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The authors have created a highly unique structures that combine gradient functionality and porosity by
using metal additive manufacturing (AM) to create Rhizoid Porous Structure (RPS) and control their internal
microstructure. This paper presents a specific example of this approach. The findings from this research could

lead to novel structures with multiple synergistic functionalities, such as those used in implant structures. The
application scope of this method is not limited to the biomedical field but is expected to have a wide range of

applications.
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1. Concept of Functionally Graded
Porous Structures

Many materials for industrial products are produced
by casting or powder sintering. In these manufacturing
processes, casting defects and sintering defects such as
air bubbles are usually considered harmful defects that
adversely affect the functionality and effectiveness of the
industrial product. For this reason, in order to maintain
the performance of an industrial product, it is essential
to manufacture high-density materials that lower the
porosity as much as possible. At the same time, when
such defects are considered a part of the “functional
structure,” metal materials which contain multiple pores
are collectively referred to as “porous metal materials™".
The industrial advantages provided by this unique
structure include lighter weight, high specific strength,
high impact absorption, vibration damping, and thermal
insulation. If the pores extend in particular directions or in
one direction, this not only results in structural anisotropy
that is dependent on the direction of pore extension, but
also can produce physical, chemical, biological, and
functional anisotropy, and it is expected this property will
be utilized in a wide range of fields?.

In order to impart anisotropy to the mechanical
properties of such a structure, one possible approach is
controlling the internal metallic structure. For example,
a single metal crystal has anisotropy in its modulus of
elasticity according to the crystal orientation. However,
an ordinary metal material is a polycrystalline metal
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composed of aggregates of minute crystals, and because
the crystals are sufficiently fine and the crystal orientation
is uniformly distributed in all directions, most metal
materials show isotropy in their functional properties®.
However, in fact, because a metal material goes through
solidification, plastic deformation, recrystallization,
transformation, and other phenomena depending on the
manufacturing process, the crystal orientation is aligned
in a particular direction, also producing corresponding
anisotropy in the functional properties. The conditions
where these crystal grains are oriented in a particular
direction is referred to as texture®. It is possible that
if this texture can be suitably controlled, then it will
be possible to produce the desired anisotropy in the
functional properties.

2. Human Bones as Functionally Graded
Materials

Human bones are formed from cortical bone with
high bone density and fibrous cancellous bone with an
interconnecting mesh structure®. This trabecular structure
is a functionally graded material that has been modeled to
optimize it for the complex mechanical environments that
the human body is exposed to every day®. This unique
structure gives human bones their excellent characteristics
including light weight, high rigidity, and high strength.

Based on this structure, many trials are now being
performed to utilize a functionally graded material
(porous structure) similar to human bone in implants.
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Adopting a porous material for implants would be
extremely effective in terms of improving biological or
mechanical compatibility. For example, using a porous
material to lower the apparent modulus of elasticity of
an implant can be expected to relieve mechanical stress
shielding at the implant-bone interface. In addition,
the concept has also been adopted of improving the
connection at the implant-bone interface by utilizing the
property of osteoblasts that activates growth inside pores
with a diameter of 100 to 200 um or more to promote
bone formation inside the pores”®. This means that a
porous structure is an important factor for resolving
implant issues and achieving higher functionality.

A variety of methods have been proposed for creating
a porous structure. Representative methods include the
gas injection method? and the spacer method”. The gas
injection method creates a porous structure by blowing
gas into molten metal before it solidifies to produce
gas bubbles inside it. While this method involves lower
cost than other methods, one problem is the difficulty in
controlling the pore shape.

The spacer method involves placing spacer particles
composed of a water-soluble substance (such as sodium
chloride) into the material when using a casting or
sintering method, and removing the particles by washing
and heating to leave behind pores in the material in the
shapes of the particles. This method allows high-precision
control of the pores, and it is also possible to introduce
open pores in which pores are connected to one another.
However, it is necessary to select spacer particles which
do not react with the matrix phase metal during heating
for sintering or melting, and can be easily removed during
or after sintering.

