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Abstract: Metal additive manufacturing is a powerful tool for providing the desired functional
performance through a three-dimensional (3D) structural design. Among the material functions,
anisotropic mechanical properties are indispensable for enabling the capabilities of structural materi-
als for living tissues. For biomedical materials to replace bone function, it is necessary to provide
an anisotropic mechanical property that mimics that of bones. For desired control of the mechani-
cal performance of the materials, we propose a novel 3D puzzle structure with cube-shaped parts
comprising 27 (3 x 3 x 3) unit compartments. We designed and fabricated a Co-Cr—-Mo composite
structure through spatial control of the positional arrangement of powder/solid parts using the
laser powder bed fusion (L-PBF) method. The mechanical function of the fabricated structure can be
predicted using the rule of mixtures based on the arrangement pattern of each part. The solid parts in
the cubic structure were obtained by melting and solidifying the metal powder with a laser, while the
powder parts were obtained through the remaining nonmelted powders inside the structure. This
is the first report to achieve an innovative material design that can provide an anisotropic Young’s
modulus by arranging the powder and solid parts using additive manufacturing technology.

Keywords: additive manufacturing; laser powder bed fusion; bone tissue anisotropy; Co-Cr-Mo;
mechanical function

1. Introduction

Additive manufacturing technology enables the design and fabrication for realizing
the desired material functions. Anisotropy is one of the most important concepts in material
design because many of the structures in nature, including living bones, represent direction-
dependent functional properties derived from their structural anisotropy [1-4]. However,
many artificial structures are frequently utilized for isotropic mechanical functions to
increase the safety factor [5,6]. This approach is based on the concept that they should
have mechanical functions that can endure multiple directional purposes. In the field of
orthopedics—particularly when a bone replacement device is implanted in a living bone—
the mismatch in the mechanical properties (e.g., Young’s modulus) between the implant
materials and the bone tissue triggers serious problems, including bone resorption and
bone quality deterioration, which can result in the loosening of artificial joints [7-9]. The
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design and development of bone-mimetic functional materials that match the anisotropic
structure of living tissues facilitate proper bone affinity with excellent initial fixation [10,11].

Furthermore, the useful life of artificial joints is considered to be 15-20 years, although
there are individual differences depending on the patient’s age and level of activity [12]. A
long period of use implies the increased potential for complications, including inconsistency
between the shapes of the artificial joint and the living bone, loosening due to the difference
in the mechanical functions, and surgical site infection. If the pain is severe, revision
surgery is required, which is difficult and places a greater burden on patients in terms of
bleeding and infection than the initial artificial joint replacement. To solve such problems,
there is an urgent need to create bone implant materials that allow for customization of
the shape and mechanical functions for each patient. In particular, the development of
biomaterials that can mimic the anisotropic structure of living bone tissues and maximize
biological functions is crucial. Recent advances in additive manufacturing technology
enabled the design and fabrication of a bone-mimetic, open-porous structure, including
lattice [13-15] and gyroid structure [16,17]. These studies demonstrate that the porous
structures successfully reduce the Young’s modulus, which allows superior biomechanical
compatibility; it still should be realized to control the mechanical functionalization in the
desired direction with the required value.

In recent years, bone implants have been developed with a focus on shape customiza-
tion [18], including material surface treatment [19-23]. More importantly, it is necessary to
customize the mechanical function and shape in accordance with the individual patient and
the implantation site. The objective of this study was to create a novel material design for
realizing the desired mechanical function in the required direction, which has not yet been
fully established even in recent orthopedic treatment. We devised a composite structure,
consisting of powder and solid parts, that enables a mechanical function design based on
structural parameters. Each element of the structure exhibits a specific mechanical function.
This characteristic leads to the entire control of the mechanical properties of the fabricated
structure by controlling the laser powder bed fusion (L-PBF) process.

2. Mathematical Model

To express the isotropic or anisotropic mechanical functions, structural models con-
sisting of an internal structure that included 27 cubic elements (3 x 3 x 3 arrangement)
were fabricated, as shown in Figure 1. Each internal cubic structure was designed with
the length of each side at 3 mm surrounded by the outer wall, which had a thickness of
0.5 mm. The three orthogonal sides of the structure are the X, y, and z axes.

Powder or solid cube Hollow shell Powder/Solid composite

Figure 1. Schematic of the three-dimensional model of the powder/solid composite structure.
Powder or solid cube units were combined with a hollow shell structure, as indicated by the arrow.

The structure can be divided into multiple triplicated elements (series elements)
parallel to the load axis. A series element deforms independently without interfering with
the other series elements when the load is applied to the structure. The Young’s modulus
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of each series element is mathematically calculated using the Reuss model [24], which is a
rule of mixtures in series, as expressed in Equation (1).

