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Highlights

*The printable range is a function of unit-cell type, size, size of powder, and machine precision.
*The printable range grows and approaches to the ideal when cell size gets bigger c. p.

*The printable range narrows when machine precision worsens and powder lump size increases, c. p.
+Printable range of the lattices with Z-struts shifted upward per the lattices without Z-strut.
*Easy-to-use graphs were created to find the printable density window.

Avrticle Info Abstract

When topologies of the bending-dominated lattices are strengthened by introducing a strut being
Received: 21 Nov 2020 oriented in one cubic direction, the lattice structures may behave like a stretch-dominated one in
Accepted:30 Mar 2021 that direction. Because of this potential, they are of interest to engineers demanding anisotropic

advanced materials. But their manufacturability is as important as the mechanical advantage they
can present. To manufacture these lattice structures, additive manufacturing methods like powder

Keywords bed fusion are widely used. Yet, there are limits for printing these structures. In this study, taking
Cellular structures machine precision and powder lump size relative to the unit-cell size as main factors, the printable
Lattice density range was found for the first-time for the lattice structures strengthened by adding a strut
Additive manufacturing in one direction. Results indicated that the printable relative density range shifted upward in
Powder bed fusion comparison to lattices which were not strengthened.

Printable relative density

1. INTRODUCTION

A solid-foam is a structure consisting of a network of solid and gas-filled pores. By the time a foam-like
structure is formed out of a solid, the single-valued properties of that solid are extended. Those properties
are the strength, stiffness, electrical/thermal conductivity, and diffusivity, and so forth [1]. Because of this
property extension, foams are used in many advanced practices like biomedical and aerospace engineering.
The property extension can be made more controllable by the introduction of structured foams, a unit-cell
(or a network of struts) repeating itself throughout a domain. Yet, structured foams are known to be hard
to be manufactured by using conventional tools. At this point, additive manufacturing (AM) offers what
was not possible in the manufacturing of them previously.

Contrary to the common belief that a cellular structure is always printable, structured foams face printing
problems. The printable density limits of unit-cell (a.k.a. lattice) types are not fully known. In powder bed
fusion methods, printability of a structured foam depends on unit-cell shape/topology [2-9], relative
density of a lattice (i.e. volume fraction) [2-5,7,8,10-13], strut inclination [14-20], cell size [5], powder
particle size [5,21-23], powder material [3,4,8,10,16,17,24], machine precision [2,5,10,11,25,26], laser
power [3, 4, 10, 23, 25-31], laser spot size [10, 22, 26, 32], laser scanning speed [3, 4, 25, 28-31, 33], layer
thickness [10, 30, 33], hatch spacing [22, 29], building orientation [15, 34-36], part thickness [12] and
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time [37]. Among these factors, machine precision together with unit-cell size are the main factors for low
relative density limit while powder lump size is the main factor defining high relative density limit.

An important point worth mentioning here is that entrapment of powder within an inclusion still allows the
manufacture. But the mass of such structured-foam will be higher than that of the intended one, which is
taken to be improper in this study, and also against the definition of foams.

Engineers generally demand materials exhibiting stronger behavior in one direction than the others.
Composite materials are a typical example of this. Lattices can also offer such kind of property. Some
researchers [38] reported that some lattice types show stretch-dominated behavior despite appearing to
violate the Maxwell criterion [39-41], which is taken in the literature as the necessary condition to show
that a lattice is stretch-dominated if M = 0 in the equation below in three-dimensional space

M=b-3+6 =s-m Q)

where b is the number of struts; j designates frictionless joints; s counts the number of states of self-stress
and m counts the number of mechanisms.

When topologies of the bending-dominated lattices are strengthened by adding a strut into the unit-cell
(generally, it is stated as Z-strut in the literature), the lattice structures may behave like a stretch-dominated
one, resulting to be stiffer, stronger and in need of bigger loads to cause deformation and yielding [42].
This implies that the lattice topologies which is defined, according to Maxwell criterion, as bending-
dominated like BccZ and FccZ (See Figure 1) can exhibit stretch-dominated behavior based on the load's
orientation with respect to the lattice [43]. Tanlak et al. [5] investigated the printable limits of some well-
known strut-based lattice structures like Bcc, Fcc, and so on. However, the printability of direction-wise
stretch-dominated strut-based lattice structures was an open question. As they have promising potential,
their printability should be investigated to provide practical tools to designers when they are manufactured
by using powder bed fusion techniques. Yet, this work can cover other AM methods.

