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Structural influence on titanium ion
dissolution in 3D-printed Ti6AlI4V
orthopedic implants
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3D printed orthopedic implants have emerged as innovative solutions for treating bone tumors,
offering advantages such as patient-specific customization and faster production compared to
conventional manufacturing methods. However, elevated concentrations of titanium (Ti) ions in

the bloodstream have frequently been observed following limb salvage surgery using 3D printed
Ti6Al4V implants, which could lead to systemic toxicity and critical implant failure. In this study, we
characterize the Ti dissolution phenomenon associated with 3D printed implants. Finite element
analysis (FEA) of full-scale pelvic and tibial implants revealed that large mesh surface areas designed
for implant-tissue integration can accelerate corrosion. Microstructural analyses of cubical Ti6Al4V
samples with solid, mesh, and solid-mesh hybrid geometries revealed that galvanic coupling between
the alpha (o) and beta (B) phases drives localized corrosion. A notable difference in B-phase content—
ranging from 145% to 200%—was observed among the three cases, with the highest B-phase content
in the mesh structures. These findings indicate that although mesh structures are essential for implant-
tissue bonding, they can significantly promote Ti ion release, potentially compromising the mechanical
integrity of the implant over time. Careful design and surface treatment strategies are therefore
needed to balance biological integration with long-term material stability.
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Additive manufacturing (AM) has been widely used in various industries, including automobiles, aerospace,
smart factories, and the medical industry, enabling on-demand production with high design flexibility!-®. AM,
notably in the medical field, can utilize various materials such as polymers, ceramics, and metals, providing a
range of mechanical properties suitable for internal soft tissues and hard tissues’"12. Ti-6Al-4 V alloy, a material
frequently used in AM processes, has been used in the production of dental implants and orthopedic implants
due to its excellent mechanical properties, biocompatibility, passivity, and corrosion resistance!>~!8. Bone tumors
compromise bone strength and adversely affects weight distribution and muscle support'*?°. These aspects can
substantially impact the quality of life of patient by impeding normal mobility and daily activities*!"?2. Successful
recovery requires swift removal of the minimally affected bone area, followed by immediate replacement with
a biocompatible metal implant within a two-week timeframe?*-2°. In this context, laser powder bed fusion
(L-PBEF), a type of AM process, has emerged as a popular strategy for fabricating implants characterized by high
mechanical performance, fast production, and complex structures*”=%.

The use of 3D-printed implants for bone reconstruction in bone tumor surgery is becoming increasingly
prevalent®*-33. Although the whole-blood concentration has been reported to increase after using 3D-printed
implants, the underlying mechanism remains inadequately explored. This study hypothesizes that the release of
metal debris, such as sintered unmelted powder, from the alloy surface treated through powder bed fusion may
constitute the main mechanism. This phenomenon may be attributable to the large surface area resulting from
elevated surface roughness, even in solid structures, or the presence of special structures such as lattices.
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34-39 and an increase in the concentration

Ti alloys have been widely used for fabricating orthopedic implants

of metals present in the alloy, including Ti, has not been observed to pose toxicity risks to the human body**4!.
However, a significant elevation in Ti concentration can serve as a surrogate marker for potential mechanical
failure,2-%> such as breakage or cracking of the implant. Additionally, the concentrations of Al and V, typically
used to enhance mechanical performance of implants, may also increase, posing a potential toxicity risk*¢-4.

In addition to the toxicological aspects associated with the increase in concentrations of Ti, Al, and V; if the
rise in whole-blood concentration is primarily attributed to corrosion, a detailed analysis of this mechanism
is essential. Specifically, it is crucial to ascertain whether the accelerated corrosion is attributable to increased
surface area owing to the use of a porous structure, such as lattices, or if corrosion is induced at the interface
between solid and lattice structures. If the increase in surface area is the determining factor, even with an initially
high concentration, metal dissolution may reach a plateau once bone and soft tissue adhesion has sufficiently
progressed. Investigating whether this blood concentration poses toxicological problems becomes paramount.
However, if corrosion is accelerated at the solid-lattice interface, further attention may be warranted, as this
phenomenon has the potential to initiate cracks or degrade mechanical performance. To address such complex
mechanisms, computational approaches have also been increasingly employed to investigate corrosion processes
in metallic biomaterials. COMSOL Multiphysics, in particular, has been widely used to simulate electrochemical
corrosion phenomena such as localized corrosion, galvanic interactions, and ion transport in titanium alloys.
Recent work by Sharma et al. employed COMSOL to model the corrosion behavior of additively manufactured
iron structures in physiological electrolytic environments, and numerous other studies have also utilized
COMSOL for simulating corrosion processes in metallic materials, indicating its broad application for such
analyses®®~2,

Therefore, the objective of this study was to identify the causes underlying the increase in blood Ti
concentration after surgery involving a 3D-printed bone replacement implant. To this end, we conducted a
quantitative comparison to determine whether the increase in blood Ti levels is attributable to metal debris
released from the alloy surface or corrosion. Additionally, we analyzed variations in the metal concentration
with the specimen structure and surface area. Furthermore, we investigated whether the elution amount in the
3D-printed specimen exceeds that of solid and form cell porous (lattice) structures produced using conventional
manufacturing methods. Quantitative results were obtained through computer analysis and polarization
experiments, designed to identify any mechanically weakened areas owing to local concentrations of metal
elution.