Eseries,j = 21(1]‘:{:)

In Equation (1), Eseries, j represents the Young’s modulus of the entire series element in
the load direction, E; denotes the Young’s modulus of each cubic element, and V; represents
the volume fraction of each microcube element with respect to the entire series element.
A series element is deformed independently of the other series elements. The volume
fraction of the entire structure in which all series elements are combined in parallel is
mathematically calculated by the Voigt model [25], which is a rule of mixtures in parallel,
as expressed in Equation (2). The calculated results of the Young’s modulus for all variants,
depending on the selective positioning of powder or solid elements, are shown in Figure 2.

)

Ecomposite = Z] Eseries, jVseries, j (2)

where Ecomposite 18 the Young’s modulus for the entire structure in the load direction, and
Vseries, j i the volume fraction of each series element with respect to the entire structure.

200 + L 4
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Number of solid cube

Figure 2. Relationship between the number of solid cubes and Young’s modulus of powder/solid
composite structures calculated by the law of mixture.

Based on the physical properties of the Co—-Cr—Mo alloy comprising this structure,
the Young’s moduli of the solid and powder parts were set to 200 GPa and 0.01 GPa,
respectively, according to the material data sheet which provides the mechanical properties
for parts built using EOS Cobalt Chrome MP1 powder (EOS art. No. 9011-0012). The latter
was sufficiently smaller than the Young’s modulus of the solid part, indicating that most
of the load was applied to the solid part. The structure with a solid cube number of 0
shows the lowest Young’s modulus of 40 GPa, which is derived from the structure of the
wall parts.

3. Materials and Methods
3.1. Designing the Powder/Solid Composite Structure

The raw material was a gas-atomized Co—Cr-Mo alloy powder (EOS Cobalt Chrome
MP1, EOS) (Figure 3a) with the chemical composition listed in Table 1. The structure was
fabricated using the L-PBF method (EOSINT M280, EOS), with a laser output of 195 W, a
laser scanning speed of 800 mm s~!, a laser scanning width of 80 tm, and layer thickness
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of 40 um. The crystallographic texture of the fabricated structure changes depending on the
thermal gradient affected by the scanning strategy during the L-PBF process. To avoid the
effects of texture on the mechanical function of the structure, the building direction was set
so that the diagonal of the cube was vertical (Figure 3b), which allowed for equivalence in
the three axes (x-y-z axes) along the three orthogonal sides of the structure. In addition, to
eliminate the anisotropy of the heat flow due to the laser scanning direction, the scanning
direction was rotated by 66° for each layer. Three types of models (i.e., all-solid, face-
centered cubic (FCC), and H-shaped) were designed (Figure 4). The density of the obtained
structure was measured using the Archimedes method.

(b)

. [

Figure 3. (a) Scanning electron microscopy image showing the morphology of the Co-Cr-Mo powder.

Building direction

(b) Schematic of the building direction.

Table 1. Chemical composition of the Co-Cr-Mo alloy powder material (mass%).

Element Co Cr Mo Si Mn Fe C Ni
Composition  60-65 26-30 5-7 <1.0 <1.0 <0.75 <0.16 <0.10
(@) (b) (© OF =~

~

' Solid part
@ Powder part

Figure 4. Schematic of models: (a) all-solid model, (b) face-centered cubic (FCC) model, and (c¢) H
model. Note that the hollow shell structure is omitted. (d) The appearance of the inner structure of

the H model (outer shell and enclosed powders were removed to see inside).

3.2. Mechanical Test

The mechanical function was tested for the cube-shaped, as-built material [26,27].
An analysis was conducted with a compression test using a uniaxial mechanical testing
machine (AG-X, Shimadzu, Kyoto, Japan) under the conditions of an initial strain rate
of 0.01 min~! and a measurement interval of 0.01 s. For the measurement of Young’s
modulus, precision strain measurements were performed using a strain gauge (KFG-4N-
120-C1-11L1M2R, Kyowa Electric, Tokyo, Japan), a sensor interface (PCD-300B, Kyowa
Electric), and data acquisition software (DCS100A, Kyowa Electric, Tokyo, Japan). The
sample surface was mechanically polished using #400 emery paper to keep a steady
adhesion with a strain gauge. The dimensions of each axis had an in-plane error of +5
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um. The above strain gauge was attached to four surfaces of a sample, excluding the
compression surface, using a strain gauge adhesive (CC-33A, Kyowa Electric, Tokyo,
Japan). The loading/unloading was repeated six times up to 65% of the assumed proof
stress, which is calculated by the law of mixture in which the proof stress of the solid
structure was set at 500 MPa. The Young’s modulus was analyzed from the slope in the
stress range of 40-60% of the proof stress in the obtained stress—strain curve, and the results
of the second to sixth analyses were taken as the average Young’s modulus.

