlocking
structure, where stress concentration was highest. This
phenomenon can be partly attributed to the rapid cooling of
these small features, printed before the change in material
during the dual extrusion process. The larger temperature
difference between the deposition zone and the deposited
material at these points likely resulted in weaker bonding.**
Our findings highlight the significant impact of material
change and extruder switching on interfacial adhesion,
particularly in the context of dual extruder 3D printing
systems where thermal management during printing plays
a crucial role in determining bond strength.

These observations provide valuable insights into
the relationship between interface design and failure
mechanisms in the cPLA-TPU coupons. The distinct

Interlocking feature ¢ Top infill modification

Figure 4. Images showing the typical fracture surfaces on both sides of the tested samples, namely (A) samples with no modification, (B) samples with
interlocking feature, and (C) surface area-enhanced samples. The first row shows the samples with (i) the print order of cPLA = TPU, and the second row
shows the samples with (ii) the print order of TPU - cPLA. The scale bars at the bottom-right corner of each image represent 1 cm. (D) The red lines in the
schematics show the typical fracture lines for each type of interface. Abbreviations: cPLA: conductive polylactic acid; TPU: Thermoplastic polyurethane.
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fracture characteristics (Figure 4D) between the cleanly
separated samples and those with mechanical interlocks
underline the influence of interface modifications on
interlaminar adhesion strength and failure behavior.

Fractographic analysis was conducted to understand
the failure characteristics of the 3D-printed cPLA/TPU
multi-material coupons (Figure 5). All tensile samples
failed at the designed interface region where the cross-
section of the coupon is the smallest. For the unmodified
cPLA > TPU coupons (Figure 5A-i), which exhibited
the lowest interlaminar adhesion strength, the interface
on the cPLA side was notably smooth and devoid of
cracks or surface ruptures. In addition, only minimal
marks were observed on the TPU side, indicating a weak
adhesive interaction between the materials. Conversely,
the TPU - cPLA counterparts displayed cracks and
surface ruptures on the fracture surfaces (Figure 5A-ii),
suggesting a different failure mechanism. This observation
was also consistent for coupons modified with top infill,
for both print orientations (Figure 5C-i and C-ii). Despite
similar surface characteristics, these modified samples

(i)

(i)

demonstrated significantly higher interlaminar adhesive
strength than the unmodified ¢cPLA - TPU coupons.
This suggests that the modifications introduce a stronger
adhesive force between cPLA and TPU, which is sufficient
to initiate cracks and surface rupture upon failure. For
coupons featuring interlocking modifications, the fracture
surfaces revealed broken interlocking features on both
materials (Figure 5B-i and B-ii), indicating that the failure
mechanism involved the complete rupture of these fine
interlocking elements. This finding shows the effectiveness
of the interlocking design in enhancing the mechanical
interlocking of the materials, leading to a different failure
mode compared to unmodified interfaces.

To further analyze the surface morphology of the
fracture surfaces of the coupons, we used confocal
microscopy to scan the fractured interfaces (Figure 6).
Since both the coupons with unmodified interface and
top infill modification showed cleanly separated samples,
the confocal microscopy on the fractured surfaces of these
samples could shed some light on the how the surface
morphology of these samples affects the interlaminar

¢ Top infill modification

Figure 5. Fracture surfaces of various multi-material coupons with different interface design and print order. Columns (A), (B), and (C) show samples with
no modification, interlocking feature, and top infill modification, respectively, and rows (i) and (ii) show samples with print order of cPLA - TPU and
TPU = cPLA, respectively. Abbreviations: cPLA: conductive polylactic acid; TPU: Thermoplastic polyurethane.
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Figure 6. (A) Schematic showing the labels of two scanned fracture surfaces, with (i) representing the fracture surface of the material that is printed last
and (ii) representing the fracture surface of the material that is printed first (B-D) 3D reconstructed height map showing the typical surface morphology
of the fracture surfaces of the interfaces of coupons for no modification, interlocking feature, and top infill modification, respectively. Abbreviations:

cPLA: conductive polylactic acid; TPU: Thermoplastic polyurethane.

adhesion strength and the fracture mode. In particular, we
wanted to observe the surface morphology of the material
situated below the interface (the material that is printed
first). In both cases, we observed that the coupons have
a relatively flat surface with some undulations scattered
over the region. For the case of coupons with unmodified
interface, the surface appears to be relatively flat with very
few grooves or valleys, as shown in Figure 6B-ii, regardless
of the print order. Similar observations can also be made
for the coupons with top infill modifications, but with
a much wider grooves scattered over the flat fractured
surface. The difference in the surface morphology can be

attributed to the design/toolpath that is being used to print
the topmost layer of the first material. It is widely known
that FFF printing inherently produces parts with grooves
form between the filaments, explaining why some small
grooves and valleys are observed on the fractured surface
of the coupons with unmodified interface. In contrast,
for the case of coupons with top infill modification,
we intentionally made the gaps between the filament
significantly larger, making the filament on the topmost
layer sparsely distributed. This explains why the sparsely
distributed filaments appear as the peaks in the height map.
Figure 6B-i and D-i show the surface morphology of the
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fractured surfaces of the opposing side (the material that is
printed last) of the coupons with unmodified interface and
top infill modifications. More peaks were observed on the
fractured surfaces of these coupons, suggesting possible
impregnation of material from the top material into the
grooves on the top layer of the bottom material. These
impregnated material increases the surface area between
the materials at the interface, which are responsible for
the adhesion through surface adsorption and mechanical
interlocking. Figure 6C, on the other hand, shows the
surface morphology of the coupon with interlocking
features. It is observed that these coupons generally have
much rougher surfaces regardless of the print order
compared with the other two cases due to uniform fracture
lines that form across the interface.

To enhance our quantitative analysis of the fractured
surfaces, we employed two specific metrics to evaluate
surface roughness: (i) the ratio of surface area to projected
area (R, ,) and (ii) the average surface roughness (R ), as
shown in Figure 7. The R_, metric serves to quantify the
effective surface area available for adsorption phenomena,
providing insights into the potential interfacial adhesion
capacity. On the other hand, R, offers a measure of the mean
surface texture or topography created during fracture. This
parameter is instrumental in assessing the extent to which
mechanical interlocking contributes to surface adhesion,
as it reflects the microscale irregularities that can enhance
mechanical bonding between the interfaces for the case of
samples with clean separation. Although the evaluation
may not be meaningful for the coupons with interlocking
features, the values are also reported here for the sake of
comprehensiveness and comparison purposes.

In general, it is observed that both R, , and R, exhibit
almost similar trend for all cases. To ensure conciseness,
we combine the discussion of both metrics and use surface
roughness indicator (SRI) as the general term to describe both
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metrics. We evaluated the SRI (R__, and R)) of the fractured
surfaces of the material that is being printed first, as shown in
Figure 7A and B. The SRI shows that there is a slight increase
in R, , and R, when comparing the coupons with top infill
modifications to the baseline coupons that have unmodified
interface. This also helps explain why there is a slight increment
in the interlaminar adhesion strength of the coupons with top
infill modification. The highly uneven fractured surface of the
coupons with interlocking features can also be reflected by the
high magnitude of the SRI. Likewise, a comparable trend was
observed on the SRI of the corresponding opposite surfaces
of the fractures, as these surfaces would essentially constitute
the negative imprint of the fracture patterns observed on the
initial side, as shown in Figure S1.

In general, the presence of internal voids within the
structure can lead to mechanical imperfections, which, in
turn, contribute to stress concentration and facilitate crack
propagation under tensile load. This phenomenon results
in diverse tensile behaviors, as these voids become critical
factors in determining the material’s mechanical response
during testing. A micro-CT analysis was conducted on the
threetypesofcouponstounderstandhowdifferentinterface
designs affect the formation of pores and defect within the
printed structures near the interface (Figure 8A). Here,
we observed that coupons with no modifications have a
porosity level of approximately 1.47% near the interface
region, which is slightly higher compared to that of the
0.64% of the fully printed regions. Similarly, the coupon
with interlocking features also has a porosity level of
approximately 5.6%. Likewise, the coupons with top infill
modifications exhibit a porosity level of approximately
2.1% only (Figure 8B), which is slightly higher than that
of the coupons with unmodified interface used in this
work. A comparison of the ultimate tensile strength of
the samples to the corresponding surface properties and
the porosity level at the interface is presented in Table 4.
The pronounced influence of porosity on the ultimate
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Figure 7. Graphs showing the (A) surface area/area ratio (the error bars represent standard error) and (B) surface roughness (R ) for the interfaces that are
printed first. Abbreviations: cPLA: conductive polylactic acid; TPU: Thermoplastic polyurethane.
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Figure 8. (A) Schematic showing the scanned region at the interface of the multi-material sample. (B) A graph showing the porosity level at the interface
of various samples. (C) X-ray images showing the (i) side view at the interface and (ii) the plan view at the interface of various samples.

Table 4. Comparison between the ultimate tensile strength of the interface to their surface properties, and porosity levels at the

interface

Interface design Print order Ultimate tensile Surface area/ Surface roughness, Porosity
(bottom-top) strength (MPa) projected area R, (um) level (%)

No modification cPLA-TPU 0.399+0.029 1.45+0.09 19 1.47
TPU-cPLA 2.601+0.076 1.71+0.19 45

Interlocking feature cPLA-TPU 1.87+0.170 1.49+0.11 30 5.60
TPU-cPLA 1.08+0.310 3.15+0.63 105

Top infill modification cPLA-TPU 2.495+0.093 1.22+0.49 12 2.10
TPU-cPLA 3.251+0.301 2.11+0.04 164

Abbreviations: cPLA: conductive polylactic acid; TPU: Thermoplastic polyurethane.

tensile strength (UTS) of the samples is evident when
comparing those with interlocking features to those
with top infill modification. Despite the assumption that
the interlocking feature should offer a larger interfacial
area conducive to stronger adhesion, the UTS of these
samples is generally lower than that of the samples
with top infill modification. This discrepancy can be
attributed to the higher levels of porosity present in the
samples with interlocking features, which adversely affect
their mechanical strength. The higher porosity near the
interface region found in these coupons (as depicted in
Figure 8C-E) could be attributed to the manufacturing
error caused by the misalignment of the nozzles and
poor bed leveling, resulting in inaccurate and improper
material deposition over the underlying material during
the start and end of the material extrusion process.

For the case of coupons with top infill modification,
the increased porosity level compared to that of the
coupons with unmodified interface can be attributed
to the improper impregnation of the top material into
the grooves in the underlying material, although the
nozzle is marginally brought closer to the substrate to
promote stronger flow into the grooves. Nevertheless,
the interlaminar adhesion strength is still higher than
that of the unmodified interface. This can be attributed
to the increased effective surface area between the two
materials as discussed earlier resulted by the corrugated
interface formed by the toolpath design. This approach
ensures that the extruded material is pressed into the
grooves of the underlying layer, thereby enhancing the
effective surface area at the interface and promoting
better interlayer adhesion. This explains why the coupons
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with top infill modification have the highest interlaminar
adhesion strength.

In addition to increasing the surface area, the various
types of interfaces employed in our study also significantly
influenced the diffusion of molecular chains at the interface
between cPLA and TPU. This diffusion process is critically
dependent on the thermal dynamics during printing, where
temperature plays a pivotal role.*® As the printing process
involves both cooling of the previously deposited layer
and reheating due to subsequent layer deposition, these
thermal events occur simultaneously and have a substantial
impact on the adhesion mechanism. The reheating of the
underlying layer on deposition of a new layer facilitates
the diffusion of molecular chains across the interface,
potentially leading to stronger bonding. This effect is
particularly pronounced in the presence of mechanical
interlocks, where the increased surface area and complex
geometries create more opportunities for molecular
intermingling. The thermal history of each layer, including
the peak temperature reached and the cooling rate, thus
becomes a critical factor in determining the strength and
quality of the interfacial bond. This complex interplay
of temperature, cooling, and reheating underscores the
importance of optimizing printing parameters to enhance
molecular diffusion at the interface, thereby improving the
overall structural integrity of the multi-material print.

