J Mater Sci (2022) 57:411-421

Computation & theory

Check for
updates

Spatial pore distribution: an approach to uncouple
the strength—porosity trade-offs

Prosenijit Biswas' and Ji Ma'* ®

" Department of Materials Science and Engineering, University of Virginia, Charlottesville, VA 22904, USA

Received: 29 June 2021
Accepted: 1 October 2021
Published online:

3 January 2022

© The Author(s), under
exclusive licence to Springer
Science+Business Media, LLC,

part of Springer Nature 2021

Handling Editor: David Cann.

ABSTRACT

A spatial porosity distribution methodology is proposed to overcome the
strength/porosity trade-offs in engineered porous materials. Stainless steel—
316L structure produced through additive manufacturing with 18.53% overall
porosity was shown to possess anisotropic stiffness from 7.40 to 150.18 GPa and
compressive strength from 49.83 to 375.4 MPa depending on the spatial place-
ment of porosity. This strategy broadens the range of accessible properties
compared to controlling pore geometry. Computational tools have also been
developed to quickly predict the stiffness and strength of the structure.
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Materials design has a significant impact on manu-
facturing and structural applications. However, there
are often trade-offs in materials design. For example,
strength—ductility and strength—porosity are com-
peting factors, and a gain in one will be accompanied
by the loss of the other [1-4]. Depending on the
application, researchers have been intelligently
applying these trade-offs in materials design to
achieve the desired properties [5-7]. Generally, por-
ous or lattice structures could be used to tailor the
desired strength and stiffness below the solid com-
ponent properties [8]. On the other hand, there are
applications where it is desirable to maintain the
overall porosity within a certain range. For instance,
the overall porosity and pore size of medical implants
play an important role in nutrients transportation
and bone growth through the scaffolds [9]. Concur-
rently, the strength and stiffness of these scaffolds

@ Springer

the stress shielding [10, 11]. As the porosity has a
reciprocal impact on the stiffness/strength, simulta-
neously satisfying the requirements of porosity/pore
size and strength/stiffness can be challenging. Lattice
structures are often used to overcome this challenge
by accessing a broader range of properties at a given
level of porosity [8, 12-17]. However, the strut

1 11
)

elec O |
O ~Porosity

1171717777 171777777

(a) (b)

| ~~Porosity

Figure 1 Spatial pore distribution of a parallel or lower bound
geometry and b series or upper bound geometry.
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architecture of these lattice geometries impacts the
pore size/shape and can be a limiting factor for cer-
tain applications like cell growth and fluid transfer
through biomedical implants [16, 18]. To de-couple
the inverse relationship between strength/stiffness
and porosity, we propose an approach of changing
the spatial position of the porosity in this study. For
example, by placing a fixed quantity of pores in dif-
ferent orientations, as shown in Fig. 1, the strength/
stiffness of the sample could be modified along the
loading direction without changing the porosity or
the size/geometry of the pores. Metal additive man-
ufacturing has been used to implement this concept
of spatial pore distribution within the structure
within this study.

Design of porous structure

Starting from a cube with dimensions of
(12 x 12 x 12) mm?>, as shown in Fig. 2a, we intro-
duce porosity into this structure at certain locations.
The solid cube is tessellated along (X, Y, Z) directions,
turning the cube into an assembly of small cubic unit
cells along with all three directions as shown in
Fig. 2b. Each of these small cubes can be replaced by
a lattice cell to define a desired porosity and porosity
pattern. The resolution of the design domain can also
be controlled by changing the tessellation spacing. In
this study, porosity is assigned using a simple cubic
lattice cell with dimensions (1.5 x 1.5 x 1.5) mm” as
shown in Fig. 3c. The strut dimension of this lattice
cell is (0.25 x 0.25 x 1.5) mm?>, which makes the cell
porosity 74.1%. For simplicity, it is considered that
each cell in the front face (XY plane) forms an array of
similar cells along the thickness direction (Z). For
example, the structure shown in Fig. 3 has two of the

eight layers along the height replaced by lattice cells
(i.e., 25% of total cells are lattice cells). This makes the
overall structural porosity 18.53%.