Methods and materials

Materials and fabricating specimens

Three types of specimens were designed for the experiment. All specimens were cubes with a side length of
20 mm, characterized by full-solid structures, full-lattice structures, and hybrid structures with solid and lattice
components (lattice unit size: 2 mm). L-PBF was selected as the 3D printing method, with 20 specimens of
each structure printed using Ti6Al4V ELI with a particle size between 15 and 53 pum (extra-low interstitial,
with higher purity than Ti6Al4V). All 60 specimens (3 structures x 20 specimens of each structure) underwent
post-processing, including heat treatment and sandblasting, following the same procedures as those applied to
3D-printed human implants used in actual surgeries. Samples were heated to 900 °C at a rate of 5 °C/min, held
for 1 h, and subsequently cooled for 24 h. For sandblasting, particles ranging from 0.125 to 0.250 mm were
used, with a blasting pressure of 5 kgf/cm” and a perpendicular (90°) angle of incidence to the target surface.
Each blasting cycle lasted within 10 s, with a total processing time not exceeding 30 min. The composition of
Ti6Al4V ELl is outlined in Table 1. The chemical composition listed in Table 1 corresponds to the manufacturer’s
specification for Ti6Al4V ELI powder, and no additional post-printing analysis was performed.

Corrosion test specimens are fabricated by L-PBF process using Dpert M200 (DAEGUNTECH, Changwon,
South Korea). The processing parameters are as follows: laser power of 175 W, laser scan velocity 1050 mm/s,
layer thickness of 0.03 mm. The laser selectively melts the metal powder onto the building platform to conform
to the desired shape. After melting, the building platform moves downward along the z-axis, and the powder
platform moves upward. Subsequently, a recoater applies a new layer of powder onto the building platform. The
laser selectively melts the recoated powder, and this process is repeated to attain a 3D model. A commercial
implant (MUTARS, Implantcast, Germany) was utilized for the comparison of dissolution phenomenon in
ultrapure water and Hartmann’s solution.

Metal concentration measurement

Sets of 10 specimens were submerged in an ultrapure water solution for 7 d. Subsequently, the same specimens
were thoroughly washed and submerged for an additional 7 d. Different sets of 10 specimens were submerged in
Hartmann’s solution for 7 d. The concentrations of metals in the ultrapure water maintained for 7 d and those in
the solution maintained for an additional 7 d after wash-out were compared to determine the wash-out effect.
Additionally, the concentrations of metals in the ultrapure water after 7 d were compared with the concentrations
in Hartmann’s solution after 7 d to evaluate the corrosive effect. Samples were eluted at room temperature by
adding 100 mL each of deionized (ultrapure) water and Hartmann’s solution to a 250 mL polytetrafluoroethylene

Element |Al |V [Fe |O C N Ti
Mass (%) | 6.5 | 4.5 |0.25 | 0.13 | 0.08 | 0.05 | Balance

Table 1. Composition of Ti6Al4V ELL
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ElementXR ICP-MS Parameter

Plasma forward power (W) | 1,250

Argon flow rate (L/min)

Plasma 16
Auxiliary 0.8
Nebulizer 1

Sample introduction system

Nebulizer PFA micronebulizer
Spray chamber PFA Scott type
Carrier flow rate (mL/min) | 1.08

Mass resolution Medium: 4,000
Isotope 27AL 47Ty, SV

Table 2. Operating conditions for ICP-MS.

Compound CaCl, | KCl | NaCl | NaC;H.O,
Concentration (g/L) | 0.2 03 |6 31

Table 3. Composition of hartmann’s solution.

container with a cap. Subsequently, 14.25 mL of the eluted solution was placed in a 15 mL perfluoroalkoxy (PFA)
tube, and 0.75 mL of nitric acid (HNOS; distilled grade, TAMAPURE-AA-100, TAMA chemicals, Kawasaki,
Japan) was added until the marked line. Hartmann’s solution was diluted 10 times using deionized water. High-
resolution inductively coupled plasma mass spectrometry (HR-ICP-MS; ElementXR, Thermo Fischer Scientific,
Dreieich, Germany) was used for trace elemental analysis at medium resolution (R=4,000). The operating
parameters for ICP-MS are presented in Table 2. The concentrations of the three elements (Ti, V, and Al) in the
samples were quantified through external calibration using certified reference material solutions (AccuStandard,
New Haven, CT, USA). The chemical composition of Hartmann’s solution is outlined in Table 3.