3. Proposal for a Rhizoid Porous
Structure'”

Metal additive manufacturing (AM) provides an
extremely high degree of design freedom and is a
method that is extremely well suited to the creation of
porous structures where the internal porous structure is
geometrically or functionally designed. In most cases, the
process of producing a porous structure by AM begins
by designing the smallest unit structure as shown in Fig.
1. This unit structure is known as a unit cell, and is an
important element that determines the characteristics
of the overall structure'’. Optimal design of the unit
cell often utilizes an analysis method such as topology
optimization'?. By fitting the designed unit cell at regular
intervals into the design space of the structure external
shape, the final overall structure is created (Fig. 2). The
distribution and shape of the pores can be manipulated as
needed during the computer design stage, and being able
to control the pore shape delivers a degree of freedom that
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Fig. 1 3D model of
unit cell

- \"" ; ]

Fig. 2 Porous structure created by
additive manufacturing
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Fig. 3 Internal structure of rhizoid porous structure

greatly exceeds that of conventional methods. However,
due to the properties of AM, there is a high likelihood of
shape defects with overhang shapes, and it is necessary
to carefully consider the dimensions and angles of the
beams inside the structure. When a closed pore shape is
used where the pores are independent from one another,
because powder that was not used in forming may remain
inside the pores, it is necessary to create through-holes
to remove it. In this case, it must be kept in mind that the
mechanical strength of the overall structure will be lower
than the design value.

Based on these concepts, the authors propose a
structure utilizing the void defects that are formed inside
the structure as a result of AM, and have named it a
rhizoid porous structure (RPS) due to the characteristic
shape of the connected pores. As shown in Fig. 3, a RPS
has closed pores and open pores on the order of several
tens to several hundreds of micrometers, and the porosity
can be controlled by means of the laser scanning speed
and other forming conditions. The relationship between
energy density and porosity during forming is shown
in Fig. 4. Here, energy density E4 [J/mm?®] refers to
the amount of heat applied per unit of volume during
forming, and is defined by the following formula using
the laser power p [W], layer thickness t [mm], scan
width d [mm], and scanning speed S [mm/s].

Es=— (1)
7 tds

At present, a maximum porosity of approximately 45%
has been achieved, and the graph in Fig. 4 shows how the
trend gradually approaches near 5% as the energy density
is increased. It has also been suggested that the grain

JTEKT ENGINEERING JOURNAL English Edition No. 1022E (2026)



—Creation of Functionally Graded Porous Structures with Metal Additive Manufacturing—

JTEKT

Porosity, %

0 20 40 60 80 100 120 140 160 180
Energy density, J/mm?

Fig. 4 Relationship between energy density and porosity of
rhizoid porous structure

size distribution of the material powder used affects the
laser absorptance in the powder bed, and contributes to
promoting or inhibiting pore formation.

With this method, it is possible to produce a porous
structure by a simple method using AM, without the use
of special design software or similar aids. Furthermore,
with the design method used for the unit cell, it is
possible to impart a porous structure to a designed
object on the order of several millimeters, where shape
reproduction is difficult. It is also possible to control the
spatial distribution of the porosity by applying different
forming conditions to different parts of the design area,
enabling the formation of graded porous structures where
porosity varies on a gradient. A detailed investigation
is being conducted regarding the regularity of porous
shapes, and trials for control of pore shapes with a high
degree of freedom are being carried out. Finally, the goal
is to derive the appropriate forming conditions from the
mechanical or functional advance design, and establish
a process for creating a porous structure with the desired
characteristics using a near net shape.

4. Creation of a Graded Porous Structure
Applying a RPS'

A single material where one function changes to
another function spatially either continuously or in steps
is called a functionally graded material'®. Fig. 5 shows
a concept diagram of a functionally graded material
composed of two types. With a compound material where
two materials with largely different characteristics are
bonded together, the characteristics change discretely at
the macroscopic interface, and as a result that interface
can be the starting point for separation or fracture caused
by stress concentration. However, with a functionally
graded material, because the structure changes
continuously, there is no particular bonding interface,
and the characteristics also change continuously. As a
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Fig. 5 Composition and property changes of functionally
graded materials

result, a compound material is created which has multiple
synergetic functions while still ensuring the strength of
the overall structure. A typical example of this kind of
functionally graded material is human bone. As described
in Section 2, human bone has a layered structure
composed of high-density cortical bone and cancellous
bone containing innumerable pores. The interface area is a
graded structure where the porosity changes continuously,
and applied external force is smoothly transmitted and
diffused into the internal cancellous bone. This enables
human bone to support external forces with its entire
structure, providing the two contrasting elements of light
weight and high strength.