Spatial pore distribution (SPD)
methodology

The advantage of this tessellated structure is the
possibility to place and reorganize the lattice cells
within the domain in any desired pattern to control
the local geometrical properties. The solid and lattice
cells are shown in their front view of the tessellated
model, Fig. 4a, to resemble the porous structure in
Fig. 3a. The orange color in Fig. 4 represents the solid
cells, and the white color represents the lattice cells.
Only the front face (XY plane face) is shown since an
array of similar cells exists along the thickness
direction (Z-direction shown in Fig. 2). While the
lattice cells can be placed in any arbitrary location,
Fig. 4 illustrates a set of patterns generated by mov-
ing two lattice cells from one row and placed in a
column. Thus, from the beginning, Fig. 4a, to the end,
Fig. 4g, the pore orientation is rotated by 90°.

To estimate the stiffness and strength of these
structures, the simple rule of mixtures (ROM) of
composite materials can be used. In ROM, the com-
posites can be represented using a parallel model
(Voigt) and a series model (Reuss) [19] to obtain the
upper and lower bounds, respectively. In the parallel
model, the fiber directions are parallel to the loading
direction and in the series model, the fibers are per-
pendicular to the loading direction. The models are
expressed using the following equations:

Voigtmodel : EY = V,,E,, + VE; (1)
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Figure 2 Geometry tessellation: a solid cube; b tessellated cube; ¢ front face of the tessellated cube.
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(a) Lattice cells at XY plane

Figure 3 Design of porous structure.

Solidcell  porous cell

(2

Figure 4 Spatial pore distribution methodology.

R EnEf
Reuss model : E; = m (2)
where E", = stiffness of composite in Voigt (parallel)
model.

ER. = stiffness of composite in Reuss (series) model

E, and E; = stiffness of matrix and fiber,
respectively

V. and V¢ = volume fraction of matrix and fiber,
respectively

In this study, since the lattice cells at the front face
are considered to form an array of similar cells along
the thickness direction, this array of lattice cells can
be considered as a fiber. The stiffness of this fiber is
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(b) 2D to 3D visualization.
Structure porosity: 18.53%
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Figure 5 Stiffness bounds vs porosity relation in composites.
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considered to be lower according to the load carrying
area, i.e., with 74.1% porosity, the lattice cell has only
11.1% of the material stiffness. Figure 5 shows the
variation of upper (Voigt) and lower (Reuss) stiffness
bounds with the percentage of the lattice structure for
the material SS-316L. The vertical dashed line dictates
the achievable bounds and the pore orientation rela-
ted to the highest and lowest stiffness when 25% of
total cells are lattice cells, i.e., at 18.53% structural
porosity.

Therefore, it is evident from Fig. 5 that for a ver-
tical loading direction as shown, the pore orientation
at Fig. 4a will have the lowest stiffness (59.74 GPa),
and Fig. 4g will have the highest stiffness (150.5 GPa).
The stiffness for all other pore orientations will fall
within this bound. Since the lowest and highest
stiffness in this technique is due to the pore orienta-
tion, the lowest stiffness structure, Fig. 4a, is named
“compliant orientation (CO)” and the highest stiff-
ness structure, Fig. 4g, is named as “rigid orientation
(RO).”

Manufacturing of SPD structure

The lowest and highest stiffness models (CO and RO
models) were additively manufactured (AM) from
gas-atomized stainless steel 316L (55-316L) powder
using SLM Solutions 280 laser powder bed fusion
machine (LBPF). The particle size (Ds) of the powder
was 25 um. The AM process parameters were set as
shown in Table 1. All the samples were printed at 45°
with the build plate to avoid print failure due to
unsupported struts as shown in Fig. 6a. To avoid any
damage to the fabricated lattice structures, samples
were removed through the substrate via wire electro-
discharge machining (wire EDM).

Table 1 Additive manufacturing process parameters

LPBF parameters Values
Power 190 W
Scanning speed 750 mm/s
Hatch spacing 0.12 mm
Layer thickness 0.03 mm

Scan strategy Stripes (67° rotation between layers)

Mechanical testing

Uniaxial compression tests were performed on the
CO and RO structures along with two other addi-
tively manufactured solid cubes with dimension
4 x5 x 8 mm® using an MTS criterion model 43
(MTS-43) universal testing machine with 30-kN load
capacity. Tests were performed at room temperature
with a displacement rate of 0.005 mm/s, and the
strain was measured directly with an extensometer
attached to the sample. In cases where loads higher
than 30kN were required, tests were conducted on an
MTS-793 machine with a 100-kN load cell instead. In
the MTS-793 machine, no extensometer was used due
to the sample height constraints. For samples that
required higher load, several tests were conducted on
the MTS-43 load frame with the extensometer to
obtain an accurate measurement of elastic modulus.