4, Conclusion

This study provides some insights into the interlaminar
adhesion strength of multi-material interfaces, specifically
between cPLA and TPU. In this work, we investigated
three different types of coupons (unmodified interface,
interface with interlocking feature, and interface with
top infill modification) with two opposing print orders.
Through our experiments, we observed that the failure
of samples predominantly occurred at the interface, with
most specimens exhibiting a clean break with minimal
residual material from the opposing surface. This behavior
underscores the importance of interface design in multi-
material 3D printing. We quantitatively assessed the surface
roughness characteristics of the fractured interfaces,
employing metrics such as R, and R. Our findings
revealed that the printing order and interface modifications
significantly impact the roughness parameters, which,
in turn, affect the mechanical interlocking and adhesion
properties. In addition, the decrease in porosity at the
interface can be linked to the optimized nozzle positioning
during printing, which promotes the extruded material to
conform into the grooves of the underlying layer, resulting
in an increased effective surface area for adhesion. Our
results indicated that the interface incorporating top
infill modifications demonstrated superior interlaminar

adhesion strength, achieving a minimum enhancement of
25% relative to the standard benchmark coupon.

These results have far-reaching implications for the design
and manufacturing of multi-material components, where
interlayer adhesion is critical. They pave the way for improved
application-specific material selection and the development
ofadvanced printing strategies that can enhance the structural
integrity of 3D-printed materials. Future work should
focus on the optimization of interface designs to maximize
adhesion strength, while also exploring the influence of
various printing parameters on the mechanical properties
of multi-material prints. Furthermore, the potential for
scaling these findings to industrial manufacturing processes
presents a promising avenue for the production of complex,
high-strength multi-material assemblies.
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Abstract

Direct energy deposition (DED)-based additive manufacturing facilitates
fabrication of medium-to-large functional parts. This study assesses the role of
varying scan strategies and dwell time between each layer to control the cooling
rate of 316L stainless steel produced by the laser-engineered net shaping-DED
method. Customized print patterns were designed, keeping other optimized print
parameters constant to obtain printed parts with better dimensional tolerance. The
parts, which were >99% dense, were fabricated in a controlled argon environment.
A heterogeneous microstructure consisting of a cellular columnar and equiaxed
substructure was obtained. Two-dimensional X-ray diffraction revealed the presence
of a single-phase y-austenitic FCC phase. A refined microstructure with less elemental
segregation was noticed with an increase in dwell time between the print layers.
Internal defect analysis using X-ray micro-computed tomography revealed low
lack-of-fusion voids along the build direction without any micro-cracks, which is
attributed to higher cooling rates between subsequent print layers. As demonstrated
in a mechanical performance evaluation of tensile and micro-hardness properties,
better performance can be achieved by controlling the cooling rate and customizing
deposition patterns.

Keywords: Additive manufacturing; Scan strategy; Dwell time; LENS-DED; 316L stainless
steel

1. Introduction

Additive manufacturing (AM) has transitioned from its initial use in rapid prototyping
to becoming a significant player in high-value manufacturing sectors such as aerospace,
automotive, and medical industries. AM enables innovative geometries and delivers
advantages such as reduced weight, minimized material wastage, lower part expenses,
component consolidation, and improved overall performance."* Among various AM
techniques, the direct energy deposition (DED) technique offering a high deposition
rate is the arc wire DED technique.>® Numerous studies have recently been conducted on
the applicability of this method to various structural alloys, such as stainless steels”'* and
Ni-based superalloys.”** However, the surface quality of the products manufactured
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Customized scans and dwell time on AM 316L

by this technique is low. In contrast, the engineered net
shaping (LENS) technique also offers flexibility, efficiency,
and the ability to produce complex, large-scale parts
with a variety of materials in addition to better surface
quality, making it valuable in various industries and
applications.>'*** Various process parameters including
layer thickness, print speed, laser power, printing patterns
and orientations, cooling rate, efc., in AM can significantly
influence different properties of the produced parts.1%1314
Understanding how these process parameters influence
properties is crucial for optimizing the AM process to meet
specific design requirements and quality standards for the
final printed parts.

The LENS-based DED process has a default deposition
pattern, starting with the outer contour deposition and
then proceeding to the alternative raster contour to create
hatch lines.>'>'® Ribeiro et al. studied different deposition
strategies with the DED process and their influence
on mechanical properties.'” There is a huge interest in
exploring alternative (customized) deposition patterns
for the LENS-based DED process. In addition, with the
LENS-based DED technique, there is an opportunity to
explore inter-layer dwell time between each print layer
so as to control the laser energy intensity to enable better
cooling rate control within the print layers.'"®* Denlinger
et al. investigated the influence of inter-layer dwell time
on distortion and residual stress in titanium and nickel
alloys.» While increasing the pause time between print
layers unavoidably lengthens the total printing time, it
merits consideration due to its potential influence on
microstructure and properties.

In this study, an emphasis was placed on investigating
the role of customized scan strategies and dwell time in
between the printlayers of 316L stainless steel (SS) using the
DED technique. The current work is an extended research
of previous work, a parametric study summarizing the
optimization of process parameters to obtain fully dense

functional AM parts.'® The optimized parameters from the
previous study were utilized" in this study, and two new
print parameters — customized scan patterns and dwell
time between print layers — were added to get an in-depth
understanding of the printing process.

2. Materials and methods
2.1. Materials

The gas-atomized 316L SS from Carpenter Additive
(USA) was used to produce the test sample parts.
Figure 1A shows the scanning electron microscopy
(SEM) images of the spherical gas-atomized 316L
SS powder, and Table 1 shows the energy dispersive
X-ray spectroscopy (EDS) data of the 316L SS powder.
The particle size distribution (PSD) of D50= 58 um
was recorded for the spherical powder based on SEM
image (Figure 1B). X-ray micro-computed tomography
(micro-CT) was performed, as elaborated in section 2.2,
with Skyscan 2214 Bruker micro-CT system (BRUKER,
USA) using 0.5 mm Cu filter at 1.75 um pixel resolution to
assess the 316L SS powder quality. The 3D reconstructed
image of 316L SS powder is shown in Figure 2A, and the
X-Y cross-sectioned image in Figure 2B depicts a minor
trace of internal pores.

2.2. Experimental methods
MTS 500 hybrid AM tool built by Optomec was used to
deposit 316L SS powder onto 304 SS substrate to fabricate

Table 1. Energy dispersive X-ray spectroscopy data of 316L
stainless steel powder

Elements (wt. %)

Spot no. Fe Cr Ni Mo Si Mn
1 65.47 18.93 11.89 1.73 0.96 0.56
2 64.52 19.43 12.18 1.95 0.94 0.81
3 64.91 19.44 12.48 1.58 0.53 1.15

3 40 50 60 70 8 90 100
Particle Size (um)

Figure 1. (A) Scanning electron microscopy image with energy dispersive X-ray spectroscopy points, corresponding to energy dispersive spectroscopy

data in Table 1; (B) particle size distribution of 316L stainless steel powder.
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the sample in 10 x 10 x 10 mm® dimensions. The print
parameters were laser power of 340 watts, scanning speed
of 16 mm/s, powder feed rate of 7.89 g/min, laser spot size
of 0.5 mm, layer height of 0.5 mm, and specific energy (E)
of 21.25 J/mm?. These parameters were replicated from the
previous parametric optimization study.’® A Nd: YAG laser
with a wavelength of 1068.7 nm was used with a standoff
distance of 9.525 mm. As shown in Figure 3, the parts were
printed in customized unidirectional and bidirectional
scan patterns with 0, 10, and 15 s of dwell time in between
the print layers in a controlled argon (Ar) atmosphere.
The first three samples (i.e., S1, S2, S3) were printed in
a unidirectional scan pattern where the toolpath was
consistent, and there were no abrupt changes in deposition
direction. The remaining three samples (i.e., S4, S5, S6)
were printed in a bidirectional scan pattern where the
beam direction is reversed in each pass, and the starting
location of the beam is moved diagonally away from the
end location of the prior layer.

After the parts were printed, they were cut into sections
using an electric hacksaw. These sectioned samples were
cleaned in an ultrasonic bath and subsequently embedded
in epoxy resin, oriented along the build direction, to
prepare them for metallographic analysis. To examine the
microstructure, the samples were etched using a solution
containing 15 mL HCIl, 10 mL HNO,, and 10 mL acetic
acid for 30 s. Further characterizations were carried by
means of scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) using a Thermo Fisher Axia
ChemiSEM (ThermoFisher Scientific, USA), utilizing
a spot size of 0.1 um to elicit quantitative elemental
composition and mapping information. The density of
the samples was determined using the Ohaus density
determination kit (OHAUS, USA), which is based on the
Archimedes’ principle.” In addition, the ZeGage Plus 3D
profilometer (Zygo Corporation, USA) was utilized to
measure the roughness of the as-printed parts and create
3D roughness maps.

Figure 2. (A) Powder 316L stainless steel micro-computed tomography analysis; (B) X-Y cross section showing the presence of minor internal pores.
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Figure 3. Schematic depicting the printed samples with different scan patterns and dwell times.
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Two-dimensional X-ray diffraction (2D-XRD) analysis
was conducted using a Bruker D8 DISCOVER instrument
(BRUKER, USA) equipped with a Vantec 500 General
Area Diffraction Detector (GADDS) (BRUKER, USA).23
The samples were scanned using a Cu Ko radiation source
with a wavelength (L) of 1.54 A, with an electrical voltage
of 50 kV and a current of 1000 mA. A beam size of 0.5 mm
was used for all scans. For the acquisition of rocking curve
scans, a total of four sequential GADDS frames (detector
positions) were captured, each frame having an exposure
time of 240 s. Furthermore, {111} pole figure scans
were performed, with the detector positioned at {111}
orientation, while the sample was rotated about the surface
normal (¢-scan) over a full 360° range in 1° increments,
with each exposure lasting 10 s. To investigate the variation
of crystallographic orientation along the build direction,
each sample was scanned at two different positions, namely
the top and bottom along the build direction.

Micro-indentation testing was conducted on the epoxy-
mounted finished samples utilizing the Micro Combi
Tester: MCT® indentation system. During this testing, a
maximum loading force of 5 N was applied, with a loading
and unloading rate set at 1000 mN/min. In addition, there
was a 10-s dwell time at the maximum load point during
each indentation. To ensure the reliability of the measured
results, an average of five indentations were performed at
three different locations: top, middle, and bottom sections
along the build direction. The reduced elastic modulus
(E*) was determined using the Oliver-Pharr method.*?*
Tensile testing was performed using Instron 5969 at room
temperature at 10° s nominal strain rate using ASTM
E8 standard. The cylindrical test specimens were printed
vertically along the build direction. Before tensile testing,
the gauge length of the tensile specimens was assessed
for the internal defects analysis using a Skyscan 2214
Bruker micro-CT system coupled with 0.5 mm Cu filter
at 1.75 um pixel resolution under 140 kV source voltage
and 52 pA current. To assess the layer-wise porosity and
visualize any internal defects, a 3D model of the scanned
samples was generated.””*® This involved masking the bulk
metallic material and the air volume within the samples,
ultimately allowing for the determination of the volume
fraction of pores within the specimens.

3. Results
3.1. Relative density and surface roughness

As shown in Table 2, an average density >99% was
obtained with slight improvement in bidirectional printed
samples (i.e., S4, S5, and S6) compared to unidirectional
printed samples (i.e., S1, S2, and S3). Table 2 also includes
the average surface roughness (S ) of the printed samples.
The average S_value was relatively lower for unidirectional
scans compared to bidirectional samples, possibly due to
the consistency of the toolpath in unidirectional printing
and the absence of abrupt direction changes."