Finite element analysis

The FEA was conducted using commercial software (COMSOL Multiphysics v6.0, https://www.comsol.com/)
to compare the Ti dissolution results based on the structure of the specimens. The material of the specimen
is a Ti6Al4V alloy manufactured by the L-PBF process and then annealed. The simulations were conducted
assuming no defects or residual powder remaining. To reduce computational time, 2D cross-sections of each
specimen were extracted, and corrosion conditions were applied at the contact region between the specimen and
solution. Solid, hybrid, and lattice specimens were modeled using 507, 3457, and 9695 free triangular meshes,
respectively. The experimental setup also included simulating the Ti dissolution behavior by immersing the three
types of specimens in ultrapure water and Hartmann’s solution for 7 days, replicating the actual test conditions.
In addition to the specimen simulations, the FEA was extended to a full pelvic implant model to evaluate the
dissolution behavior in a more clinically relevant scenario. The pelvic implant, also made of Ti6Al4V alloy,
was modeled to simulate dissolution behavior under conditions replicating those of the human body with
Hartmann’s solution as the environment. The 3D model of the implant included both solid and lattice regions,
and the dissolution behavior was analyzed through cross-sectional slices at 5 mm intervals. The boundary
conditions and simulation parameters were set to be the same as those used for the specimens, targeting the
dissolution behavior after 7 d, allowing for a direct comparison between the simple specimens and the more
complex implant structure. Parameters for the dissolution simulation, i.e., the diffusion coefficients (D), molar
masses (M), and charge numbers of ions (n) are outlined in Table 4. The pH of Hartmann’s solution in the
dissolution simulation was set to 7.

Although the dissolution process occurs in three dimensions in vivo, the FEA in this study was conducted
using two-dimensional cross-sectional slices extracted from the 3D implant geometry. This approach was chosen
to reduce computational complexity while maintaining analytical relevance. Each 2D slice was used to evaluate
the localized dissolution behavior of solid and lattice regions under uniform boundary and environmental
conditions. Because solid or lattice surfaces do not allow dissolution to occur perpendicular to the plane outside
the boundary layer, the simulation results based on 2D sections are sufficient to represent real-world dissolution
tendencies in those regions. Therefore, this method enables meaningful comparison of corrosion susceptibility
across anatomical regions and provides insight into how implant design influences localized Ti ion release
patterns within a clinically relevant 3D structure.

Results

The X-ray images after limb salvage surgery of an actual patient are shown in Fig. 1a and c. The 3D modeling
image consisted of the affected bone of the patient and a 3D-printed orthopedic implant as shown in Figs. 1b
and 2a, while Fig. 1d and e show the scapula implant and its assembled components. Metallosis is a complication
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Species | D (m%/s) | M (g/mol) | n

Ti** 9.85¢71¢ | 47.867 +4
AP 541e7 10 | 26.982 +3
Ve 7.65e-1 | 50.942 +5
OH- 5.30e™° | 17.01 -1

H* 9.30e™° 1.01 +1
Ca?* 0.79¢™° | 40.08 +2
K* 1.96e™° | 39.10 +1
Na* 1.33¢7° | 22.99 +1
cl- 2.03e™% | 3545 -1

Table 4. Dissolution simulation parameters.

in which metal is deposited in surrounding soft tissue after metal implantation. This commonly occurs after
arthroplasty with metal-on-metal implants in the field of orthopedics. One of the important protective barriers
is an oxide layer on the surface of metal implants (Fig. 2¢). In situations using as-built 3D-printed metal implant
with rough or porous surfaces, metallosis can be accelerated without friction between metals. In a revisional
surgery after 18 months from initial surgery (Fig. 2f), metal deposition was observed in the soft tissue around
the 3D implant even in areas where there was no friction between metals (Fig. 2g). Corrosion is mainly induced
by the interaction of Ti in the implant and Cl™ in the blood (Fig. 2d), and Ti ions are eluted from defects in which
the oxide film on the implant surface is destroyed (Fig. 2¢). During this process, Ti** and CI- either generate
corrosion deposit or Ti and H,O in the blood regenerate the oxide film as schematically shown in Fig. 2b.

The overview of the dissolution experiments and finite element analysis (FEA) simulation using three types
of 3D-printed specimens is shown in Fig. 3. Three types of Ti6 Al4V specimens—solid, hybrid, and lattice—were
fabricated to assess how structural design influences Ti ion release (Fig. 3a). The inset photographs illustrate the
as-built specimens, showing typical surface textures from the additive manufacturing process. These specimens
were immersed in ultrapure water and Hartmann’s solution (Fig. 3b), the latter chosen to simulate physiological
ionic conditions relevant to the in vivo environment. The 7-day dissolution behavior was analyzed using FEA
(Fig. 3¢), which visualized the diffusion profiles of Ti ions around the lattice structure, providing comparative
insight into the effect of solution chemistry. In addition, 3D models of patient-specific pelvic and tibial implants
were reconstructed based on actual clinical implants (Fig. 3d and e). Lattice structures were incorporated into
these models to simulate realistic implant geometries and evaluate their dissolution behavior under similar fluid
conditions.

Ti alloys undergo elution in two situations: The first situation is when an oxide film is created. Ti reacts with
H,0 in the solution to create the oxide film, and the Ti ions that do not participate in the oxide film formation
are eluted. In such cases, an extremely small amount of Ti is eluted even in pure water. The reaction of Ti and
H,0 forms TiO,, as indicated in Eq. (1).