3.3. Crystallographic Texture Analysis

Electron backscatter diffraction (EBSD) was used for microstructure observation and
texture analysis. After the mechanical polishing of the observation surface with #400, #3800,
#1000, and #2000 emery papers, it was electropolished in an electrolytic polishing solution
(10% HpS04 + 90% CH3OH solution) at —20 °C and 13 V for 3.5 min. Subsequently, the
specimens were washed with water and ethanol. After sufficient drying, the samples were
observed using an EBSD analyzer attached to a field-emission scanning electron microscope
(JSM-6500F, JEOL, Tokyo, Japan).

4. Results

Figure 5a shows a pole figure of vy {001} with the building direction in the center. y
{001} is oriented in the building direction, whereas no preferential texture formation is
observed with a rotated crystal texture formed around the building direction. The obtained
{001} orientation in the building direction implies that the textures on the three orthogonal
axes (x-y-z axes) of the structure are equivalent, and anisotropy of the mechanical function
along the three axes due to the material parameters is not expected. Moreover, the grain
growth along the building direction is observed, which means the initial crystal orientation
along the building direction affects the texture stability of the structure. In this study, the
building direction was set as equivalent to the three axes to avoid the effects of texture
formation as shown in Figure 3b.

(a)

Building direction

Figure 5. Crystallographic texture of the Co—-Cr—Mo alloy. (a) {001} pole figure, and (b) IPF map of
the all-solid model.

The density of the fabricated all-solid model is 99.52%, indicating that the L-PBF
process was well controlled to obtain a highly dense structure. Figure 6 demonstrates the
stress—strain curves. Considering the equivalency among the three axes, the deformation
behavior in the x-axis is shown as a representative value in the all-solid and FCC models.
The plastic deformation and fracture progress depends on the existence of a column
structure. Moreover, a characteristic plateau region was observed in the FCC model.
The longitudinal Young’s modulus of the structure can be calculated through the rule
of mixtures in the arrangement of the solid parts, and it has a certain discrete value
regardless of the number of solid parts (Figure 2). Structures having the same longitudinal
Young’s modulus indicates that they have the same number of series elements of solid parts
parallel to the load direction. The longitudinal Young’s modulus increases in proportion to
the number of such series elements. Importantly, from the results of the rule of mixtures
calculation, the longitudinal Young’s modulus of the structure is determined by the number
of series elements (i.e., series elements that act as a “column” in the structure) parallel to
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the load axis. Indeed, Young’s modulus changes significantly depending on the presence or
absence of a column structure in which all series elements with dense bodies are connected
in the load axis direction (Figure 7). In the H-type model, the expression of triaxial
anisotropy can be controlled, whereas Young’s moduli along the x-, y-, and z-axes in the all-
solid and FCC structures are equivalent. This is an important achievement that introduces
a guideline for material design that can achieve the desired isotropy or anisotropy in the
required direction.

3000
(a)
2000

1000

[
8
[@]=]

(b)

Stress (MPa)
(9
o
S

0
1000 |{c) z
500 y
0 X
0 0.1 0.2 0.3 0.4

Strain

Figure 6. Stress—strain curves of various models: (a) the all-solid model, (b) the face-centered cubic
(FCC) model, and (c) the H model.
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Figure 7. Young’s modulus of: (a) the all-solid model, (b) the face-centered cubic (FCC) model, and
(c) the H model.

5. Discussion

In the L-PBF process, the nonmelted powder remaining around the built structure
and inside the porous structure is generally removed through blasting using the same raw
metal powder. The removed powder can be reused as a raw metal powder for the additive
manufacturing process after eliminating the impurities through sieving. However, as the
pore size of a porous structure decreases and the pore shape becomes more complex, it
becomes extremely difficult to remove the nonmelted powder inside the pores [28,29]. Here,
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we propose a novel powder/solid cube composite by positively enclosing the nonmelted
powder inside the structure, which is conventionally removed.