3.2. Microstructure analysis

Figure 4 displays SEM images of two samples:
unidirectional S1 (Figure 4A and B) and bidirectional S4
(Figure 4C and D). The microstructure harbors several sub-
cellular structures comprising both elongated cell structures
and equiaxed substructures, along with a minor presence
of pores. These variations arise from differing thermal
histories and rapid solidification during laser melting.
The dashed line-circumscribed areas in Figure 4A and C
are magnified in Figure 4B and D, respectively; locations
of EDS measurements are indicated. EDS spot analysis at
different locations showed a slight variation in elemental
composition, as evident in Table 3. Compared to the
cellular substructure (spots 2 and 5), domain boundaries
(spots 1 and 4) exhibit a notable decrease in Fe content
and a corresponding increase in Cr, Mo, and Si levels. EDS
spots 3 and 6 are dark regions within the microstructure.
A comparative study on microstructure analysis of all
printed samples showed a similar sub-cellular structure
with minor chemical segregation.

3.3. Two-dimensional X-ray diffraction analysis

Figure 5A shows the four-frame rocking curve-stitched
2D-XRD patterns of S1 (Figure 5A-i) and S4 (Figure 5A-ii)
samples, and Figure 5B depicts the 20 integration plot
of all printed samples. The 316L SS phase is distributed
randomly, as evidenced by the arbitrary distribution of ¥
angles of the diffraction peaks at the specified 20 locations.
A singular austenitic face-centered cubic (FCC) phase is
observed with no detection of foreign phase peaks. The
crystallographic planes {111}, {200}, {220}, and {311} were

Table 2. Relative density and surface roughness of as-printed samples

Parameters Samples

S1 S2 S4 S5 S6
RD (%) 99.72+0.18 99.15+0.12 99.13+0.14 99.94+0.13 99.92+0.19 99.86+0.16
S, (um) 15.45+0.68 14.37+0.11 14.85+0.18 19.77+0.12 18.22+0.21 17.10+0.19

Abbreviations: RD: Relative density; S : Surface roughness
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20 pm

20 pm

Figure 4. Scanning electron microscopy micrographs of S1 (A and B) and S4 (C and D) printed samples showing the presence of both elongated cell
structure and equiaxed substructure along the build direction. Magnification: (A and C): x1500; (B and D): x5000.

Table 3. Energy dispersive X-ray spectroscopy spot analysis
of the S1 and S4 samples

Spot no. Elements (wt. %)

Fe Cr Ni Mo Si Mn
1 60.2 20.3 14.3 2.5 2.2 0.6
2 64.8 18.4 13.7 0.4 1.3 1.3
3 62.7 18.2 11.0 1.8 32 3.2
4 65.0 17.4 14.1 1.9 0.9 0.8
5 64.5 19.6 12.2 2.1 0.7 0.9
6 64.7 18.5 13.2 2.2 0.8 0.6

identified at 26 angles of 43.61°, 50.68°, 74.57°, and 90.50°,
respectively. Using the Nelson-Riley and Williamson-Hall
extrapolation methods, the lattice constants and micro-
strains for S1 were determined to be 3.57 + 0.003 A and
3.61 x 107, respectively, and the corresponding values for
S4 were 3.59 + 0.028 A and 3.05 x 1073, respectively.

The pole figure of the {111} peak with a strong intensity
at 20 = 43.5° for various sections of the 316L metallic sample
includes S1 bottom and top sections (Figure 6A and B) and
S4 bottom and top sections (Figure 6C and D, respectively.
The {111} peak texture of the S1 sample’s top section
(Figure 6B) displays a larger grain size, evident from a

lower peak count and higher intensity, in contrast to the
S1 bottom section (Figure 6A) where smaller grain size,
higher grain count, and lower intensities are observed,
consistent with findings by Pathak et al.'® Comparable
differences between the top and bottom sections are
observed in Figure 6C and D for S4 sample. In addition,
the top sections of S1 and S4 samples reveal multiple
intense peaks, suggesting the presence of grain sizes larger
than those in the bottom sections. The presence of intense
peaks can be attributed to the processing conditions and
cooling rates of the interlayer, whose temperature increases
through the deposition.” Without preheating the substrate,
the initial deposition of the print layer experiences a
relatively lower temperature. As the build layers increase,
heat accumulates, resulting in higher temperatures at the
top section of the print samples. This may potentially lead
to larger grain sizes at the top section than at the bottom
section of the print samples.'**

3.4. Internal defects analysis using X-ray micro-CT

X-ray computed tomography was employed for internal
defects analysis of the printed samples before tensile testing.
The reconstructed 3D images of the fracture sections of the
S1 sample (Figure 7A) and the S4 sample (Figure 7B), with
emphasis on the bulk part to highlight low-density internal
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Figure 5. (A). Rocking curve 4-frame stitched two-dimensional X-ray diffraction patterns of 26 versus  (sample normal direction), (i) S1, (ii) S4;
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Figure 6. Pole figure of {111} peak at 260=43.5°. (A and B) S1 bottom
and top sections, respectively; (C and D) S$4 bottom and top sections,
respectively.

defects, are presented. These images reveal the existence
of two types of pores: gas-induced spherical pores and
irregular-shaped lack-of-fusion pores. Pores induced by
gas, commonly exhibiting a small spherical shape, arise
from trapped gas within powder during vapor recoil
keyhole laser melting.***! In contrast, lack-of-fusion pores,
characterized by irregular shapes, result from inadequate
laser energy or suboptimal parameters, leading to the
formation of a partially molten or unmolten powder melt
pool.*"** Micro-cracks or inclusions (foreign elements)
were not observed in any of the printed samples. It was
observed that the number of pores formed at the initial
print layers was slightly higher but decreased along the
print build direction. One plausible explanation for this
phenomenon is that during the deposition process when

the initial powder metal pool of the print layer contacts the
substrate, the disparity in temperature gradient between
the print layer and substrate results in the scattering of
some metal powder.'* This, in turn, leads to the presence
of unmelted particles in the initial print layers.

Table 4 provides information on the average porosity
of the printed samples, where the entire gauge length of
tensile specimens was considered to estimate the average
pore fraction. In comparison to the unidirectional scan
pattern (S1), the bidirectional scan (S4) exhibited a slightly
higher porosity percentage. The variation in porosity for
different dwell times between print layers was found to be
minimal.

3.5. Mechanical properties analysis
3.5.1. Micro-hardness testing

The variation of average hardness and reduced elastic
modulus (E*) of the printed samples is illustrated in
Figure 8A. An average of 10 indents was performed in
every sample to get a better accuracy. The unidirectional
print sample (S1) showed a hardness and E* of 2.38 +
0.058 GPa and 171.70 + 2.94 GPa, respectively, whereas
the bidirectional print sample (S4) exhibited the
corresponding values of 2.22 + 0.046 GPa and 168.65 GPa.
The increase in dwell time between the print layers resulted
in a declining trend of hardness and E* properties for both
printed patterns, except for samples S1 and S2, as shown
in Figure 8A.

3.5.2. Tensile test

The stress-strain plots of printed samples at room
temperature are shown in Figure 8B. The unidirectional
sample (S1) showed a yield strength (YS) of 360 MPa,
ultimate tensile strength (TS) of 583 MPa, and elongation
of 38.21%, whereas the same set of measurements, in the
same order, for the bidirectional sample was 325 MPa
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Figure 8. (A) Micro-hardness of printed samples; (B) stress-strain curve from tensile test.

Table 4. The average porosity of printed samples

Samples Average porosity (%)
S1 S2 S3 S4 S5 S6
Average 0.12 0.15 0.27 0.29 0.33 0.49

Higher-magnification SEM images of S1 and S4 samples
are presented in Figure 9B and D, respectively. A typical
dimple-featured microstructure showcasing minor voids,
inclusion, and a small trace of unmelted region is also
observed.

4, Discussion

(YS), 583 MPa (TS), and 50.27% (elongation) (Table 5).
Compared to bidirectional printed samples, unidirectional
printed samples showed a higher yield strength with a
smaller elongation tradeoff. We observed that the ultimate
tensile strength decreases with an increase in dwell time
between print layers. However, such a trend was not found

4.1. Role of scan patterns on microstructure and
properties

This study demonstrates the influence of customized scan
patterns, specifically unidirectional and bidirectional

to be consistent with yield strength results.

A typical ductile facture of tensile specimens S1

and S4 is shown in Figure 9A

and C, respectively.

printing, on the microstructure and corresponding
properties of printed parts. It was observed that
unidirectional printing introduces a higher content
of elongated cellular and equiaxed grain structures,
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Figure 9. Scanning electron microscopy micrographs of tensile fractography section of S1 (unidirectional) sample (A and B) and S4 (bidirectional) sample

(C and D). Magnification: (A and C): x21; (B and D): x3500.

Table 5. Tensile test results of printed samples

Samples Yield strength Ultimate tensile Elongation
(MPa) strength (MPa) (%)
S1 360 583 38.21
S2 379 579 30.39
S3 367 562 32.00
S4 325 583 50.27
S5 295 521 38.56
S6 320 501 33.26

whereas bidirectional printing results in a more uniform
microstructure. The consistent toolpath in unidirectional
printing, without abrupt changes in direction,”
likely contributes to slightly lower surface roughness
(S,) compared to bidirectional printed samples, as
characterized in Table 2. Unidirectional printed specimens
also show lower porosity, owing to better control over the
layering process and enhanced fusion between successive
layers. This reduction in porosity in unidirectional prints
minimizes the risk of voids or porosity in the deposition
direction.

The lower porosity in unidirectional printed specimens
has a notable influence on the mechanical properties,
resulting in slightly improved tensile properties and
hardness, as outlined in Table 4. These findings underscore
the importance of customized scan patterns in tailoring
microstructural features and properties of parts fabricated
by metal AM.

4.2. Effect of dwell time between layers on print
properties

The LENS-based DED AM process facilitates controlling
the inter-layer print duration “dwell time” that can aid in
controlling thermal gradient and inter-layer cooling rate.

Longer dwell time between successive print layers
results in a higher cooling rate and a low-temperature
gradient, which contribute to the production of a finer
microstructure with relatively lower S, as evidenced
by the numerical depiction of surface roughness of a
series of specimens given in Table 2. Despite achieving
a finer microstructure, the tradeoff is that the increase
in dwell time and increased porosity, i.e., lack-of-
fusion (Table 4), likely yielded inferior mechanical
properties shown in Table 5. In contrast to the findings
by Denlinger et al.,! we did not observe any major
distortion on printed specimens upon increasing the
interlayer dwell time.

5. Conclusion

The role of customized scan pattern and interlayer dwell
time on the microstructure and properties of 316L
SS fabricated using a LENS-based DED process was
investigated in this study. The resulting product after
the DED process was a heterogeneous microstructure
consisting of both columnar and equiaxed cellular
substructure with minor inter-grain chemical segregation.
Two-dimensional XRD results confirmed the presence of a
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single-phase y-austenitic FCC phase without any d-ferrite
phase. A more uniform microstructure was observed with
a bidirectional scan pattern and an increase in interlayer
dwell time. Internal defect analysis using computed
tomography revealed a slightly higher lack-of-fusion
porosity in specimens prepared with bidirectional scan
patterns, and this porosity increased with longer interlayer
dwell times. Despite the finer microstructure achieved
with bidirectional scan patterns and extended interlayer
dwell times, a slight deterioration in mechanical properties
was observed due to the higher degree of porosity.
This highlights a tradeoft between achieving a uniform
microstructure and maintaining mechanical integrity,
emphasizing the importance of optimizing scan patterns
and interlayer dwell times for desired material properties
in parts made by AM.
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Abstract

Nature’s ability to adapt and survive the harshest environment offers humankind an
important source of muses in the efforts to create and improve existing materials. In
this study, we demonstrated a concept of using agglomerate-free nanopowder as a
sliding friction reducer between alumina platelets in a slurry. An ultraviolet-curable
slurry containing predominantly alumina platelets exhibited favorable rheological
characteristics to align the platelets with a coating blade in a vat polymerization
printer. Consequently, a ceramic part with nacre-like structure could be printed
and infiltrated with a secondary phase. Microscopy study on the fracture surfaces
revealed various toughening mechanisms such as severing of the bridges between
platelets and crack deflection by the platelets. Fracture of a three-point bent part
mainly occurred due to the pull-out of platelets and failure of the polymer phase.
The findings of this study suggest promising avenues for future research, including
the additive manufacturing of larger objects consisting of nacre-like microstructures.