Ti+2H20 — TiOs +4HT + 4e” (1)

The second situation is when the oxide film is destroyed by external factors. When a defect occurs on the implant
surface due to friction or impact, Ti in the implant reacts with Cl~ ions in the body environment before the
TiO, layer is created, causing dissolution of Ti ions. Additionally, Ti ions and Cl~ combine to create corrosion
products?. Corrosion products interfere with the formation of an oxide layer on the implant surface and cause
more Ti to be eluted. These Ti** ions react with Cl~ ions in Hartmann’s solution to form titanium tetrachloride
(TiCl,), as indicated in Eq. (2).

Ti*" + 401" — TiCls ()

In the FEA simulation of solid, mesh and hybrid structure in ultrapure water, the solid structures exhibited the
lowest dissolution amount (concentration of 1.83 ug/L), followed by hybrid (2.04 ug/L) and lattice structures
(2.38 pg/L) as Fig. 4. In Hartmann’s solution, the dissolution trend by structure design difference was more
distinct as the solid structures exhibiting dissolution amount 82.8 pug/L, hybrid 90.5 pg/L, and lattice structures
128 pg/L as Fig. 5. The Ti concentration increased with the expanding contact surface area between the specimens
and solution, with approximately 50 times more dissolution observed in Hartmann’s solution compared with
ultrapure water. Additionally, Figs. 4d and 5d illustrate the simulated Ti ion concentrations at five specific points
(Pt. 1 to Pt. 5) on the structures’ surfaces, visualized as linear graphs. The trends in Ti ion concentration over
time (d-1, d-2, and d-3) correspond to the solid, hybrid, and mesh structures, respectively. The graphs indicate
that the dissolution rate increases consistently with the complexity of the structure and the surface area exposed
to the solution, with the mesh structure exhibiting the highest dissolution rate at all measured points.

The specific surface area and specific volume of MUTARS and L-PBF specimens before dissolution
experiments are shown in Fig. 6a and b. Specific surface areas of original 3d design are 0.68, 1.71, 3.48 and
19 cm2/g for solid, hybrid, MUTARS, lattice respectively. However, the hybrid and lattice structure of actual
fabricated parts exhibited higher specific surface area as 5.29 and 32 cm2/g respectively. These increases of
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Fig. 1. (a, c) X-ray images of patients after implant surgery (b, d, e) Images of the 3D-printed implants (b
pelvis, d-e scapula) used by the patients.

surface area after L-PBF process can be originated from the existence of partially unmelt powder around lattice
structure.

During the initial 7 d in ultrapure water and subsequent 7 d after wash-out, MUTARS exhibited a higher Ti
dissolution concentration compared with the 3D-printed solid specimen (Fig. 6¢). However, in the experiment
with Hartmann’s solution, the 3D-printed solid specimen displayed a higher dissolution concentration than
MUTARS (Fig. 6d). Compared with conventionally fabricated specimens, 3D-printed solid specimens exhibit
high surface roughness and a larger number of defects®. The increased number of defects results in a larger area
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Fig. 2. Schematic representation of the Ti dissolution process in a 3D-printed orthopedic implant (a)

3D image of the pelvis and implants (b) Schematic of the interaction between Ti in the implant and body
environment (c) Initial interaction between the implant and physiological environment, where the TiO, oxide
layer forms via reaction with H,O and O, (d) Corrosion initiation caused by Cl” ions, leading to the dissolution
of Ti** ions through defects in the oxide film. (e) Formation of TiCl, corrosion products, which inhibit oxide
layer regeneration and contribute to Ti ion elution into the bloodstream. Plain radiographs of 3D-printed
implant reconstruction for osteosarcoma of the tibia: (f) after revision surgery 18 months later due to tumor
recurrence. (g) Intraoperative photograph showing metal deposition (red box) in the surrounding tissues of
the implant.

susceptible to pitting corrosion compared with conventionally fabricated parts along with higher elution of Ti
ions.

Before wash-out, no dissolution trend of the Ti6Al4V alloy was observed in ultrapure water and Hartmann’s
solution. After wash-out, the trend of the concentration of Ti ions to increase as the specific surface area of the
specimen increases was confirmed after the dissolution experiments in both solutions.

Previous simulations investigated titanium specimens, whereas subsequent analyses focused on full pelvic
and tibial implants to better evaluate dissolution behavior in clinically relevant scenarios. Figures 7 and 8 show
the titanium dissolution behavior of a pelvic implant through vertical and horizontal cross-sectional analyses,
respectively, in Hartmann’s solution over 7 days. Figures 9 and 10 present the corresponding results for a tibial
implant. The analysis is based on 3D model representations, cross-sectional simulation results, and point-
specific dissolution trends.