The high-functionality implant using an applied
RPS that is proposed in this study can be proposed as a
functionally graded material that has multiple functions
on a gradient within a single implant. One large advantage
from the use of a porous structure for the implant is the
decrease in the modulus of elasticity. However, in this
case, the use of a porous structure makes a decrease in
strength unavoidable, and as a result it is not practical
to use a uniform porous structure for the entire design
area. Therefore it is necessary to inhibit the formation of
pores in certain areas, creating higher density, in order
to ensure the minimum structural strength. One of the
secondary functions provided by the pores is improved
strength of the metal-bone interface. This utilizes the
growth inside the pores (ingrowth) that is induced by the
pores, and is expected to form a strong bond between
the implant and bone and relieve stress concentration at
the interface. Therefore placing a porous surface with a
certain porosity on the implant surface may be extremely
effective in terms of biocompatibility. The concept of an
implant structure based on the above design concept is
shown in Fig. 6. This structure creates porosity or higher
density in different parts of the design area, with each
area having a different function as described previously.
It has a graded structure where the porosity changes with
spatial transition in each area, and bone is visible in the
transition area. Hereafter, a structure where the porosity
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Fig. 6 Conceptual diagram of gradient porous structure using
rhizoid porous structure

changes either continuously or in steps is referred to as a
graded porous structure.

Among such structures, this paper introduces the
results of creating a graded porous structure with a Fig. 9 Radially graded porous structure
porosity gradient in the radial direction, created by using

(a) Radial direction gradient ~ (b) Center direction gradient

different forming conditions for each part of the divided Section 5
design area.
Section 4
5. Grading a Porous Structure in the Section 3
Axial Direction
Section 2 mMeasured value
This paper describes the results of creating a graded = Design value
porous structure in which the porosity changes on a Section 1
gradient in the radial direction. Specifically, when 0 10 20 30 20 50
forming a structure with diameter 5 mm and height 10 Porosity, %
mm, the design area was divided into cylindrical areas (a) Radial direction gradient
with a width of 0.5 mm, and a different scanning speed
was assigned to each area. The design area divisions
are shown in Fig. 7. The sections are numbered in order Section 5
beginning from the inside: Section 1, 2 ... The porosity in Section 4 "Measured value

Design val
the same figure uses the value calculated based on a CT " resign value

scan using a 7 mm cube as the standard specimen. In this Section 3
study, a graded change pattern in which porosity increases
moving from inside to outside was used for the radial
direction gradient, and the reverse was used for the center Section 1
direction gradient. The laser scan used an outline scan in
which forming progressed from the outside toward the
inside along the periphery of the design area (Fig. 8).
The specific forming conditions other than the above are
omitted from this paper. Fig. 10 Porosity profile

Section 2
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Porosity, %

(b) Center direction gradient

Radial direction gradient Center direction gradient
550+ 39.3 section5 100+ 4.90
430+ 31.6 section4 150+ 8.95
300+ 21.1 section3 300 21.1
150 - 895 section? 430 31.6
100+ 4.90 section 1 550+ 39.3

@ Lamination Scanning speed
direction [mm/s], Porosity [%]

An image that was binarized after a CT scan of the
formed specimen is shown in Fig. 9. The porosity profile
for each section is shown in Fig. 10. The binarized
; image confirms how the porosity changes in the gradient
—t——0.5mm direction in both patterns, and the macroscopic interface
between the sections is not visible. The porosity profile
also confirms the graded change in porosity. In particular

Fig. 7 Design area division during sample production
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Fig. 10 shows that the difference between the actual
measured value of porosity calculated from the binarized
image and the design value is around 1 to 3%, and the
values approximately match. This shows that it is possible
to grade porosity in the radial direction by dividing the
gradient areas. However, on the other hand, the difference
between the actual measured value and design value in
Sections 3 and 4 is approximately 5%, and the deviation
is larger. We are currently studying this while looking
deeper at the relationship between the forming conditions
and the pore generation behavior.

6. Control of the Metal Structure for
Grading a Function

In the preceding sections, we attempted to achieve
graded function (specifically grading the mechanical
properties) by creating a structure with porosity that
changes on a gradient. However, it is also possible to
use the anisotropy of the metal structure as the means of
grading the mechanical properties. For example, the micro
and macro mechanical properties of a metal structure
are affected by the crystal grain size and shape, and the
anisotropy of the crystal orientation'?. In particular with
the metal additive manufacturing that was used in the
previous sections, it has been previously reported that it
is possible to impart anisotropy of mechanical properties
to a structure by performing design and forming with
consideration for the metal structure!®. However, it has
also been reported that with metal additive manufacturing,
the material undergoes a rapid heating and rapid cooling
process during forming, resulting in a complex metal
structure inside the formed object' '©. This means that
understanding the relationship between the forming
conditions and metal structure is essential in order to
control the metal structure of the formed object, and this
section introduces examples regarding this point.