Keywords: Alumina; Platelets; Nacre-inspired; Vat polymerization; Ceramics

1. Introduction

Nature’s resiliency to always find its way to evolve and adapt to the environment to
overcome challenges is inspiring to humankind. For instance, hierarchical structures
that form microscopically and naturally in organisms often possess exceptional
mechanical properties. Such fascinating constructions that happen naturally, yet are
difficult to replicate, have motivated humankind to research on their intricacies with the
hopes of creating stronger and tougher man-made structural materials.'* One of such
notable examples is nacre. Nacre, found in shells of mollusks, is distinguished by the
organized brick-and-mortar arrangement of aragonite platelets (95 vol.%) and organic
lamellae (5 vol.%).* This particular architecture of platelets and organic layer imparted
impressive strength and ductility through energy redistribution made possible by
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limited deformation induced by various mechanisms such
as breaking of mineral bridges, inhibited sliding by nano-
asperities, and bonding between the two phases.%” These
mechanisms were established to be the main reasons that
crack deflection occurred during crack propagation, which
dissipated energy to toughen the shell. Such exceptional
properties of nacre have encouraged many studies and
efforts to synthesize materials (from one-dimensional to
three-dimensional [3D]) with microstructures replicating
that of a nacre.®

Additive manufacturing comprises technologies that
enable the freeform fabrication of various materials, such
as metals and plastics, into 3D objects, overcoming design
and manufacturing constraints caused by geometrical
complexities faced in conventional manufacturing.
However, the direct additive manufacturing of ceramics
remains a challenge due to the inherent properties
of ceramics, such as brittleness and high melting
temperatures.”'® As such, indirect additive manufacturing,
such as binder jetting, direct ink writing, and vat
polymerization, are the most common methods used to
fabricate ceramic parts at present. For instance, we can
infuse a solvent such as ultraviolet (UV)-curable resin with
ceramic filler to create a ceramic slurry before curing it
with a suitable light to obtain a 3D part.!! The printed part
is then subjected to debinding and sintering in a furnace
to finally obtain a ceramic part. However, such a process is
not without its issues. Infusing a resin with ceramic filler
often results in the thickening of the slurry and increasing
the viscosity.'">" This increased viscosity complicates the
process as the slurry resists to flow during the printing
process, unless a coating system is used in the printer. As
a result, the amount of ceramic filler that can be used is
limited which also results in shrinkages after sintering.

Nevertheless, additive manufacturing is still an
adequate method for fabricating ceramic parts, especially
for nature-inspired structures. By capitalizing on the
advantages of a suitable additive manufacturing process,
nature-inspired structures such as nacre can be mimicked.
A study that closely exemplifies the mimicking of nature-
inspired structures has been reported, investigating the
effect of alumina platelets on the rheological properties of
a ceramic slurry.'* However, this study prepared relatively
low platelets to the nanopowder ratio in the slurry to print
a nacre-mimicking structure. Furthermore, shear thinning
in such a case is expected as the slurry contains a higher
proportion of regular-shaped nanoparticles. Another
study used boron nitride platelets to prepare a slurry,
which exhibited relatively high viscosity to 3D-print a
nacre-inspired structure.”” However, a pre-sintering test
revealed that the mechanical properties were largely reliant

on the polymer phase. In another study, four-dimensional
(4D) printing of alumina platelets was accomplished
with direct ink writing method.'® The resultant alumina
platelets, comprising a high platelet content of 95 wt.%,
exhibited excellent mechanical properties and thermal
properties.

In the present study, we investigated the concept of
using alumina powder (nano- to micron-sized) to achieve
various characteristics observed in a nacre. The first
objective was to reduce the viscosity of a slurry containing
alumina platelets to additively manufacture nacre-inspired
structures. This concept explored the use of powders of
different morphologies added into the slurry to separate
and act as wheels to reduce sliding friction between the
platelets when a shearing force is applied on the slurry
during the coating phase of a vat polymerization printing
process. The second objective involved determining a
suitable sintering temperature to promote the formation
of bridges to mimic the mineral bridges present in a
nacre. Furthermore, the powder was added to create
spaces between the platelets such that a secondary phase
can be infiltrated, in essence, to mimic the organic phase
of a nacre. Last but not least, we aimed to prepare a
UV-curable slurry with an appropriate platelet-to-powder
ratio, based on the best result composition, suitable for
vat polymerization. To align the platelets such that they
replicate the microstructure of a nacre, we used a vat
polymerization printer equipped with a coating blade to
spread material to every layer.

2. Materials and methods

In this study, four types of slurry were prepared. Of the four,
three slurries contain the alumina platelets and an alumina
powder obtained from either Taimei (100 nm, regular and
agglomerate-free nanopowder [NS]), NLM (1 pm, regular
micron-sized powder [MR]), and Sigma (10 pm, irregular
micron-sized powder [MI]) and one contains purely the
platelets. Figure 1A-D depicts the size and morphology
of the powders used in this study. The alumina platelets
(purity = 99%; White Sapphire RonaFlair®, Merck KGaA,
Germany) were obtained from Sigma Aldrich and had a
particle size (d50) of approximately 10.5 pm. The effects of
these powders were then compared by characterizing the
rheological properties of the slurry. Each slurry contains
alumina platelets (PL) and one type of powder (NS or MR
or MI) in a ratio of 3:1. In addition, 1 wt.% of dispersant
and 0.3 wt.% of photo-initiator were added to reduce the
viscosity and make the slurry UV-curable, respectively.

The preparation of each slurry begins with dissolving
the dispersant in the photo-monomer HDDA. Afterward,
the powders (NS, MI, and MR) were each added and
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Figure 1. Initial study on the effects of powder type on platelet slurry properties. (A-D) Scanning electron microscope (SEM) images of alumina platelets
(PL), nanopowder (NS), regular micron-sized powder (MR), and irregular micron-sized powder (MI). (E) The viscosity of each slurry. (F) Sedimentation
behavior of the slurry containing platelets with NS, MI, or MR. (H-]J) SEM images of the sintered sample in (G).

dispersed. Alumina platelets were subsequently added and
mixed to obtain a 35 vol.% slurry. The proportion of each
additive was measured based on the total solid loading
of 35 vol.% in this study. Photo-initiator was added last
and before fabrication to prevent premature curing of
the slurry. All of the mixing steps were carried out on a
planetary mixer at 2000 rpm for 5 min each. As a result,
the total time needed to prepare the slurry takes <40 min.

Additive manufacturing of this composite was
conducted on a vat polymerization system (Cerafab 8500,
Lithoz, Austria). The printer equipped with a coating
blade provided additional aid to align the platelets in an
orientation that mimics the nacre structure. The wavelength
of the projector is approximately 450 nm, and the build
volume of the printer is 115 mm x 64 mm x 200 mm.

Image] was used to measure the particle sizes.
Rheological properties were characterized by measuring
the viscosity and observing the stability of the slurry over
7 days. The viscosity of each slurry was measured on a

rheometer (HAAKE Mars I1I) with a parallel plate set-up
of a gap of 0.4 mm from shear rates of 0 — 200 s™' at an
ambient temperature of 25°C. Each slurry was prepared
and left untouched over a period of 7 days to observe the
sedimentation of the powder.

The porosity (P) of sintered ceramic samples was
calculated by:
p

p=1-+
P,

@

Where p is the density of samples, and p_ is the density
of alumina (3.97 g/cm?®). Three-point bending test was
performed on an Instron 8874 system (Instron®, US).
The support span for the test setup was 40 mm, and the
sample was loaded at a rate of 0.1 mm/min until failure.
The fracture surface was then examined under a scanning
electron microscope (SEM; Hitachi S-4300, Hitachi High-
Tech Corporation, Japan) after gold coating at 20 mA for
60 seconds.
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3. Results

Figure 1A-D shows the morphologies of alumina
platelets and different alumina powders. Examination
of these images revealed that the alumina platelets
possess an average diameter of 8.19 + 2.50 um and a
thickness of 0.53 + 0.12 pm. The nanopowder possessed
a significantly smaller mean diameter of 0.45 + 0.02 um
but was comparable to the thickness of alumina plates.
Furthermore, the diameters of MR and MI were measured
at 1.09 £ 0.93 um and 7.36 = 1.51 pm, respectively. An
initial study conducted to examine the characteristics of
the three types of slurry showed that the agglomerate-
free nanopowder NS effectively reduces and stabilizes the
viscosity of the slurry to around 0.045 Pa-s even at high
shear rates of up to 200 /s (Figure 1E). The other slurries
containing the other two types of powder and without
containing any exhibited a shear thickening behavior at
high shear rates.

This shear thickening behavior of a slurry under high
shear rates is undesirable in a vat polymerization AM
system, which uses a coating system. During the coating
phase, the blade moves in at an angle to spread the slurry,
as illustrated in Figure 1E. This angle of attack pushes
the slurry forward and downward, generating a shearing
stress between the platelets. The resulting shear thickening
behavior at high shear rates implies that the printing
process would be slower due to the slower coating speed
required. Furthermore, at a higher shear rate, the slurry
experiences greater resistance to flow as it hardens. This
recorded behavior resembles that of a non-Newtonian
cornstarch-water mixture under stress. The addition of
the NS powder also showed better stability of the slurry
as compared to the other two. In contrast, the powder
in the other two slurries settled relatively quickly by day
3, as shown in Figure 1FE. Based on these prior results,
we fabricated and sintered a simple sample (Figure 1G)
with the alumina platelet (PL)-NS slurry to inspect the
microstructure and the orientation of the platelets. As
shown in Figure 1H-]J, the alignment of the platelets can
clearly be seen under the SEM. Furthermore, the images
also revealed that the nanoparticles formed bridges, which
contribute as a toughening mechanism, between the
platelets on sintering. The long-range forces generated by
van der Waals interactions are universal and always attract
particles of the same kind to each other.'” By creating a
bridge effect between the platelets, the addition of NS
powder can successfully lower the van der Waals forces
between them, causing a drop in viscosity. This suggests
that the NS powder is not only primed for reducing the
viscosity effectively and ensuring the alignment of the
platelets by preventing the shear thickening of the slurry

when subjected to shearing stress by the coating blade
but also facilitating the formation of bridges between the
platelets.

As shown in Figure 2A-C, the SEM images also revealed
that the NS particles did occupy the space between the
platelets to provide a form of wheeling mechanism for
the platelets to slide over when stress is applied. When
subjected to high shearing stress during the coating
phase, the platelets slide over the nanoparticles in a way
similar to large and heavy objects being moved on wheels
or rollers by humans in ancient times. Without these
nanoparticles, the platelets would be forced to slide against
one another, generating friction that prevented the slurry
from flowing fluidly, as observed in the other two slurries.
This mechanism, made possible by the addition of the
nanopowder, allowed the slurry to inhibit shear thickening
under high shearing rates and ensured the alignment of the
platelets during the coating phase of printing.

Asshown in Figure 2A and 2C, at sintering temperatures
0f 1300°C and 1400°C, the nanopowder remained relatively
small at approximately 100 nm. As the temperature
increased to 1500°C and above, the nanopowder and
platelets could be seen to have undergone growth, and
bridges began to form between the enlarged platelets at
1600°C (Figure 2D and E). In all the samples, the pore
sizes did not seem to differ much, except that they became
smaller when sintered at 1600°C. This is due to the growth
in size of the platelets and nanopowder, which leads to a
reduction of the pore size. Moreover, sintering at 1600°C
promoted the formation of bridges by the nanopowder
between the platelets. The bridge between plates can
dissipate energy through breakage, thereby enhancing
toughness. This mechanism is similar to the toughening
mechanism in nacre.'