For the pelvic implant, the vertical cross-sectional analysis (Figs. 7a-d) reveals how dissolution behavior
evolves across sections S1 to S4. Each schematic on the left clearly designates the slicing location. The sub-panels
labeled (1) identify four monitoring points—Pt. 1 and Pt. 2 near the solid region, and Pt. 3 and Pt. 4 closer
to the lattice structure. Panels (2) to (4) visualize Ti ion distribution at 2, 4, and 7 days. Time-course plots in
Figs. 7e-h display how Ti ion levels changed at each point. Notably, at cross-section S3, the concentration at Pt.
4 after 7 days reached approximately 143.77 pg/L, whereas Pt. 1 showed only 81.94 ug/L, indicating nearly a 75%
increase near the lattice zone. Moreover, across sections S1 to S4, the proportion of lattice structure within the
cross-section progressively increases, with corresponding Ti ion concentrations rising from 132.68 ug/L in S1 to
162.77 pg/L in S4 at lattice-adjacent points. This trend suggests that a higher lattice volume fraction contributes
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Fig. 3. Overview of the dissolution experiments and FEA simulation using three types of 3D-printed
specimen. (a) Fabricated specimens (modeled using SpaceClaim 2021 R1, https://www.ansys.com/products/3
d-design/ansys-spaceclaim) (b) dissolution experiment (c) FEA simulation (COMSOL Multiphysics v6.0) (d)
3D design of the titanium pelvic implant showing solid and lattice regions (modeled using SpaceClaim 2021
R1) (e) 3D design of the titanium tibial implant showing solid and lattice regions (modeled using SpaceClaim
2021 R1).

to more pronounced Ti dissolution, likely due to the enlarged reactive surface area and increased exposure to
the electrolyte environment.

In contrast, horizontal cross-sections of the same pelvic implant are presented in Fig. 8, spanning slices
S5 to S8. The visualization format mirrors that of the vertical analysis, maintaining consistent placement of
monitoring points. As time progresses, contour maps (Figs. 8a-d) depict the gradual expansion of Ti ion fields,
while corresponding graphs (Figs. 8e-h) illustrate the temporal concentration changes. For instance, in slice S6,
Pt. 3 exhibited a Ti ion concentration of 125.86 pg/L after 7 days, whereas Pt. 1 remained at 81.02 ug/L, again
emphasizing the elevated dissolution rate adjacent to the lattice region.

To extend this analysis to another anatomical site, Figs. 9 and 10 present the vertical and horizontal cross-
sectional simulation results for a tibial implant, using the same slicing scheme (S1 to S4 for vertical, S5 to S8 for
horizontal). As with the pelvic implant, each slice includes distribution maps of dissolved Ti ions over time and
line plots showing the Ti ion concentration trends at the four monitoring points. In both vertical (Fig. 9) and
horizontal (Fig. 10) cross-sections of the tibial implant, Ti ion concentrations at Pt. 3 and Pt. 4—located near
the lattice region—showed a steeper increase over time and reached higher concentrations than those at Pt. 1
and Pt. 2, which are positioned near the solid structure. For instance, in vertical slice S2, the Ti concentration
at Pt. 4 after 7 days reached approximately 137.74 pg/L, whereas Pt. 2 showed only 82.92 pg/L. A similar trend
was evident in horizontal slice S7, where Pt. 3 recorded 138.04 pg/L compared to 81.15 pg/L at Pt. 2. These data
reaffirm that dissolution behavior is significantly intensified in regions adjacent to lattice structures, likely due to
their larger surface area and microstructural porosity.

In the simulation results presented in Figs. 7, 8, 9 and 10 and a slight downward trend in Ti ion concentration
was observed. While gravitational forces can, in theory, cause ion sedimentation, the diffusion coefficient of
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Fig. 4. Ti dissolution simulation in ultrapure water: (a) solid-structure specimen, (b) hybrid-structure
specimen, and (c) lattice-structure specimen. Variation in Ti concentration over time (a-1, b-1, c-1) before
commencing dissolution, (a-2, b-2, ¢-2) after 4 d, and (a-3, b-3, ¢-3) after 7 d. (d) Visualization of simulated
Ti ion concentrations at five specific points (Pt. 1 to Pt. 5) on the structures’ surfaces. (d-1) solid, (d-2) hybrid,
and (d-3) mesh structure.

Ti** in aqueous solutions (~ 1.1 x 107 cm?/s) indicates that diffusion dominates over sedimentation under
the experimental conditions and timescales considered. Therefore, the observed ion distribution is primarily
attributed to diffusion-driven processes rather than gravitational settling®’.

The non-uniform distribution of Ti ions in the simulated results can be attributed to both structural and
microstructural heterogeneity. Lattice regions provide a significantly larger exposed surface area, leading to
greater localized dissolution, while the galvanic coupling between a and { phases further accelerates corrosion in
specific regions. As a result, these effects generate spatial gradients in Ti ion concentration around the specimens.

Across all cases, the simulation results reveal that the dissolution behavior and Ti ion elution are strongly
influenced by both the lattice distribution and the anatomical geometry. Monitoring point analyses consistently
showed higher Ti ion concentrations near lattice regions (Pt. 3 and Pt. 4) than near solid regions (Pt. 1 and Pt.
2), regardless of slicing direction or anatomical site. Higher lattice volume fractions led to greater Ti ion release,
while the spatial pattern of dissolution varied depending on implant geometry and the orientation of the cross-
sectional slice. These findings emphasize the importance of lattice design optimization in 3D-printed implants
to balance mechanical stability and corrosion resistance.