Computational tools to predict mechanical
behavior

The arbitrary placement of porosity allows for myr-
iad possible structures, and experimental characteri-
zation of every possible structure is not feasible. In
this study, we propose two computational models to
predict the properties of each possible structure.

Analytical modeling

The analytical model is beneficial to rapidly estimate
the mechanical properties of any geometry. This
technique divides the geometry into layers and gives
freedom to model the stress and corresponding strain
of individual layers through accessing the variation
of layer area due to different pore distribution in each
layer. This model is designed to predict the stiffness
and yield strengths of any spatial pore distribution.
However, it does not predict properties after the yield
point, i.e., in the plastic region. The model simulates
the result of a uniaxial compression experiment by
evaluating the sample stress and sample strain at
every load level.

Evaluation of stress The overall stress is found by
o = F/A, where the F is the applied force and A is the
cross-sectional area of the 12 x 12 x 12 mm?® solid
cube. This will provide the engineering stress value
of the whole geometry to obtain the stress—strain
behavior. To obtain the incremental stresses, the
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Figure 6 3D printing orientation and printed samples: a illustration of printing orientation; b compliant orientation (CO); and c rigid

orientation (RO).

applied force, F, has been divided into 4 number of
steps keeping the cross-sectional area, A constant.
Thus, the incremental force for each step, F’, can be
represented as :

F’:l—:*iwhereizl,Z, 3,... (3)
q q

The stress on the structure for each incremental
force, F', can be represented by:

F .
U
/:P_:‘i !

A= A (4)

Thus, the incremental stresses can be obtained for
the geometry. Now, to plot the stress—strain response
of the whole geometry, the strain corresponding to
each incremental stress needs to be evaluated, which
is discussed in the following section.

Evaluation of Strain Ramberg—Osgood model [20] is
used in this study to evaluate the strain, ¢, of the
geometry for each incremental stress, ¢’. This model
is often used to describe the nonlinear stress—strain
behavior of ductile metals by expressing the stress as
a function of total strain. Although it shows excellent
agreement with experiments below the yield point, it
sometimes overestimates the stress in the plastic
region [21]. Moreover, the current study deals with
porous geometry, where the porosity distribution can
also vary with the height of the structure as shown in
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Fig. 4a—g. To use the Ramberg—Osgood model for
porous structure, the model needs to be adjusted to
normalize the effect of porosity. The technique of
geometry tessellation mentioned in “Design of por-
ous structure” section can overcome this issue. Tak-
ing Fig. 4a as an example, the tessellation has divided
the whole structure into eight layers along with the
height (Fig. 7) and it is also evident that the load-
carrying area of each layer (a") can be different. As
seen from Fig. 7, layers 3 and 6 have smaller load-
carrying area than the other layers, since those layers
are replaced by the lattice cells.

Considering the actual area of each layer for
incremental force, F’, the stress experienced by the
material in each layer (¢') is also different. The
Ramberg-Osgood model can be used to calculate the

'n}
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Layer 8

X

Figure 7 Variation of layer area.
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strain of that layer. The displacement of each layer
can be found by multiplying the strain of that layer
with the layer thickness. Summing the displacement
from all layers, the total displacement of the entire
sample is obtained. Finally, the strain of the geometry
can be evaluated for corresponding ¢’ by dividing the
total sample displacement by the sample height. The
detailed procedure to evaluate the overall strain from
the actual layer area is discussed below:

Calculating layer stress Let the tessellation produces
m number of layers along with height (Y direction)
and the effective layer area is a“. Now, the actual area
of each layer can be calculated using :

ai = B[(R = V})As + VjA, ], wherej = 1,2,3, ...m

(5)

F/
Actual layer stress,ajL = (6)
j

where B = Total number of cells along the thickness
direction (Z dir).

R = Total number of cells along the width (X dir)

V; = Number of lattice cells in a layer

A, = Area of the solid cells

A, = Area of the void cells

Calculating layer strain and displacement The Ram-
berg-Osgood model is used to calculate the layer

strain, st, corresponding to the F' using the following
equation:
ot oL1"
L_ J j
F=—=4+0.002 % |= 7
& E+000 *[Ey] (7)
., F F
C = 0.002 8
¥ a.L*E+ * at x o, ®)
j j
_ ; o — 108(20)
where n = strain hardening = log (212

90.01
E = Young’'s modulus of the material

oy = Yield strength of the material.

Now, the displacement of each layer, DjL = s]’r xh,
where I = height of each layer.

Total displacement and strain of the geometry The
displacement from each layer can be added all toge-
ther to get the overall displacement of the geometry.