After sintering at 1600°C, the porosity of ceramic parts
was 0.34 £ 0.02. The sintered parts were then subsequently
infiltrated with UV-curable HDDA in a vacuum chamber
at negative pressure for 24 h and sheltered from lights. The
degree of infiltration relative to the sintering temperature
was then examined at the cross-section under SEM. SEM
images (Figure 2A-H) show that the UV-curable HDDA
couldbeinfiltrated and cured, regardless of the temperature,
the samples were sintered. This is most likely due to the gaps
between the platelets created by the nanopowder, which
obstructed the sintering of the platelets to one another. The
gaps may also offer an explanation about the similarity in
pore sizes, which indicates that we can sinter at 1600°C to
create a stronger (due to bridges formed) yet porous part
while allowing the infiltration of a second phase. This also
suggests that, in addition to the mechanical properties
imparted from the infiltrated second phase, the toughness
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Figure 2. (A-H) Influence of sintering temperature on pore sizes and the extent of infiltrating a secondary polymeric phase. Scale bar applies to all panel

images.

of this composite could also be improved by promoting
the formation of bridges between the platelets, which
contribute to the toughening mechanism.

Furthermore, the nanopowder that did not form the
bridges can also induce inelastic shearing resistance like
another toughening mechanism of the nacre, which
is enabled by the presence of nanoasperities.® These
characteristics of synthetic nacre-like structures have
never been reported in other studies on the fabrication

of nacre-inspired bulk 3D structures, as most of them
focused on creating an aligned platelet structure through
various methods.

Based on the initial study, we additively manufactured
samples in the same way as described above for three-point
bending tests.

Figure 3 illustrates the whole process from additive
manufacturing of the alumina platelet samples to the
infiltration of a secondary phase. The layer thickness of
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Figure 3. Fabrication process of the nacre-inspired samples for the three-point bending test.

each print was 100 um. The dimensions of the samples
for bending test measure 45 mm x 3 mm x 4 mm. In the
second part of this study, we sintered the samples at 1600°C
before infiltration.

Figure 4A illustrates a simple three-point bending test
with the applied load perpendicular to the aligned platelets
until failure. The flexural stress and strain (Figure 4B) were
then calculated from the applied load and displacement
with Equations I and III, respectively.

3FL

S= W (II)
. 6?1 (111)

Observations from the composite (Figure 4C) under
the SEM revealed several types of defects that contributed
to the failure of the sample, as depicted in Figure 4D-F.
The majority of these defects included platelets pull-out,
platelets peeled away from the polymer phase, and severed
bridges that formed from the sintering of the nanoparticles.
The absence of fractured platelets suggests that only the
platelet-polymer interface and bridges sustained the load,
which contributed to the flexural strength of the composite.
However, since the flexural strength of the HDDA was
reported to be approximately 20 MPa, the calculated stress of
more than 50 MPa suggested that there are other toughening
mechanisms.” For instance, in addition to the energy
dissipation from the fracturing of the bridges, cracks from
the polymer phase could be seen deflected by the platelets
in Figure 4F, which prevented crack propagation directly
through the sample. According to the bending tests, the
fabrication of this composite based on the above-described
additive manufacturing method yielded a strength lower
than expected. We consider a couple of factors that may
have contributed to the low flexural strength.

First, the sintering temperature at 1600°C did not fully
densify the printed part, which resulted in poor or little
bonding between the alumina platelets and nanoparticles.
Moreover, the presence of nanoparticles between the
platelets also prevented a full densification of the printed
part. Furthermore, obtaining a fully dense part would likely
restrict the infiltration of a secondary phase. Nevertheless,
sintering at a higher temperature or reducing the amount
of nanopowder may improve the flexural strength of the
part due to greater mass diffusion and, hence, sintering of
the powders.

The second reason for the low strength is due to the type
of polymer used for the secondary phase. Aside from the
weaker mechanical properties of HDDA, we suspect that
the weak interfacial bonding between the alumina phase
and the polymer phase led to the peeling of the platelets.
This failure mode is shown in Figure 4D and F. In general,
the interface damage mechanism is governed by the
attraction forces to polymer chains from the alumina phase
19. When compared to the polymer phase, these attraction
forces from the alumina phase to the polymer chains
are found to be weaker. Therefore, this weak interfacial
bonding possibly served as a preferential manner of energy
dissipation and failure when loaded despite there being no
obvious defects at the interface, as shown in Figure 2F.

The last probable cause of the weak composite is
attributed to the defects from additive manufacturing, such
as delamination between layers. The delamination between
layers would create huge pores in the part after sintering,
which would then be filled with the polymer, as depicted in
Figure 4G. This resulted in a composite consisting more of a
weaker polymer, hence lowering the strength. Furthermore,
the greater surface contact area between the polymer
and ceramic phase as a result of this defect also offered
a preferential location for failure, such as peeling of the
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Figure 4. (A) Set-up of three-point bending test and the representation of measurements used to calculate flexural stress and strain. (B) Flexural stress of
the composite plotted against strain. (C) 3D image of the composite. (D-G) Various defects found at the fracture surface, such as peeling of platelets off the

polymer, platelets pull-out, and breakage of the bridges.

ceramic phase due to poor interfacial bonding since there
is no contact between the platelets on the opposite surfaces.
Therefore, the strength in such a region relies heavily on
the properties of a polymer, as there are no toughening
mechanisms imparted by the alumina platelets available.

4. Discussion

Naturally occurring construction of stronger materials
from different weaker constituents is an aspect we can learn
from to synthesize new stronger materials. For instance,
despite the high brittle content in a nacre, a 5 vol.% of
organic phase is sufficient to improve the overall properties
by several magnitude. In this study, we demonstrated the
process from slurry preparation to additive manufacturing
and created a nacre-inspired structure using the vat
polymerization technology. This was made possible due to
the wheel effect achieved by the addition of nanopowder,
which thereby improves the rheological properties.
Furthermore, the spaces created between the platelets due
to the inclusion of the nanopowder allowed infiltration of
a secondary phase despite sintering at 1600°C.

Despite the lower-than-expected flexural strength of
the composite, we demonstrated in this study a method
to additively manufacture a nacre-like structure with a
slurry that predominantly contains alumina platelets. On
overcoming the undesirable rheological properties with the
addition of nanopowder, the slurry could be coated with a
blade, which is essential to align the platelets to replicate
the nacre structure. Furthermore, the slurry preparation
process takes less than an hour to complete.

5. Conclusion

This study offers a method capable of producing products
consisting of nacre-like structures on a vat polymerization
system by virtue of the greater resolution it affords to the
products and the geometrical conformance of the products
to the intended design. Nevertheless, improvements to the
mechanical properties of this composite are warranted in
future research.
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Abstract

Hydrogels are a key component in bioinks and biomaterial inks for bioprinting due to
their biocompatibility and printability at room temperature. The research described
in the present paper contributes to the advancement of bioprinting by studying the
effect of bioactive borate glass (BBG) incorporated into hydrogels on printability and
physical properties. In this study, we fabricated 3D-printed hydrogel scaffolds using
gelatin and alginate hydrogel mixture incorporated with various amounts of BBG,
a bioceramic rich in therapeutic ions including boron, calcium, copper, and zinc.
We investigated the effect of incorporating BBG on the density, viscosity, physical
interactions, chemical structure, and shear thinning behavior of gelatin-alginate
hydrogel biomaterial ink at different temperatures. After 3D printing and crosslinking
of scaffolds, we measured mechanical properties and printing outcomes. The near-
optimal extrusion temperature and pressure for uniform extrusion of hydrogel
filaments at various BBG contents were determined. We compared the printing
outcomes by quantifying the uniformity of printed filaments and shape fidelity of
printed scaffolds. The rheological analysis showed that the addition of BBG increased
the viscosity of the biomaterial inks and Young'’s modulus of the 3D-printed scaffolds.
Biomaterial inks with a dynamic viscosity within the range of 4.5 - 6.5 Pa-s showed the
best printability across all samples. In conclusion, the inclusion of BBG contributes to
a substantial improvement in the physical properties and printability of 3D-printed
gelatin-alginate hydrogels.

Keywords: Bioprinting; Hydrogel; Bioactive glass; Extrudability; Printability; Shape fidelity

1. Introduction

Three-dimensional (3D) bioprinting, a transformative technology in tissue engineering,
uses layer-by-layer deposition of various bioink and biomaterial ink formulations to
fabricate living tissues and biomimetic structures.”? As per the terminology proposed
by Groll et al., the term “bioink” generally describes a formulation of cells suitable for
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processing by automated biofabrication technologies.
Aqueous formulations of polymers or hydrogel precursors
containing biological factors are categorized as biomaterial
inks that can become bioinks upon the addition of cells to
the formulation.?

By employing hydrogels as the primary bioink material,
extrusion-based 3D bioprinting, the most commonly used
type of 3D printing in tissue engineering applications,
enables the placement of biological materials typically
within a supportive matrix, mimicking the environment
of native tissues for a variety of applications."** Hydrogels
are hydrophilic polymer materials with several advantages
for 3D bioprinting, including biocompatibility, tunable
extrudability and printability, biodegradability, and the
ability to encapsulate and deliver bioactive molecules and
living cells. These features make hydrogels ideal for creating
functional biomimetic constructs that promote cellular
response, tissue regeneration, and specific functions
aligned with the intended objectives.”® Hydrogels are
often characterized by their high percentage of water
content, which contributes to their softness and flexibility.
While this property makes them suitable for 3D printing,
encapsulation, tissue regeneration, and angiogenesis, it
compromises their mechanical strength and stiffness,
biodegradation rate, and dimensional accuracy.”'® Figure 1
illustrates the advantages and disadvantages associated
with hydrogel materials.

Most physically crosslinked hydrogels exhibit shear
thinning behavior, where their viscosity decreases under
increased shear rate, allowing them to flow smoothly
through bioprinting nozzles and deposit onto the print
surface. The presence of hydrophilic moieties such as
carboxyl, amide, amino, and hydroxyl groups contributes
to the high hydrophilicity of hydrogels and absorbing
relatively large amounts of fluids. This high water content
results in a low density of polymer chains per unit volume,
which leads to weak interactions between adjacent chains
and ultimately results in poor mechanical properties in
hydrogels. In particular, the weak physical interactions in
physically crosslinked hydrogels result in poor resistance
against gravitational sagging and poor stabilization of the
ink after dispensing.'®"* The obtained filaments spread
fairly easily in 3D-bioprinted constructs composed of these
hydrogels, leading to poor shape retention. This affects
the subsequently printed layers and, consequently, the
whole structure, as the first few printed layers are prone
to collapse or deformation under the weight of the upper
layers. Shear-thinning hydrogels can be extruded at room
temperature, minimizing harm to encapsulated cells and
preserving temperature-sensitive biomolecules. However,
most physically crosslinked hydrogels, such as gelatin,

face technical challenges in 3D bioprinting, including:
(i) temperature-dependent extrudability, where the
viscosity of the hydrogel changes with temperature, affecting
extrudability; (ii) poor dimensional accuracy due to surface
tension and interfacial forces, leading to layer fusion,
particularly exacerbation in smaller parts; (iii) shrinkage
and swelling that occur in response to crosslinking and
environmental changes, altering construct dimensions
and other properties; and (iv) poor shape fidelity after 3D
printing.>'** Beyond hydrogel’s inherent limitations, the
current practices for evaluating printing outcomes often rely
on subjective visual inspection of printability.® Researchers
are actively addressing these challenges through various
strategies, including modifying hydrogel composition with
reinforcing agents, optimizing crosslinking methods, and
applying post-printing treatments.>* 2

Gelatin is a heterogeneous mixture of polypeptides
obtained by controlled hydrolysis of collagen with cell-
adhesive ligands such as the tripeptide Arg-Gly-Asp (RGD)
sequence. Gelatin is a low-cost biodegradable protein with
molecular weight ranging from 15 to 400 kDa.” It exhibits
shear thinning behavior, and its viscosity is dependent on
temperature because the hydrogen bonds that hold the
triple-helix conformation of gelatin together are weakened
by increased temperature. It undergoes physical gelation
below room temperature, which can restore collagen-
like triple helix structures at 25 - 35°C, and above this
range, the triple helix dissociates, allowing the solvation
of gelatin chains.”*?** Various gelatin-based bioinks have
been formulated to improve biocompatibility and enable
the thermal crosslinking of the compound at room
temperature.’