Microstructural behavior after dissolution was analyzed for solid area, solid-lattice interface area, and lattice
area with hybrid specimen as shown in Fig. 11. The specimen fabricated by L-PBF exhibits distinct lattice and
solid regions, with the lattice region displaying a porous, interconnected structure, while the solid region is denser
and more uniform. The inverse pole figure (IPF) maps of the lattice, boundary, and solid regions (Fig. 11b-1, c-1,
d-1 highlight the crystallographic orientation of the microstructures. The lattice region exhibits a diverse grain
orientation due to the complex thermal gradients and rapid cooling rates during L-PBF processing, whereas the
solid region shows a more homogeneous texture, indicative of consistent solidification conditions.
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Fig. 5. Ti dissolution simulation in Hartmann’s solution: (a) solid-structure specimen, (b) hybrid-structure
specimen, and (c) lattice-structure specimen. Variation in Ti concentration over time (a-1, b-1, c-1) before
commencing dissolution, (a-2, b-2, ¢-2) after 4 d, and (a-3, b-3, ¢-3) after 7 d. (d) Visualization of simulated
Ti ion concentrations at five specific points (Pt. 1 to Pt. 5) on the structures’ surfaces. (d-1) solid, (d-2) hybrid,
and (d-3) mesh structure.

Phase maps corresponding to the lattice, boundary, and solid regions (Fig. 11b-2, c¢-2, d-2) distinguish between
the a phase and B phase, where the a phase is depicted in red. The results demonstrate a higher prevalence of the
B phase within the lattice and boundary regions, while the solid region primarily exhibits the a phase structure.
This phase distribution suggests that the lattice regions contain a higher fraction of retained  phase due to the
rapid cooling rates associated with L-PBF processing. The finer microstructure and increased surface area in the
lattice regions promote higher cooling rates, which hinder the complete transformation of B phase to a phase,
resulting in a greater retention of metastable  phase.

Texture analysis results (Figs. 11b-3, c-3, d-3) provide quantitative measurements of crystallographic texture
through IPF and pole figure (PF) analyses. The crystallographic texture analysis reveals that the solid structure
exhibits a stronger texture compared to the lattice structure. This difference indicates that the solid structure
possesses a more pronounced alignment of grains, likely resulting from the uniform solidification conditions
during L-PBF processing.

Figure 12 presents a focused analysis of the lattice-structure specimens under dissolution testing
conditions using EBSD (Electron backscatter diffraction). The image quality map (Fig. 12a) shows the overall
microstructural morphology, highlighting the fine, interconnected microstructure typical of lattice-structured
Ti6Al4V fabricated through LPBE The elongated and irregular grain shapes indicate the influence of rapid
solidification and thermal gradients during the additive manufacturing process.

The IPF map (Fig. 12b) represents the crystallographic orientation of the grains. The map reveals a
heterogeneous distribution of crystal orientations, typical of LPBF specimens where localized thermal
fluctuations during processing induce varied crystallographic textures. The IPF maximum intensity is 2.744,
indicating moderate texture within the lattice structure. Throughout all regions, prior p grains grew along the

Scientific Reports |

(2025) 15:37122 | https://doi.org/10.1038/s41598-025-21129-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a s b 35
30} Deéngned = 30l
N{"’ —&— Estimated ‘ X
£ 25+t €25} ‘
) 2 o @ — ¢
v 50l 1) i
g 20 g 20 \'
: 3 ¢
215t 915t
] =
‘5 10 5101 ‘
il 4 ¢ e :
v 5t " 05F
0 ?\' ! 1 0.0 ' ! 1 1
MUTARS Solid Hybrid Lattice MUTARS Solid Hybrid Lattice
c d . .
Ultrapure water Hartmann's solution
8 140
—_ 7 d before wash-out —
?D 7.2 7 d after wash-out ?D 120 + 12186
7|
= et
.5 1 T § 100 94.37
E ‘é 80| 81.73
€ 3r € 68.9
g g
s e 60F
S 2t S 48.24
1.53
g 14 g 40 + 36.71
=1t 0.92 0.81 € 0l 243 503
Ji - 0.41 0.41 3
[ ; [ 0
MUTARS Solid Hybrid Lattice MUTARS Solid Hybrid Lattice

Fig. 6. Specific surface area (a) and specific volume (b) of MUTARS and L-PBF specimens, comparing
designed values (blue squares) and estimated values (red circles). Comparison of dissolution experiment results
for samples with different structures (solid, hybrid, lattice) and MUTARS (Implantcast) in (c) ultrapure water
and (d) Hartmann’s solution.

(100) direction, followed by the formation of a laths within the prior § grains. All regions exhibited nearly
isotropic properties owing to their weaker texture, an outcome typical of L-PBF processes®”.

The grain boundary map (Fig. 12¢) visualizes the grain boundaries within the lattice structure. The grain
boundary map shows that the structure is primarily composed of high-angle grain boundaries (above 15°),
with sub-structures not being well-developed. The grain map (Fig. 12d) illustrates the spatial distribution of
individual grains within the lattice. The map confirms the presence of a heterogeneous grain structure with
varying grain sizes and orientations, consistent with the thermal gradients and rapid solidification inherent to
L-PBF processes.