Total displacement, D’ = Z s]-L * h 9)
=1

The total strain of the geometry corresponding to
m ebxh

F,¢=b = >_j-1 77> where H = height of the geom-
etry. Therefore, by plotting (¢’, ¢') and (F/, D’), both
the stress—strain and force-displacement curve can be
achieved.

Finite element analysis

To simulate the deformation behavior of the porous
structures, finite element analysis was performed
using ANSYS workbench software. Boron carbide
(E =441 GPa and v=0.17 [22]) is used as platen
material, and SS-316L is used for the SPD geometry.
The material properties of SS-316L are obtained as
E =194.16 GPa, g, = 603.5 MPa and v = 0.31 from the
solid cube tested. For all the FE models, 4-node tetra-
hedral-type 3D solid elements were employed to mesh
the SPD geometry. Convergence studies were con-
ducted for a range of mesh sizes to determine the
mesh size of 0.5 mm for the SPD geometry. Boundary
conditions are also followed from the experiments, in
which compression loadings are applied on the pla-
tens at the top of the geometry and the bottom of the
geometry is fixed in all three directions. Bonded con-
tact type was defined between the platen and the SPD
geometry. To construct the stress—strain curve, the
displacement of a node has been extracted from the
top surface of the sample. The extracted displacement
from the node has incremental displacement values
for each incremental step till the final displacement of
the structure. These displacement values are then
divided by the total height of the geometry to get the
respective strain. To obtain the stress values corre-
sponding to the strain of each step, the applied load
has been divided into the same number of steps as the
finite element and divided by the cross-sectional area
of the (12 x 12 x 12) mm° solid cube.

Results and discussion
Experimental results

The engineering stress—strain behavior of the 3D-
printed CO and RO models from the experimental
analysis is shown in Fig. 8. The stiffness of CO and
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Figure 8 a Engineering stress—strain curve of the CO and RO model with magnified inset to better show the stiffness differences;
b engineering stress—strain curves of the Int model compared to the CO and RO models.

Table 2 Comparison between

experimental and Method Model
computational results CO model Int model RO model
E (GPa) ay (MPa) E (GPa) o, (MPa) E (GPa) ay, (MPa)
Experimental 7.40 49.83 96.30 280.3 150.18 375.4
Theoretical 64.73 68.08 144.61 347.2 151.01 465.3
FEA 63.24 71.18 109.83 324.1 132.48 486.1
ROM 59.74 - - - 150.5 -

RO models is calculated from the elastic part, and the
yield strength of these models has been determined
using the 0.2% strain offset method. The stiffness and
yield strength of the CO models are found to be 7.4
GPa and 49.83 MPa, and for RO models, it is 150.18
GPa and 375.4 MPa, respectively. The stiffness is clo-
sely aligned with the rule of mixture predictions in
“Spatial pore distribution (SPD) methodology” sec-
tion. Properties within this bounded range can be
accessed easily using the other spatial pore orienta-
tions combination. In other words, the SPD orienta-
tions in Fig. 4b—f should exhibit material properties
within this range. Moreover, the AM printed parts can
exhibit anisotropic mechanical properties depending
on building orientation [23, 24]. To verify these, the
results from the printed solid cubes, one having the
build direction parallel to the loading direction and
the other one with the build direction perpendicular to
the loading direction, were compared. Only minor
strength variation (~ 4.05%) was observed, compared
to the variations from the SPD orientations (653.4%).
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Hence, the impacts of printing conditions are not
taken into consideration in this study.

Computational results and validation

Table 2 shows the comparison of all the computa-
tional results (theoretical, FEA and ROM) with the
experimental results for both the CO and RO models.
The stiffness and strength from both the theoretical
and FEA predictions are in good agreement with
each other. Compared to experimental results, the
model predictions of the RO model are reasonable,
but the prediction for the CO model is poor. This is
caused by a combination of geometrical imperfec-
tions of the printed sample and elastic instabilities of
the structure.

In the CO model, the highest stresses occur within
the lattice struts as can be seen from Fig. 6b. Since the
SPD samples were printed 45° aligned with the
building direction (Fig. 6a), some of the lattice struts
warped slightly due to high residual stresses devel-
oped in these regions. This is especially visible along
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Figure 9 a Figure showing
the as-printed samples of the
CO model and b the CO
model after deformation.