Figure 11 is a map of crystal orientation showing the
distribution of crystal orientation by colors (inverse pole
figure map: IPF map) in specimens (Cube 1 and Cube 2)
produced using two different forming conditions. From
(a) in this figure, in Cube 1, crystal grains with grain size
of approximately 1 um and crystal grains with a size of
approximately 10 pm were seen. From (b) in this figure,
in Cube 2, vertical elongated crystal grains parallel to the
lamination direction with width approximately 10 pm
and length approximately 40 pm were seen, and crystals
approximately 1 um in size were seen at the interface
between the vertical elongated crystals. This shows how
the crystal grain size and orientation vary largely by
changing the forming conditions.

Regarding this point, we will first consider the vertical
elongated crystals in Cube 2. The shapes of these crystals
are similar to the columnar crystals that are seen in cast
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products. Columnar crystals are a type of solidified
structure that is formed when molten metal is cooled, and
are known to grow in the direction perpendicular to the
cooling surface'”. Next, we consider the solidification
process of metal additive manufacturing. During
forming, the metal powder in the area heated by the laser
melt and form a molten pool. Because solidification is
thought to begin from the bottom of the molten pool, the
solidified structure grows in the lamination direction,
forming columnar crystals. As a result, it is possible that
a structure forms that is similar to the vertical elongated
columnar crystals in a cast product. However, no
vertically elongated crystals are seen in Cube 1, which
was produced by a similar forming process, and it is
possible that a different phenomenon than solidification
occurred.

Next, in order to consider the difference in crystal
grain shape seen in Cube 1 and Cube 2, we produced
Cube 3 using a different laser scanning speed and laser
scan width and analyzed the crystal orientation. Figure
12 shows an area comparison map with the crystal grains
shown in different colors according to their surface areas.
The green parts in Fig. 12 are crystals with a grain surface
area of 10 pm? or less, while the blue parts show crystals
with a grain surface area of 100 pm? or more. From the
same figure, we can see that Cube 3 has a characteristic
structure where areas of small crystals shown in green
alternate with areas of vertical elongated crystals shown
in blue. At this time, from the scale bar, the areas of
small crystals have a width of approximately 80 um, with
approximately 120 um between them.

In order to consider the characteristic crystal structure
of Cube 3, we organized the laser scanning conditions

Fig. 12 Grain distribution (Cube 3)
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(a) Horizontal cross section diagram (b) Vertical cross section diagram

Fig. 13 Schematic diagram of laser scanning trajectory
during modeling (Cube 3)

of Cube 3. Figure 13 shows a schematic diagram of
the horizontal cross section and vertical cross section
of Cube 3. The red areas are the laser scan areas. The
cutting line for the vertical cross section diagram is AA’.
n is a 0 or larger integer and indicates the layer number.
From the vertical cross section diagram, we can see that
there are alternating areas where the laser scans of layer
n and layer n — 1 intersect and areas where they do not
intersect. This difference in laser scans is thought to have
produced the characteristic structure of Cube 3.

First, we consider the intersecting areas. At the time of
the laser scan for layer N, a solidified structure forms at
layer N in the same way that was considered in Fig. 11.
At the time of the layer n laser scan, the n — 1 layer that
has already formed a solidified structure is reheated. As
a result, melting or solid phase transformation occurs at
layer n — 1, and it is possible that the solidified structure
transforms into a microstructure.

Next, we consider the non-intersecting areas. Because
we succeeded in forming a 60 pm thick layer at a separate
forming test, it is believed that metal powder melting and
solidification will occur even with a laser scan performed
every 60 um of layer thickness. When the refinement
of the lower layer structure is considered, with a laser
scan performed every 60 pm of layer thickness, the
layer that is reheated will be layer N — 2. In this case, the
temperature of layer N — 2 does not reach a temperature
that will fully produce a structural transformation, and the
vertically elongated structures caused by the solidification
phenomenon are thought to remain.

While this is only one example of a study, the results
are sufficient so that we can see the possibility of being
able to control the crystal structure by appropriately
setting the AM forming conditions.

7. Conclusions

The authors are aiming to produce the “functionally
graded porous structure” in the title of this paper
by applying the pores created by metal additive
manufacturing (AM) and changes in the metal structure.
This paper proposed the internal structure of a high-
functionality implant applying the extremely unique

structure of the RPS proposed by the authors, and
introduced an example of the successful creation of
a graded porous structure that is essential in order to
achieve it. It also introduced the changes in the internal
structure of a structure formed by a rapid heating and
rapid cooling process in AM, with consideration for the
relationship with the forming conditions. Based on these
results, we feel that the practical use of a functionally
graded porous structure is nearly at hand.
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