The phase map (Fig. 12e) distinctly differentiates between the o phase, shown in red, and the  phase, shown
in green. The high cooling rate in the lattice and hybrid regions promotes the retention of a relatively higher
amount of B phase compared to the solid structure. Quantitatively, f phase percentages were measured as
follows: 1.1% in the solid region, 1.6% in the hybrid region, and 2.2% in the lattice region. These values were
obtained from EBSD analysis performed at relatively low magnification (x1200), which allowed a broad field
of view to cover a representative area of each region. This approach minimizes local bias and provides reliable
phase fraction data for structural comparison. This higher § phase fraction in the lattice region reflects the rapid
cooling conditions during L-PBF processing, which suppresses the complete transformation of § phase to a
phase.

The combined image quality and phase map (Fig. 12f) provide a visual correlation between microstructural
quality and phase distribution. The green  phase is more prominent in regions with fine microstructural
features, while the red o phase predominantly appears in more massive grain areas. This combination highlights
the intricate relationship between microstructural heterogeneity and phase transformation tendencies in the
lattice structure.

The strong texture in IPF and PF indicates a preferred crystallographic orientation within the lattice structure.
These microstructural behaviors indicate the formation of a fine galvanic cell between the o and  phases, which
leads to corrosion of the implant and a more active corrosion manner in the lattice area. The higher p phase
fraction in the lattice region suggests a greater susceptibility to galvanic corrosion, potentially compromising the
mechanical stability and corrosion resistance of the implant.
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Fig. 7. Ti dissolution behavior of a pelvic implant: simulation results showing the titanium dissolution at
different cross-sections (S1 to S4) in Hartmann’s solution over 7 days. Panels (a) to (d) represent the dissolution
behavior at each cross-section, where the 3D schematic on the left (modeled in SpaceClaim 2021 R1) indicates
the exact slicing location. For each section, (1) shows the monitoring points (Pt. 1 to Pt. 4), with Pt. 1 and Pt.

2 located near the solid region and Pt. 3 and Pt. 4 located near the lattice structure. Panels (2)-(4) illustrate

the distribution of dissolved Ti ions after 2, 4, and 7 days, respectively. Panels (e) to (h) display the Ti ion
concentration trends over 7 days at the four monitoring points for cross-sections S1 to S4. The color gradient
indicates the concentration of dissolved titanium ions (in pug/L). Dissolution simulation results were generated
using COMSOL Multiphysics v6.0.

Discussion

Thelattice structures in 3D-printed implants are crucial for promoting bone and soft tissue ingrowth and reducing
stress shielding®"*°. Such lattice structure provides a porous framework that facilitates cellular infiltration and
vascularization, fostering a conducive environment for tissue integration. However, the large surface area of
lattice structures raises concerns regarding accelerated corrosion. Specifically, the large surface area, while
advantageous for cellular interactions, may render the implant susceptible to corrosive processes. Consequently,
the utilization of lattice structures necessitates a judicious approach, incorporating a comprehensive risk-benefit
assessment. Striking a balance between the advantageous biological integration and potential corrosion risks is
imperative in the selection and application of lattice structures within 3D-printed implants to ensure optimal
performance and long-term biocompatibility.

In terms of metal ion toxicity within the human body, Ti is generally regarded as safe. Nevertheless, concerns
arise owing to the presence of Ti in the bloodstream resulting from corrosion, primarily in the form of TiO,.
The potential toxicity of TiO, remains a subject of debate within the scientific community, introducing a level of
complexity to its perceived safety”’. Furthermore, Ti6Al4V, which is commonly used in orthopedic applications,
may contain Al and V, both known to possess toxic properties?®*°. Therefore, prudent consideration and
caution are warranted when assessing the biocompatibility of Ti-based materials, taking into account the alloy
components.

If the pores or defects in a 3D-printed implant fail to regenerate the TiO, layer as corrosion progresses in
the biological environment, a corrosive environment may be created, which may persist for several months or
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Fig. 8. Ti dissolution behavior of a pelvic implant: simulation results through horizontal cross-sectional
analysis. Simulation results showing titanium dissolution from pelvic implants at horizontal slices (S5 to

$8) in Hartmann’s solution over 7 days. Panels (a) to (d) represent dissolution behavior at each slice, where

the 3D schematic on the left indicates the corresponding slicing location. For each slice, (1) shows the four
monitoring points (Pt. 1 to Pt. 4), and (2)-(4) illustrate the distribution of dissolved Ti ions after 2, 4, and 7
days, respectively. Panels (e) to (h) show the Ti ion concentration trends at the four monitoring points for slices
S5 to S8. The color gradient indicates the concentration of dissolved titanium ions (in pug/L).

up to a year”. Such environments may lead to the generation of various defects, such as pitting, crevices, and
cracks on the implant surface, which may deteriorate the mechanical properties of the implant!*. Moreover,
orthopedic implants are subjected to cyclical loads, such as during walking or running, which may induce stress
concentrations in defective areas. This stress accumulation may accelerate the initiation of cracks, negatively
impacting the fatigue life of the implant and reducing its fatigue strength!®.