(a)

(@ (b)

Figure 10 a As-printed Int model and b illustration showing

loading direction.

the surface (Fig. 9a). Because of these inclined struts,
instead of carrying the load in pure compression, it
carries the load in bending like an inclined cantilever,
which causes the deformation to take the form of
Fig. 9b, where the middle portion is sheared. This
reduces both the stiffness and yield strength of the
structure (Fig. 6b).

Discussion

The computational tools developed in this study are
designed to predict the properties from any other
combinations of pore distribution are bounded by the
properties shown by CO and RO models. To verify
this, an intermediate (Int) SPD orientation (Fig. 4e) is
chosen and additively manufactured (Fig. 10) using
the same process parameters as mentioned in Table 1.

The full-range stress—strain behavior of the Int
model is shown in Fig. 8b. The comparison of
experimental and computational results is shown in
Table 2. As expected, the properties fall between the
CO and RO models. The strength found through the
experiment is about 13.5% lower than the FEA model
predictions and 19.2% lower than the theoretical
model predictions. On the other hand, the model-

(b)

predicted stiffness is significantly higher than the
experimental results. This is caused by the bending of
inclined struts that was also responsible for lower
experimental stiffness in the CO model.

Overall, the current study shows that using the
proposed SPD technique it is possible to hold the
overall porosity of a structure constant, while the
strength of the structure can be significantly varied.
An important feature of this technique is any prop-
erties within the range of the minimum and maxi-
mum accessible mechanical properties, depending on
the material used, can be accessed easily through
engineering the spatial pore distribution.

To explore whether the SPD technique can be
advantageous by accessing a broader range of prop-
erties than the different lattice cell strategies, studies
for different lattice cell geometries are compared with
SPD. The theoretical range for maximum and mini-
mum mechanical properties can be evaluated using
the rule of mixture equations for any given material
at any porosity level. For each material, there is an
upper and lower bound value at a given porosity.
However, the exact values depend on the material.
Therefore, to compare among different materials, the
upper and lower bound values range is normalized
and reported as 0% (lower bound value) to 100%
(upper bound value).

Several studies [8, 25, 26] discussed the impact of
lattice cell geometry on the mechanical properties of
scaffolds and are compared with the SPD technique
of this paper. The comparison between these studies
and SPD is shown in Fig. 11. For example, Roohani-
Esfahani et al. [8] study the effects of lattice geometry
on the compressive strength of a strontium-hardys-
tonite-gahnite (Sr-Ht-Ga) lattice while holding
porosity constant. At 70% porosity, the accessible
range of properties by changing the lattice type (from
rectangular to hexagonal lattice) was 41-69% of
upper bound values. Similarly, separate studies
[25, 26] on the effects of lattice cell geometry of Ti-
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Figure 11 Achievable 100
property range comparison.

Compressive strength range (%)
i
[=}

SPD (P-19%)

6Al-4V lattices showed that the compressive strength
could be tuned between 27 and 53% on the upper
bound value by changing from rectangular strut to
diagonal strut. Ashby charts summarized by Dong
et al. [27] show that even when the range of possible
lattice geometry is expanded, for example, to include
octet lattices and elastic buckling-dominated struc-
tures, it is not possible to fully cover the entire range
of properties between upper and lower bounds at a
given porosity or material density. On the other
hand, as evident from this study, through spatial
pore distribution technique, it is possible to access
any desired properties within the accessible range. It
is noteworthy that the SPD technique provides highly
anisotropic properties—moreso that the anisotropic
response observed in lattice structures.

Conclusion

An approach of spatial pore distribution (SPD) tech-
nique is proposed in this study to uncouple the
strength—porosity relation of materials. The SPD
technique provides the freedom to access any specific
location within geometry and thereby very helpful to
engineer the local and global mechanical properties
of a porous structure while holding the overall
porosity constant. To implement this technique SS-
316L samples were additively manufactured and
compression tested to assess the variations of stiff-
ness and strengths with different pore distributions.
The results showed that the SPD technique can pro-
vide a significantly broader range of stiffness and
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Sr-HT-Ga (P-
50%)

Sr-HT-Ga (P-
70%)

Ti-6Al-4V (P-
70%)

Ti-6AL-4V (P-
80%)

strength properties compared to the lattice cell
geometry variations. Furthermore, SPD can access
any properties within this range. With this ability to
tailor the mechanical properties of porous structure
keeping the overall porosity constant, the SPD tech-
nique can be used to uncouple the strength/porosity
trade-off of materials and it undoubtedly adds a new
degree of freedom to the part design. However, the
resultant structures are highly anisotropic and are
sensitive to structural defects created during the
additive manufacturing process.
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