Alginate is a naturally occurring, low-cost, non-toxic,
and biodegradable linear anionic heteropolysaccharides
composed of (1 - 4)-linked 3-d-mannuronic (M) and o.-1-
guluronic (G) acids, arranged in the homogeneous (MM
or GG) and heterogeneous (MG or GM) blocks. The ionic
crosslinking of alginate occurs when calcium ions interact
with the carboxyl groups (COO-) present in both G and M
blocks. Calcium ions form bridges between the carboxyl
groups of adjacent G blocks, linking them together to form
a 3D network structure, also known as the egg-box mode
mechanism. The aqueous solution of sodium alginate
can be easily extruded and, afterward, form hydrogels
when crosslinked with calcium ions to immobilize the
hydrogel and improve its mechanical properties at room
temperature.®¥

Although extensive research has demonstrated the
biocompatibility and performance of 3D-bioprinted
hydrogels, the incorporation of additional components
can further enhance their properties, broadening their

Volume 3 Issue 1 (2024)

https://doi.org/10.36922/msam.2845


https://doi.org/10.36922/msam.2845

Materials Science in Additive Manufacturing

Bioactive hydrogels for 3D bioprinting

Shear thinning

behavior/’

Encapsulating drugs
and biological agents

Biodegraaability Q J -’ .

[ o = 5
ox

@ )f % 3

Poor shape fidelity

Poor mechanical
properties

R
High swelling
Y
High shrinkage

Biocompatibility and
cell encapsulation

Figure 1. Schematic of hydrogels features. Despite biocompatibility and high encapsulation capacity, hydrogels face challenges in tissue engineering,
including unstable dimensional accuracy, poor mechanical properties, and fast degradation.

applicability in tissue engineering and regenerative
medicine. In our previous research, we have explored the
incorporation of various ceramics such as silicate glass,
borate glass, and transition metal carbides into hydrogels
to enhance mechanical properties, conductivity, stimuli-
responsiveness, and therapeutic potential®** Our
preclinical studies have demonstrated promising results in
dermal tissue regeneration.” Bioactive borate glass (BBG)-
incorporated hydrogels have exhibited biocompatibility,
bioactivity, tunable therapeutic ion release, and favorable
mechanical properties,”** making them suitable bioinks
and biomaterial inks for 3D printing. BBG is a bioactive
glass with promising properties for tissue engineering and
regenerative medicine. Its incorporation into hydrogels
has been shown to enhance mechanical properties and
biocompatibility. The therapeutic ion release, printability,
and mechanical properties of BBG-incorporated hydrogels
can be fine-tuned by controlling the amount of BBG in the
hydrogel for different applications. This tunability makes
hydrogel-BBG compound an attractive biomaterial ink for
3D printing applications. However, there is a knowledge

gap regarding the specific effects of BBG on the hydrogel’s
extrudability and printability.

Inthisstudy, we investigated the effect of BBG on hydrogel’s
physical properties and printability for 3D bioprinting
applications. We prepared biomaterial ink formulations
using gelatin, alginate, and varying amounts of BBG (0, 10,
15, and 20 wt%). The density, chemical structure, rheological
behavior, and mechanical properties of the biomaterial
inks were measured. Printability was assessed considering
extrudability, filament uniformity, and shape fidelity. The
results showed that BBG incorporation enhanced the
mechanical properties and printability of the hydrogels, with
higher BBG concentrations resulting in increased Young’s
modulus and enhanced extrudability, filament uniformity,
and shape fidelity of the printed constructs.

2. Materials and methods
2.1. Materials

Gelatin (type B, gel strength ~ 225 g Bloom), sodium alginate
(alginic acid sodium salt from brown algae, Brookfield
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viscosity >2 Pa-s at 2% in water at 25°C, molecular weight
of 200 kDa), bromothymol blue, and anhydrous calcium
chloride were purchased from Sigma Aldrich (Missouri,
USA). The bioactive borate glass (BBG 1605, microspheres
at particle size <20 um) was supplied by ETS Wound Care
(Missouri, USA). Deionized water was used in biomaterial
ink preparation and other experiments.

2.2, Biomaterial ink preparation

As described in our previous work,**" biomaterial ink
formulations were prepared by alginate, gelatin, and BBG.
The 1605 bioactive borate glass (BBG) utilized in this
research is composed of 51.6 wt% B O., 20 wt% CaO, 6 wt%

273

Na,O, 5wt% MgO,4wt% P,0,, 12wt% K,0, 1 wt% ZnO, and
0.4 wt% CuO. This BBG demonstrates high solubility and
rapid degradation compared to silicate glass such as Bioglass
45S5 and 1393 borate glass.”® First, 1 L of 20 mg/mL glass
suspension was prepared by dissolving 20 g BBG powder in
1 L of deionized water. The obtained suspension was filtered
(pore size <0.22 um) and centrifuged at 2000 rpm for
2 min. The obtained BBG suspension was then diluted with
DI water to obtain 0, 10, 15, and 20 mg/mL concentrations
of BBG. Gelatin powder (500 mg) was added to each BBG
suspension (10 mL each) and stirred at 600 rpm at 40°C,
followed by the addition of 2.5 mg of pH-sensitive dye
(bromothymol blue) to the mixture. After 10 min, 300 mg
sodium alginate was added to the mixture drop-wise
and stirred at 1200 rpm for 20 min. The concentration of
gelatin and alginate was set at 50 mg/mL and 30 mg/mL,
respectively, as our previous research showed that the 5:3
gelatin-alginate ratio demonstrates Young’s modulus in
the range of human skin with the best biocompatibility
and wound healing outcome.®”' The coding of the samples
was established based on the weight percentage (wt%) of
dry material for each component. In the biomaterial inks,
the concentrations of gelatin, alginate, and BBG were set at
5%, 3%, and 0 — 2%, respectively. Then each biomaterial ink
sample was poured into 3D printing cartridges (Nordson,
Ohio, USA). Cartridges were centrifuged at 2000 rpm for
2 min and incubated at 37°C for 1 h to debubble the inks.
We did not include biomaterial inks with BBG content
>20 mg/mL in this research because it was found from
our preliminary tests that gelatin-alginate hydrogel inks
incorporated with BBG higher than 20 mg/mL were not
extrudable.

2.3. Three-dimensional printing

The 3D-printed scaffolds were fabricated using an
extrusion-based bioprinter (Inkredible+, Celllnk Corp.,
Sweden), which allows control over printing parameters,
including nozzle temperature, layer height, and printing
speed. The G-code defined a scaffold printing pattern

that consisted of square-shaped pores. The print bed
temperature was set at 19°C, and the biomaterial inks
were deposited at a speed of 3600 mm/min for linear
patterns and 1200 mm/min curve patterns. All samples
were printed with the same-size nozzles (0.41 mm
inner diameter, Nordson, USA). The print head nozzle
temperature was set at each of 25°C, 30°C, 35°C, and
40°C. Extrusion pressure ranged from 15 to 125 kPa. After
printing 21 layers, the printed scaffold was immersed in
CaCl, solution (1 mol/L) for 10 min to form crosslinks,
thereby enhancing the scaffold’s mechanical properties.
After cross-linking, the scaffold underwent multiple
rinses with deionized water to wash away the remaining
calcium ions. The crosslinked scaffolds were stored at 4°C
for further characterization.

2.4. Characterization

The crosslinked scaffolds were characterized in this study
in terms of their density, chemical structure, rheological
behavior, and mechanical properties.

2.4.1. Density

The density of each biomaterial ink formulation was
measured by weighing 2 mL batches at five replications.

2.4.2. Chemical structure

The Fourier transform infrared spectroscopy (FTIR)
was conducted using a Nicolet iS50 spectrophotometer
(Thermo Scientific, USA), outfitted with a mid-IR range
(4000 - 400 cm™) diamond crystal cell for attenuated total
reflection. Spectra were acquired at a 4 cm™ resolution,
totaling 32 scans per spectrum with a data interval of 0.482
cm!. To prepare for measurement, 500 UL of the hydrogel
sample was spread thinly over the crystal to form a film
on the splitter area. To maintain accuracy, a new reference
spectrum was captured every five scans to correct the
subsequent spectra. Analysis of the spectra was performed
using the OMNIC software version 9.2.41 from Thermo
Fisher Scientific (USA). The results were presented as
a percentage of transmittance versus the wavenumber
(cm™). Reference IR spectrum data from Sigma Aldrich
were employed to pinpoint the characteristic chemical
bonds present in gelatin, alginate, and water.

2.4.3. Rheological behavior

Dynamic viscosity (u) was determined at various
temperatures using a rotational rheometer (Kinexus Ultra+,
Malvern Panalytical Ltd., UK.) equipped with a cone and
plate setup (CP4/40) and a lower fixture (PED40) for sample
handling. The apparatus was set to a 40 mm-diameter cone
with a 4° angle. A solvent trap was employed to minimize
sample evaporation. The loading and working gaps were

Volume 3 Issue 1 (2024)

https://doi.org/10.36922/msam.2845


https://doi.org/10.36922/msam.2845

Materials Science in Additive Manufacturing

Bioactive hydrogels for 3D bioprinting

set to 70 mm and 0.5 mm, respectively. After calibration
and temperature setting of the lower fixture, samples
were carefully placed and enclosed by a hood. Dynamic
viscosity of hydrogel-BBG inks was taken as the average of
the data for shear rate (Y') in the range of 1 < Y < 10 s,
at temperatures including 25, 30, 35, and 40°C. The shear
thinning behavior of the dressings was measured through a
shear rate ramp from 0.1 to 1000 s over a 10-min duration
at 25, 30, 35, and 40°C.

2.4.4. Mechanical properties

The mechanical properties of the 3D-printed scaffolds
were measured utilizing an Instron 5969 Universal Testing
System (USA). A dual-column apparatus designed for
tensile tests was used in accordance with ASTM F2150-8
standard. Specimens were stretched at the rate of 5 mm/
min until ruptured at 20°C. Young’s modulus for the
specimens was determined from the stress-strain curve.
The BlueHill Universal testing software was employed for
test control and data analysis. A total of five repetitions (n
= 5) were conducted for each set of parameters.

2.5. Printability measurement

In this study, the printability measurement involved
the assessment of various printing outcomes in terms of
extrudability, filament uniformity, and scaffold shape
fidelity, as described below. We studied the effects of ink
composition (with varying BBG content) and printing
parameters, including nozzle (ink) temperature and
extrusion pressure, on printing outcomes.

2.5.1. Extrudability

Ouyang et al. categorized hydrogel extrudability based
on gelation conditions of the extruded filament: over-
gelation, ideal gelation, and under-gelation.”" Achieving
ideal gelation is crucial for extrudability, which is
characterized by a consistent flow with a smooth
filament. Over-gelation is characterized by inconsistent
lumpy flow, resulting in irregular filament shape and
poor layer attachment. Under-gelation is characterized
by a state akin to that of a liquid, or in some instances,
the formation of droplets. Under-gelation may result
in the merging of adjacent layers and the formation of
pores with a predominantly circular rather than square
morphology.*

2.5.2. Filament uniformity

A series of single-layer straight lines were printed to assess
the uniformity of the printed filaments, similar to what was
previously described in literature.® Filaments were printed
at 25, 30, 35, and 40°C, with three replications for each
ink composition and printing parameter set. The width of

each printed filament was measured at 20 random points at
three replications. The filament uniformity is defined using
the following equations:

SD(W,)

Cofficient of variation (CV) = — A=t (D

i i

n

Filament uniformity (FU)=1-Coeflicient of variation (CV) (II)

where W, and SD (W) are the filament width measured
at each random point and the standard deviation of
filament widths at the random points, respectively. A lower
coefficient of variation (CV) means a higher filament
uniformity.