The 3D printing process introduces pores and defects during the fabrication process. By optimizing key
printing parameters, including laser power, scan velocity, and layer thickness'’, corrosion can be mitigated
through the minimization of pitting or defects in environments lacking a sufficient oxide layer. After fabrication,
heat treatment can be applied to further minimize pores and defects. Finally, a sufficient amount of oxide layer
can be created through post-processing techniques, such as anodizing, and the corrosion resistance can be
further enhanced by developing a nanotube oxide layer on the surface®.

This study has several limitations that should be acknowledged. While our experiments and simulations
focused on metal ion dissolution, we did not evaluate the biological consequences of released ions. Future
studies should investigate the effects of Ti, Al, and V ions on orthopedic-relevant cell types (e.g., osteoblasts
and mesenchymal stem cells) in vitro and in vivo to clarify how ion release may influence bone regeneration,
osseointegration, and long-term implant stability. In addition, although the comparison between ultrapure
water and Hartmann’s solution provided indirect insight into particle wash-out versus corrosion-driven release,
our design did not fully differentiate these mechanisms. Direct morphological analyses of soaking solutions
(e.g., SEM or nanoparticle tracking) would be valuable to clarify the nature of released debris. Electrochemical
techniques such as potentiodynamic polarization and electrochemical impedance spectroscopy, which are
widely used to evaluate corrosion kinetics and passive film stability, were beyond the scope of this work but could
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Fig. 9. Ti dissolution behavior of a tibial implant: simulation results showing the titanium dissolution at
different cross-sections (S1 to S4) in Hartmann’s solution over 7 days. Panels (a) to (d) represent the dissolution
behavior at each cross-section, where the 3D schematic on the left indicates the exact slicing location. For each
section, (1) shows the monitoring points (Pt. 1 to Pt. 4), with Pt. 1 and Pt. 2 located near the solid region and
Pt. 3 and Pt. 4 located near the lattice structure. Panels (2)-(4) illustrate the distribution of dissolved Ti ions
after 2, 4, and 7 days, respectively. Panels (e) to (h) display the Ti ion concentration trends over 7 days at the
four monitoring points for cross-sections S1 to S4. The color gradient indicates the concentration of dissolved
titanium ions (in pg/L).

provide complementary insights when integrated with long-term dissolution testing. Despite these limitations,
the present study offers important evidence linking implant structure and microstructure to ion dissolution
behavior, providing a foundation for future efforts to optimize 3D-printed orthopedic implant design.

Conclusion

The blood Ti concentration after orthopedic surgery using a 3D printed implant was identified through the
dissolution experiments and simulation of solid, hybrid and lattice specimens. A comparative analysis of FEA
results for 3D-printed specimens shows that the hybrid eluted 111% more Ti ions, and the lattice eluted 130%
more Ti ions in ultrapure water, based on solid specimens. In Hartmann’s solution, hybrid eluted 109% and
lattice eluted 154% more Ti ions based on solid specimen. In dissolution experiments on 7 d after wash-out
results were compared based on MUTARS, in ultrapure water, solid recorded 14%, hybrid recorded 29%, and
lattice recorded 29% Ti ion concentration. However, in Hartman’s solution, concentrations of 180% for solid,
339% for hybrid, and 464% for lattice were analyzed, and as the specific surface area increased, the Ti ion
concentration was higher. In EBSD analysis, although the variances in grain boundary lengths were subtle in
each region, there was a notable difference in the p phase content, ranging from 145% to 200%. The higher {3
phase content in the lattice region can be attributed to its higher Ti dissolution. Titanium is generally known for
its low toxicity; however, in cases where sustained corrosion of the implant occurs within the body, there may be
potential risks associated with elevated metal concentrations. Moreover, apart from toxicity issues arising from
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Fig. 10. Ti dissolution behavior of a tibial implant: simulation results through horizontal cross-sectional
analysis. Simulation results showing titanium dissolution from tibial implants at horizontal slices (S5 to S8) in
Hartmann’s solution over 7 days. Panels (a) to (d) represent dissolution behavior at each slice, where the 3D
schematic on the left indicates the corresponding slicing location. For each slice, (1) shows the monitoring
points (Pt. 1 to Pt. 4), and (2)-(4) illustrate the distribution of dissolved Ti ions after 2, 4, and 7 days,
respectively. Panels (e) to (h) display the Ti ion concentration trends at the four monitoring points for slices S5
to S8. The color gradient indicates the concentration of dissolved titanium ions (in pg/L).

high metal concentrations, mechanisms such as the expansion of defects within 3D-printed implants due to the
progression of corrosion can render them more vulnerable to fatigue failure. Reflecting the findings of this study,
3D-printed artificial implant durability can be affected by the dissolution effect associated with the different
mesh-solid hybrid design. Further studies may be done to find optimal 3D-printed implant design considering
statical, dynamical and chemical aspect all together.
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