NOMENCLATURE
AM Additive manufacturing.
C.p. The cross-plane perpendicular to y at SP.
SP Separation point.
Apin Powder cross-sectional area.
| The interval over which y defined.
I, The interval over which (2, defined.
L The cell size of a lattice.
Lot . Total strut length.
Nyoid Number of inclusions within the unit-cell.
P Any point.
R? The coefficient of determination.
r Strut radius.
7 Relative strut radius.
s The strut radius value corresponding to p;4,, for infinitesimally thin powder case.
T The strut radius value corresponding to py;,, for finite-size powder case.
7 !
Th The relative strut radius value corresponding to py;gp, i.€. rz = %
7 The strut radius value corresponding to p,,,, for finite-size powder case.
Tiump The radius corresponding to V,.
Tomin The minimum printable radius.
t Lattice type.
V, The volume of the powder particle lump.
y A space curve.
K The curvature of a curve.
k(y) Curvature of the space curve y.
p Relative density.
peorr Correction term in relative density.
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Plow The low printable relative density limit.

preat Real low printable relative density limit.

Plow The low printable relative density limit of a lattice without Z-strut.
P, The low printable relative density limit of a lattice with Z-strut.
Phigh The high printable relative density limit.

prédt Real high printable relative density limit.

Phigh The high printable relative density limit of a lattice without Z-strut.
p,’f@h The high printable relative density limit of a lattice with Z-strut.

0 Polynomial approximation to p.
02, The void volume of a unit-cell.
0, A sub-volume of 2,
a0 The surface of the cube enclosing the unit-cell.

| Euclidean distance operator.

2. MATERIAL

In this study, the unit-cell types presented here are the modified versions of well-known lattices, by
introducing Z-strut, which are depicted with cyan color in Figure 1. Bcc (Body centric cubic), Fcc (Face
centric cubic), Octahedron, Cubic are the basic unit-cells, which are depicted with violet, orange, olive,
black colors, respectively. The names of the basic unit-cells were used because of their similarities to the
respective atomic crystals. Here, the atoms in the crystals were replaced with struts connecting center points
of atoms. The other unit-cells in Figure 1 were the combinations of these basic unit-cells. But the lattices
in Figure 1 were selected in outline; this was by no means an exhaustive list. Each unit-cell was considered
to be confined within cubic space. To make lattices exhibit stronger behavior in one direction, a single strut
spanning along z-direction was appended right into the center of the unit-cell. By doing so, these lattices
gained the advantage of minimum interference to neighbors. They did not touch any edges but only two
faces of their neighbors.

y V7
, y K K
1 J\; x £ @ % @ /‘:‘i W

BeceZ FeeZ OctahedronZ CubicBeeZ CubicFeeZ BecFecZ  OctetZ  CubicBecFecZ
Figure 1. Unit-cell library

Machines are bounded in terms of precision, leading to the smallest printable radius, which in turn, leads
to the low printable density limit for strut-based lattices. Equation (2) expresses the numerical prediction
of the low printable density limit of lattice topologies in Figure 1 for powder bed fusion by Tanlak et al.
[5] as follows:

Minimize p=p(rtLrnm)
Such that 1) 0<r <L
2) vt €T | T = {BccZ, FccZ, OctahedronZ, CubicBccZ, CubicFccZ, (2)
BccFecZ, OctetZ, CubicBecFecZ}

3) L>0

4) 0<rpin<L
where p is the relative density; r is the strut radius; t is the lattice type; L is the lattice size; ry,;;, is the
minimum printable radius. T is the set of lattice types.

Equation (2) states that its objective was to find the lower printable density for a given lattice type and size,
and machine precision. The values of strut radius should be bigger than zero and should be smaller than L
(See Equation (1)). Equation (2) stated the lattice library studied. Equation (2) enforced the length of the
unit-cell to be a positive real number. Finally, machine precision was dictated to be a positive number which
is smaller than L by Equation (2).
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On the other hand, powder lump size and unit-cell size were the main factors defining the high relative
density limit. The powder in the bed, in no doubt, had a size. On top of that, due to the spatter landing to
the unintended regions or loose particles' partial sintering [18], the leftover particles could create lumps
during the process. This made their effective radius even bigger. As mentioned before, entrapment of
powder would make the mass of the structured-foam higher than that of the intended one, which was
considered to be improper.