The number of combinations of the arrangements of the powder and solid parts in
the designed powder/solid composite structure can be calculated using Equation (3). In
the equation, C represents the formula for combination, and 7 is the maximum number in
which the solid part can be arranged by setting the structure in three respective directions.

n

27
Y .Ci=)_»C; 3)
; =0

1 1

In the structure generated in this study, n = 27. The total number of combinations
of the powder and solid arrangements, calculated using Equation (3), shows more than
100 million patterns. Regardless of the above numerous powder/solid positional patterns,
the variation in the Young’s moduli of the powder/solid composite structure calculated
through the mathematical model is only 10 (Figure 2). The structure with the lowest
Young’s modulus, with zero solid parts, corresponds to the hollow shell structure. Because
the Young’s modulus of the powder part is significantly lower than that of the solid part
and has almost no load-bearing function, the load can be regarded as being supported by
the side wall of the structure in the hollow shell part. Therefore, even if the number of solid
parts increases, Young’s modulus does not increase when there is no columnar structure
to support the load. Moreover, it is considered that, for structures in which the modulus
is equivalent to that of the hollow shell part—for example, the face-centered cubic (FCC)
model—the wall parts support most of the load. Additionally, the unconnected solid cube
parts do not contribute to the load support because they cannot work as a column. On
the other hand, the three solid parts arranged in series play the role of a column in the
fabricated structure and significantly contribute to the load support. From these facts, it
can be concluded that the controlling factors for Young’s modulus in the powder/solid
composite structure are the number of columns in which the three solid parts are arranged
in a series. From the above, Young’s modulus of the powder/solid composite structure
can be predicted by the arrangement pattern of the solid and powder parts using the rule
of mixtures.

The Young’s modulus in experimental results was consistent with the calculated
values (Figure 7). The obtained H model realizes the triaxial anisotropy, which corresponds
well with the calculated values. Young’s modulus of the obtained all-solid structure in
experiments is slightly higher than the calculated value (200 GPa), which is possibly derived
from the crystallographic texture in the specimens, whereas the texture is controlled as
equivalent among the three axes. Moreover, the line of contact between the solid parts can
cause a stress concentration, which results in the raised Young’s modulus of the puzzle
structure rather than the calculated value. For example, the cube units are connected
by edges with each other in the FCC model. Although this connection by edges was
not taken into consideration in the calculation of Young’s modulus in this study, L-PBF
fabrication with high accuracy would enable control of the edge connection. A highly
precise calculation model considering the edge connection parts should be established,
which would further realize the anisotropic/isotropic structural design in a more desirable
way. In the experimental results, a characteristic plateau region was observed in the stress—
strain curve for the FCC model, indicating the line of contact between the positioned
solid cubes working as mechanical support [30]. In addition, necking formation between
powder particles by heat treatment can contribute to large energy absorption [31]. The
post-processing treatment for necking the particles also contributes to suppression of the
cytotoxicity of the materials by preventing the flow of the metal powders away from the
devices [32]. The further functionalization of the structure using the above treatment
method will be reported in our future report.

Importantly, the proposed powder/solid complex can reduce Young’'s modulus and re-
alize the anisotropic/isotropic mechanical function, including yield strength, with a similar
value to that in cortical bone by controlling the positional arrangement of the powder and
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the solid cubes [14]. The difference in the Young’s moduli of a bone and a metal material is
a problem in the orthopedic field that causes stress shielding and the loosening of implants.
The introduction of 3 phase to realize a lower Young’s modulus has been studied [33,34].
In addition, using the L-PBF process, it is possible to reduce the Young’s modulus of the
metal material by controlling the material parameters (i.e., atomic arrangement), which
can be realized by modulating the scanning strategy [35-38]. Simultaneous control of the
hierarchical structure of the outer shape and internal structure is expected [31,39] to enable
selective control of the physical properties of the metal materials to adjust them to the
desired application. A three-dimensional porous model with controlled pore size and
porosity was produced through additive manufacturing technology, and the connected
porous structures have advantages to induce bone ingrowth [40-42]. Numerous important
studies of lattice structure have shown the introduction of a porous structure is one of
the more powerful strategies for minimizing Young’s modulus of materials, as well as
anisotropic mechanical functions [15,41]. Herein, a novel puzzle structure with the required
combination of solid and powder parts was proposed, which can establish a highly cus-
tomized design for personal medical devices. The present model can realize the wide-range
control of mechanical property with the combination of solid cube positioning, whereas
the value of Young’s modulus is much more finely controllable by setting the structure
design as multiple units more than 3 x 3 x 3. Further multiscale morphological control,
including the outer shape and the internal positioning of the powder/solid part, can realize
the desired multiple functionalities.

6. Conclusions

We succeeded in controlling the anisotropic/isotropic mechanical function of a struc-
ture based on the arrangement pattern of its powder and solid parts. This innovative
method can provide the desired mechanical properties simply by controlling the structural
parameters, similar to a 3D puzzle. The composite structural design proposed herein can
customize the mechanical function represented by Young’s modulus and its anisotropy.
These findings lead to the excellent customizability of the mechanical functions of a medical
device with required mechanical properties, depending on each patient’s profile, including
body shape, implantation site, and medical history.
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