2.5.3. Shape fidelity

Following the work of Ouyang et al’' and Kyle et al.,**
we define shape fidelity (SF) as a measure of how closely
scaffold pores, intended to be square-shaped, resemble
perfect squares. This is characterized using the following
equation:

P>
16A

(1)

Shape fidelity (SF) =

where A is the pore area, and P is the pore perimeter. As
illustrated in Figure 2, in a porous scaffold designed with
square-shaped pores, the actual pore shape may appear
in a different shape (such as an oval shape), deviating
from the intended square shape. We measured the area
and perimeter for each pore using Image] software,
and then obtained the shape fidelity as the average of
shape fidelity values calculated, using Equation III, for
10 randomly selected pores in each scaffold, with three
replications, for each ink composition at corresponding
desired temperature and extrusion pressure. Note that
SF is equal to 1 for a perfect square, and a pore with a
lower SF value has a larger deviation from the square
shape.

2.6. Statistical analysis

All experiments in this study were conducted with a
minimum of three replications for each sample per test.
All data are expressed as mean + standard deviation (SD).
One-way analysis of variance (ANOVA) was employed to
determine statistical differences among different groups.
This statistical test enables the evaluation of overall
group differences and determines if there are significant
differences between the means of these groups. Significance
was set at the P < 0.05. Statistical analyses were performed
using Microsoft Excel.
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Intended pore

Printed pore

Figure 2. Illustration of an oval-shaped pore (red dashed line) that is
intended to be a square pore (green dashed line) in a scaffold design.

3. Results and discussion

3.1. Effect of BBG content on physical crosslinking
and mechanical properties

The rheological behavior and printability of hydrogel-
BBG samples are driven by their degree of crosslinking
and physical parameters (printing temperature, pressure,
etc.). Figure 3A depicts the FTIR spectra of the 3D-printed
scaffolds with various BBG amounts. The incorporation of
BBG into the gelatin-alginate hydrogel introduces a higher
concentration of metallic oxides, as denoted by the blue
box in Figure 3A. Introducing the divalent cations such
as Ca’* and Mg’ released from BBG facilitates the ionic
crosslinking of alginate due to the interactions between
these ions with the carboxyl groups. The divalent ions
link the carboxyl groups of adjacent G blocks together to
form a 3D network structure in the alginate chains.”** The
increase in crosslinking density in the alginate chains can
be evidenced by (i) the shift to the right on the metallic
bonds, indicating the increased bond energy, which can
potentially increase the physical interactions with carboxyl
groups present in alginate, and (ii) the sharper C=0 valleys
with a slight shift to the right, demonstrating increased
attractions between negatively charged carboxyl groups
and Ca?* with other divalent cations. The increase in the
degree of ionic crosslinking results in higher rigidity in the
alginate.”** On the other hand, the physical interactions
between the ions released from BBG and various functional
groups present in gelatin, such as carboxyl, amide, amino,
and hydroxyl groups and ions released from BBG can
decrease the free volume in the hydrogel network and the
total volume of the hydrogel-BBG mixture. The spectrum
indicates that as BBG content is increased, the metallic

bonds become more prevalent and shift to the right,
indicating the increase in physical interactions between
various components of the biomaterial inks. The increased
secondary bonds within the gelatin network can affect
its temperature-dependent shear thinning behavior and
viscosity. The added intermolecular physical interactions,
along with the intramolecular hydrogen bonds, affect the
conformation of the triple-helix within gelatin. Therefore,
the dissociation of the triple helix requires more energy
and the temperature of physical gelation increases. The
changes in the physical crosslinking of alginate and
physical interactions in gelatin can contribute to the further
enhancement of mechanical strength and may influence
the stability, water permeability, and swelling capacity, as
reported in our previous work and other research.'”** A
higher density of crosslinking can result in the rigidity of
the biomaterial inks due to the increased resistance to flow
and the friction between hydrogel chains.

Figure 3B shows the density of the scaffolds with
varying BBG amounts. The density increases in scaffolds
with increased BBG amount due to (i) BBG’s higher
density compared to the hydrogel, (ii) the reduction in free
volume caused by the formation of crosslinks between the
hydrogel chains, and (iii) the formation of secondary bonds
between BBG ions and hydrogel chains. After ion exchange
between sodium ions and bivalent metals released from
BBG, the shorter bond length reduces the free volume
within the hydrogel network and increases the evacuation
of water molecules, resulting in hydrogel solidification
and, therefore, increased density. The mechanical stiffness
of 3D-printed scaffolds, as indicated by Young’s modulus
measurements, is displayed in Figure 3C, showing the
addition of BBG increases Young’s modulus of the
hydrogel. It is a result of the ionic crosslinking of alginate
chains within the hydrogel network in the presence of the
divalent ions released from BBG.

The stiffness of natural human skin was reported in
the range of 0.45 - 0.85 MPa.*® Our scaffold samples
incorporating BBG fall within this range for all of the
hydrogel-BBG (H-BBG) tested, i.e., H-BBG10, H-BBG15,
and H-BBG20. This indicates that these scaffolds exhibit a
level of elasticity that resembles the properties of natural
skin. This finding suggests that the hydrogel scaffold
incorporating BBG up to 20 wt% possesses a degree of
elasticity that is well-suited for potential applications in
soft tissue engineering, such as in skin wound treatment.
However, it should be noted that, as demonstrated in this
study, incorporating BBG at concentrations higher than 20
wt% into the gelatin-alginate (with a ratio of 5:3) hydrogel
compound can significantly impede the bioprinting
process.
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Figure 3. (A) FTIR spectra of hydrogel-BBG scaffolds. (B) The density of hydrogel-BBG inks increases with BBG content. (C) Young’s modulus of hydrogel-

BBG scaffolds, showing its increase with the addition of BBG.

Abbreviations: H-BBG: Hydrogel-bioactive borate glass; FTIR: Fourier transform infrared.

3.2. Effect of temperature, pressure, and BBG
content on viscosity

To identify the relationship between printability and
biomaterial ink composition, we first quantified the
dynamic viscosity (u) of the biomaterial inks. Figure 4
depicts the dynamic viscosity of the formulated hydrogel-
BBG samples at 25, 30, 35, and 40°C. Higher viscosity
was observed at 25°C across all samples, which showed
a significant drop in viscosity when the temperature
was increased from 25 to 40°C. While H-BBG10 ink
showed relatively small changes in viscosity at the higher
temperatures of 35 and 40°C from 30°C, H-BBG15 and
H-BBG20 showed substantial drops in viscosity at these
higher temperatures.

Temperature can significantly impact the viscosity of
gelatin solutions by affecting the conformational state of
the triple helix. In general, the reduced viscosity at higher
temperatures results from the transition in hydrogel chain
orientation from chains in a random direction to align
with the direction of the applied shear. At the molecular
level, the decrease in viscosity of hydrogels at higher
temperatures is attributed to the elevated kinetic energy
in the hydrogel network, increasing its mobility. This

increased mobility allows the hydrogel chains to slide past
each other more easily, reducing the resistance to flow. At
lower temperatures, gelatin molecules tend to adopt a more
ordered triple helical structure, which contributes to higher
viscosity due to increased molecular entanglement and
intermolecular interactions. As temperature increases, the
thermal energy disrupts these ordered structures, causing
gelatin chains to dissociate the triple helix, resulting in
decreased viscosity. In our previous research, we observed
that gelatin solutions transition from a gel-like state to a
more fluid-like state with increasing temperature.

In addition, the intermolecular forces and interactions
between gelation and alginate chains with each other
and BBG ions are responsible for the 3D integrity of the
hydrogels. At higher temperatures, the increased entropy
weakens these forces, allowing for easier chain movement
and higher flowability of the hydrogel, i.e., lower viscosity.

In contrast with elevated temperature, the presence
of BBG strengthens the hydrogel network and increases
the resistance of hydrogel chains to alignment in the
direction of applied shear stress. Therefore, the hydrogel
chains require higher kinetic energy for the transition
from random fibers to aligned structures. As a result, the
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Figure 4. Dynamic viscosity of hydrogel-BBG (H-BBG) inks at various
temperatures was taken as the average of the shear rate data for
I<shear rate<10 s™.

observed drop in gelatin-alginate viscosity is influenced
by the concentration of BBG, as shown in Figure 4.
Unlike H-BBG10, we observed a significant impact of
thermal energy, i.e., the elevated temperature on the drop
of viscosity in H-BBG15 and H-BBG20. These findings
suggest that the concentration of BBG is a key factor in
determining its effectiveness in modulating the hydrogel
viscosity.

The applied extrusion pressure affects the flow rate
of hydrogel-BBG inks through a nozzle in the printing
process. Therefore, the ink’s shear rate is a function
of pressure® and viscosity (which is influenced by
temperature). Figure 5 shows the shear thinning behavior
of biomaterial inks with various BBG amounts (H-BBGO,
H-BBG10, H-BBG15, and H-BBG20) across the shear
rate range from 0.1 to 1000 s and different temperatures
including 25, 30, 35, and 40°C. All samples exhibited shear
thinning behavior, featuring the rheological behavior of
non-Newtonian fluids whose viscosity decreases with
increasing shear rate.” Our data here consistently showed
a decrease in viscosity as a result of an increase in shear
rate across all temperatures in all samples with various
BBG contents. At 25°C, they exhibited the highest level
of viscosity, which decreased rapidly as the shear rate
increased. However, this decrease in viscosity was less
sharp when the temperature was raised to 30, 35, and 40°C
across all samples. H-BBG20 ink, which has the highest
amount of BBG, exhibited the highest viscosity among
all samples. This sample also showed the largest drop in
viscosity as temperature increased from 25 to 40°C. It
indicates that BBG modifies the rheological behavior of
the gelatin-alginate hydrogel, which is caused by alteration
to the chain alignment and the strength of intermolecular
bonds in the hydrogel chain crosslinks.

3.3. Evaluation of printing outcomes

We evaluated the 3D printing outcomes by first testing the
extrudability of each hydrogel-BBG sample to determine
the ideal printing temperature for each biomaterial ink.
Once ideal gelation was achieved at a certain temperature,
filaments were printed to study filament uniformity,
measured by filament line width variation as defined
in Equations I and II. Filament uniformity was used to
establish the desired extrusion pressure for each set of
biomaterial ink composition and nozzle temperature.
Afterward, scaffolds were printed using H-BBGO,
H-BBG10, H-BBG15, and H-BBG20, each at the desired
nozzle temperature and extrusion pressure. Subsequently,
the shape fidelity of printed scaffolds was measured to
identify the effect of BBG content on printability.

Figure 6 shows the extrusion tests performed at the
temperature of 20, 25, 30, 35, and 40°C for H-BBGO and
H-BBG20 inks at the extrusion pressure of 35 and 75 kPa,
respectively, to study the extrudability of these samples
due to temperature-dependent gelation behavior. Among
the various temperatures tested, H-BBGO ink exhibited
the best extrudability at 25°C, with continuous flow and
no droplet formation. Therefore, the desired extrusion
temperature for H-BBGO was determined to be 25°C. At
higher temperatures, the viscosity of H-BBGO decreased
substantially, resulting in the formation of ink droplets,
which should be avoided. The addition of BBG to
gelatin-alginate hydrogel in H-BBG20 led to a significant
increase in viscosity and, thus a different result from
the extrusion test. At the lower temperatures of 20 and
25°C, the high viscosity resulted in over-gelation, causing
irregular filament formation that could be detrimental
to the printing process. The gelation state was improved
at 30°C, and H-BBG20 reached an ideal gelation state at
35°C, resulting in a viscosity suitable for extrusion and
high extrudability, indicating that the biomaterial ink
at this temperature achieves a desired balance between
fluidity and rigidity for printing. At 40°C, the viscosity
of H-BBG20 substantially decreased, leading to the
formation of droplets, an indication of under-gelation.
Therefore, the desired extrusion temperature for H-BBG20
was determined to be 35°C. From the extrusion test results,
which are not included in Figure 6, we also found a near-
optimal extrusion temperature of 25°C for H-BBG10 and
30°C for H-BBG15.