The numerical prediction of the maximum printability density of lattice topologies in Figure 1 for powder
bed fusion was expressed mathematically by Tanlak et al. [5] as:

Maximize p= p(r, t L, rlump)
Such that 1) 0<r <L
2) vt eT | T = {BccZ, FccZ, OctahedronZ, CubicBccZ, CubicFccZ,
BcceFcecZ, OctetZ, CubicBecFecZ}

3) L>0
4) 0< Nump < L (3)
5) Nyoig = 1

6) A0 1 0 = {P EN,AN|P,y| < Tlump}
7) v:I->R3&ycn, & I=1,

8) min (ﬁ) = Tiump

Where 13, is the powder lump radius; n,,;4 is the number of inclusions within the unit-cell; 2,, is the
void volume of a unit-cell; 2 is a sub-volume of 2,,; P designates any point; y is a space curve; | is the
interval over which y defined; I,, is the interval over which ,, defined; x(y) is the curvature of the space
curve y.

Equation (3) states that its objective was to find the upper printable density for a given lattice type and size,
and machine precision. The first four constraints stated the same things in Equation (2) only with the
exception of powder lump size, 7, replaces the minimum printable radius. In order to make the intended
and the resultant volume fraction of any cellular structure the same, the unused powder should be evacuated
after printing. The lattice had to have a monolithic void volume (See the fifth constraint in Equation (3)).
At this point, one could assume that a single lattice with an independent void was printable if those
inclusions reach the boundary of the lattice. But these independent inclusions ended up to be closed cavities
trapping powder when that lattice was surrounded by others. That was why n,,,;; Was forced to be unity.
Yet, to enable the powder to pass through, the void volume had to provide enough room inside. This had
to be a single void subspace having branches as thick as powder lump at minimum. To define the mentioned
void subspace, a space curve was employed over the same interval which the unit-cell was defined over
(See Equation (6)). By constraining the minimum distance to the formulation of £, a pipe-like volume
having a thickness of 73,,,;, at least was formed throughout the interval. To ensure that the void volume
reached the boundary of the cubic envelope so that the powder could be evacuated, a sub-volume, 0,
within the void volume whose interval was the same as the interval of the void volume defined over was
forced to exist in the constraint 6 of Equation (3). The curvature of the space curve (the center-line of the
pipe-like void volume), y, matters, as a curve having a smaller radius of curvature at any point than the
powder lump radius was actually an obstacle blocking the powder' s flow. That is why it was restrained as
defined in Equation (8).

3. METHOD

Tanlak et al. [5] proposed a methodology of dividing the problem into two cases: Infinitesimal powder and
finite powder case. At first instance, the problem was taken into consideration by assuming the bed full of
infinitesimally thin powder and the printer having infinite-precision. This assumption would provide the
ideal case and it will be the pivot point to attack the problem of finite size powder and finite-precision
production.
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3.1. Infinitesimally Thin Powder & Infinite Precision Production Problem

In this scenario, the powder was assumed to be infinitesimal in comparison to the cell size and the machine
used has infinite precision. Therefore, any shape was within the printable realm. The powder could be taken
out if the void volume was monolithic and reached the boundary of the unit-cell. Hence, the cell size ceased
to be a decisive parameter for p;,,,and ppigp -

Piow (1, t), would be the smallest positive quantity, €. Thus, only pp;4,(r,t) would be calculated in this
case. Therefore, the problem stated in Equation (3) became as below:

Maximize p=p(rt,rmp = €)
Such that 1) 0<r <L
2) Vvt €T | T ={BccZ, FccZ, OctahedronZ, CubicBccZ, CubicFccZ,
BccFecZ, OctetZ, CubicBecFecZ}

3) L>0
4) Tlump =& (4)
5) Myoiq =1

6) 30 12, ={PEN,AN|P,Y| < rlump}
7 v:I->R*&yc, & I=1I,
. 1

8) min (Ty)) > e
CAD software used (the preprocessor of Abaqus) [44] can create geometric entities having an edge length
as small as 107, For this reason, & was taken to be 1075, n,,;; was an integer-valued piece-wise
function that depended on r (See Figure 2 for a typical change). In other words, after some critical value of
relative strut radius, individual void rooms began to form. In order to reach the high printable density limit,
the maximum r satisfying n,,;4 = 1 needed to be found, which was r;. To find r,, the modified bisection

method [5] is adopted.