Visual assessment of the filament quality for H-BBGO,
H-BBgl0, H-BBG15, and H-BBG20 is depicted in
Figure 7, for different extrusion pressures at the identified
temperature for each ink through the extrudability
study described above. Uniform, high-quality prints are
marked with blue dash-line borders in Figure 7. As can
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Figure 5. Shear thinning behavior of the hydrogel-BBG inks. Logarithmic plot of viscosity version shear rate for 0.1< < 1000 s* for (A) H-BBGO,
(B) H-BBG10, (C) H-BBG15, and (D) H-BBG20.
Abbreviation: H-BBG: Hydrogel-bioactive borate glass.
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Figure 6. Extrusion test results for (A) H-BBGO at 20, 25, 30, 35, and 40°C and P = 35 kPa, and for (B) H-BBG20 at 20, 25, 30, 35 and 40°C and P = 75 kPa.
H-BBGO and H-BBG20 showed ideal gelation at 25 and 35°C, respectively.
Abbreviation: H-BBG: Hydrogel-bioactive borate glass.
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different BBG percentages. The highest-quality line prints are highlighted with blue, dash-line borders.

Abbreviation: BBG: Bioactive borate glass.

be seen from this figure and the filament widths plotted
in Figure 8A, all samples show an increase in filament
width when extrusion pressure is higher. Figure 8B shows
the filament uniformity for each ink extruded at the
desired temperature under various extrusion pressures.
H-BBGO and H-BBG10 showed the highest uniformity at
the extrusion pressure of 50 kPa at 25°C, while H-BBG15
and H-BBG20 exhibited the highest uniformity at the
extrusion pressure of 100 kPa at 30 and 35°C, respectively.
These prints indicate near-optimal extrusion of the
biomaterial ink, while the other prints at other extrusion
pressures suggest suboptimal conditions, leading to either
over-gelation or under-gelation, which could compromise
the 3D printing outcomes. Together, Figures 6-8 clearly
indicate a particular set of nozzle temperature and
extrusion pressure for each ink to achieve the ideal gelation

and thus filament uniformity. The identified near-optimal
sets of nozzle temperature and extrusion pressure result
in the best extrudability and filament uniformity for each
of the biomaterial inks including H-BBGO, H-BBglO0,
H-BBG15, and H-BBG20.

The outcomes of printed scaffolds, as shown in Figure 9,
exhibit substantial differences across the hydrogel inks
with different BBG contents. Displayed in this figure is
the intended scaffold geometry with square-shape pores
for evaluating the outcomes of scaffold printing with
H-BBGO, H-BBG10, H-BBG15, and H-BBG20 at the most
desirable nozzle temperature and extrusion pressure for
each of the biomaterial inks. The H-BBGO and H-BBG10
scaffolds exhibit suboptimal, non-uniform pore geometry
with substantial deviation from the intended square-
shaped pores. In contrast, the 3D-printed scaffolds with

Volume 3 Issue 1 (2024)

10

https://doi.org/10.36922/msam.2845


https://doi.org/10.36922/msam.2845

Materials Science in Additive Manufacturing

Bioactive hydrogels for 3D bioprinting

H-BBG15 and H-BBG20 demonstrate improved printing
outcomes, with more consistent geometries and closer to
square pores. These differences in print outcomes can be
attributed to the rheological behavior of the biomaterial
inks. Note that the 3D-printed H-BBGO scaffold, despite
obvious irregularities in pore geometry, still maintains the
mesh structure. As shown in Figures 4 and 5, the H-BBGO
ink exhibits the lowest viscosity. From Figure 9, it becomes
evident that the lower viscosity leads to the higher surface
tension of the hydrogel after printing,® contributing to
more fusion between adjacent layers and resulting in
lower shape retention and formation of more deviated
pore shapes at the scaffold corners. The notable viscosity
increase in H-BBG15 and H-BBG20 inks correlates with
improved shape fidelity at their respective near-optimal
temperatures of 30°C and 35°C. Thus, the higher BBG
content in H-BBG-15 and H-BBG20 inks contributes to
significant enhancement in the hydrogel printability.

Figure 10 depicts the shape fidelity of 3D-printed
scaffolds at various nozzle (ink) temperatures (not just
the most desirable temperatures) for H-BBGO, H-BBG10,

A DH-BBGO (25°C)
BH-BBGIS (30°C)

OH-BBGI0 (25°C)
BH-BBG20 (35°C)

Filament width (mm)

125

w

30 .50 00
Extrusion pressure (kPa)

08 {' i & 'I

06

04

Filament consistency

02

15 ) 30 ) 50 " 100 ) 125
Extrusion pressure (kPa)

Figure 8. Filament width (A) and filament uniformity (B) obtained for

printed filaments at various extrusion pressures with the temperature of

best extrudability identified for the hydrogel biomaterial ink incorporating

different BBG content.

Abbreviation: BBG: Bioactive borate glass.

H-BBG15, and H-BBG20. The figure shows the highest
shape fidelity at 25, 25, 30, and 35°C for H-BBGO,
H-BBG10, H-BBG15, and H-BBG20, respectively. We
compared the printability of these four biomaterial inks
by using the highest shape fidelity for each of them. The
addition of BBG appears to increase the printability, with
higher BBG concentrations improving the biomaterial ink’s
printability, i.e., its ability to form and retain the desired
geometry. H-BBG20 showed a slight improvement in
shape fidelity compared to H-BBG15, while both samples
showed significant improvement (P <0.05) in shape fidelity
compared to H-BBG10 and H-BBGO (plain hydrogel). The
printability improvement is attributed to BBG’s effect on
improving the biomaterial ink’s rheological properties.

Table 1 provides data on viscosity, shape fidelity, and
filament uniformity obtained from various tests at 25,
30, 35, and 40°C for H-BBGO, H-BBG10, H-BBG15, and
H-BBG20, with the data represented by the mean and
standard deviation for each set of temperature and BBG
content. A plot of shape fidelity versus viscosity based
on the mean values for all the data points is shown in

Table 1. Viscosity, shape fidelity and filament uniformity for
each biomaterial ink composition extruded and printed at
25, 30, 35, and 40°C

Biomaterial 25°C 30°C 35°C 40°C
ink Mean SD Mean SD Mean SD Mean SD
H-BBGO

Vis 6.0l 209 233 1.04 033 0.03 0.19 001

SF 0.57 029 0.11 0.04 - - - -

FU 0.89 0.03 - - - - - -
H-BBG10

Vis 6.34 257 044 021 032 0.02 025 0.01

SE 0.7 022 0.16 008 0.12 008 033 0.22

FU 0.89 0.02 - - - - - -
H-BBG15

Vis 1412 647 488 095 037 0.02 019 0.01

SF 047 0.17 075 0.17 067 0.16 022 0.12

FU - - 0.93  0.02 - - - -
H-BBG20

Vis 158.15 99.64 15.74 10.08 4.68 2.09 0.58 0.05

SF 0.5 0.7 049 0.15 0.83 0.07 057 0.12

FU - - - - 094 0 - -

Notes: The viscosity (Vis, unit: Pa-s) and shape fidelity (SF) for each
biomaterial ink composition extruded and printed at 25, 30, 35, and
40°C are given. The filament uniformity (FU) for each sample is
reported at the near-optimal extrusion temperature and pressure: 25°C
and 50 kPa for H-BBGO and H-BBG10; 30°C and 100 kPa for H-BBGO;
and 35°C and 100 kPa for H-BBG20.

Abbreviation: H-BBG: Hydrogel-bioactive borate glass.
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Figure 9. Scaffold appearance after 3D printing at near-optimal ink temperature and extrusion pressure for hydrogels with various BBG content.

Abbreviation: BBG: Bioactive borate glass.
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Figure 10. Shape fidelity of 3D-printed scaffolds at different temperatures for hydrogels with different BBG contents. H-BBG15 and H-BBG20 showed
significant improvement in shape fidelity compared to the plain hydrogel (H-BBGO).

Abbreviation: H-BBG: Hydrogel-bioactive borate glass.

Figure 11. According to Table 1 and Figure 11, the highest
shape fidelity falls within the range of 4.5 - 6.5 Pa-s, which
exhibits the highest printability (most favorable printing
conditions) for all gelatin-alginate hydrogel biomaterial
inks incorporated with BBG.

As reported by He et al, in general, materials with a
viscosity lower than 0.3 Pa-s are more suitable for spreading

rather than extrusion; however, for materials with a
viscosity greater than 30 Pa-s, a large pressure is required to
extrude the hydrogel out of a nozzle."” Suitable biomaterial
inks and bioinks for extrusion-based 3D printing should
possess both smooth flow and shape retention properties.
Consistent with this research result, our findings suggested
that there is a range of viscosity in that biomaterial inks and
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Figure 11. Shape fidelity versus viscosity plot. The best shape fidelity
across all samples was observed within a dynamic viscosity range of 4.5
- 6.5 Pass, at 1< shear rate <10 (s*). This viscosity range exhibited the
most favorable condition in all gelatin-alginate-BBG compositions for
extrudability and maintaining shape characteristics.

Abbreviation: BBG: Bioactive borate glass.

bioinks exhibit the best printability. According to this study,
for the hydrogel-BBG hydrogel inks, the best outcome of
extrusion-based 3D printing occurs at a viscosity of the
biomaterial ink in the range of 4.5 - 6.5 Pa-s.

Our data showed that, among H-BBGO, H-BBGI10,
H-BBG15, and H-BBG20, 3D-printed H-BBG20
scaffolds had the highest shape fidelity followed by
H-BBG15 scaffolds. The stronger hydrogel network in
these samples, characterized by reduced free volume
and higher Youngs modulus, contributed to increased
viscosity and improved shear thinning behavior during
the extrusion of the biomaterial ink, enhancing post-
printing filament uniformity and scaffold shape fidelity.
Also, as demonstrated in this research, modulating the
concentration of BBG allows for control over the physical
and mechanical characteristics of the biomaterial inks. The
enhancement in mechanical integrity and shape fidelity
of the hydrogel-BBG scaffolds along with the inherent
bioactive properties positions BBG as a critical component
in the development of advanced tissue constructs.

4, Conclusion

This study investigated the effect of BBG on physical
properties and printability when incorporated into gelatin-
alginate hydrogel biomaterial inks. Inks with higher
BBG content showed higher density and viscosity. The
addition of BBG enhanced the mechanical properties
of 3D-printed hydrogels, evidenced by the increase in
Young’s modulus in samples with higher BBG contents.
The temperature-dependent shear thinning behavior of
the hydrogel biomaterial inks is improved by the addition
of BBG, enabling better control over ink gelation and the
printing process. The increased viscosity due to higher BBG
content improves the hydrogel’s printability as evidenced by

improved uniformity in the printed filaments and enhanced
shape fidelity in the printed scaffolds. Due to the higher
viscosity, the printing process of hydrogel with more BBG
requires higher extrusion pressure. These insights highlight
the impact of BBG concentration on hydrogel viscosity
and underscore the importance of optimizing temperature
and pressure settings to achieve the desired extrusion
characteristics. The quantitative assessments of printing
outcomes indicated that hydrogel-BBG biomaterial inks
with viscosity in the range of 4.5 — 6.5 Pa-s are desirable
for extrusion-based 3D printing and that 15 - 20 wt% BBG
concentrations in the hydrogels result in improved shape
fidelity in the printing outcomes. This research highlights
the ability of BBG to refine the capabilities of 3D bioprinting
of hydrogels and suggests its significant role in advancing
tissue engineering and regenerative medicine.
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