Nyoid

nNaf-—=—=—=—=== ~——
| :
1 [
1 [
| I
1 1
1 [
1 —ﬁ :
1 1
1 [
1 1
1 [
1 1
1 [
| [ _
y — > 7
i‘f) Tp=1 1

Figure 2. Typical change of n,,;4 With respect to r of a strut-based lattice [5]
3.2. Finite Size Powder & Finite Precision Production Problem
Computation of p;,,,

Because the machine used in this case had finite precision, the minimum printable relative density would
be bigger in comparison to the infinite precision case. Calculating the relative density for the specified
machine precision was the only thing to find the low relative density for a specified case. Therefore, one
needed to plug r = r,,;,, to Equation (2). Calculating relative density based on relative radius, p = p(7),
and fitting the data to a polynomial, o, first made the calculation of p,,,, easier. Then, the low relative

density limit could be found via plugging dimensionless machine precision value, r’"L"”, to 0. In plain
mathematics, it can be as follows:
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i = 0 (F =12, 1,1) 5)

Computation of pp;n
Here, the powder had a size, the high limit of the printable relative density would be lower in comparison

to the infinitesimal powder case. To put it in another way, the printable density window of a lattice structure
would be smaller than the infinitesimal powder problem in the real world.

Powder Lump (r + ‘)g

Strut (r +¢)
Figure 3. Typical cross-sectional shape change of the void volume around a bottleneck

In infinitesimal powder and infinite precision production case, point contacts kept the void volume together
as SP because of the fact that the powder was a point. As the strut radius changed, void cross-section altered
like polygons nested within each other while keeping their orientation the same as depicted in Figure 3.
Taking courage from this fact, as Tanlak et al. [5] suggested, the critical strut radius for the infinitesimal
powder case, r, was lowered, as much as powder size, 73,,yp, to find the high printable density limits. In

. . 4 4 . .
plain mathematics, r, (Vp = Enrgmp) =1 (Vp = 57153) — Tjump- Then, one could find the maximum
printable volume fraction as follows:

i (vy=2me3 m 6
Pnigh=9(h(pL3n )_rsz) ©

To objectify the proposed methods in this work, the preprocessor of Abaqus software, was employed with
Python language.

4. THE RESEARCH FINDINGS AND DISCUSSION

Relative density of each lattice topology was plotted as a function of 7 in Figure 4. The corresponding data
was approximated via cubic polynomials to provide an easy-to-use tool for designers, whose coefficients
were tabulated in Table 1.
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Figure 4. Relative density change as a function of relative strut radius

As can be seen from Figure 4, CubicBccFccZ was on the left-hand side while BecZ was on the right-hand
side in comparison to other curves. This meant that CubicBccFccZ was the quickest at reaching high-
density values while BccZ was the slowest. One moment of consideration would reveal that those having
more struts within, were the ones reaching full density quicker. For very low relative radius values, the
volume fraction followed almost quadratic relation, i.e. p =~ L%, 72. However, this trend could not be
sustained because of the merging of the struts. That is why the curves exhibited saturation as their relative
radius increased. Yet, those on the left-hand side would need thinner struts to reach the same volume
fraction. This creates printability issues for the lattice having more struts for low volume fractions because
of inadequate machine precision.

Table 1. Coefficients of the polynomials, o, approximating to p until printable relative density

Unit-cell F3 72 R?

BccZ -47.01 24.40 0.999
Fccz -61.11 29.89 0.999
OctahedronZ -74.27 29.83 0.999
CubicBccZ -79.19 34.34 0.999
CubicFccZ -97.29 39.22 0.999
BccFeccZ -147.70 51.26 0.999
OctetZ -166.99 56.49 0.999
CubicBccFccz -185.79 60.89 0.999

4.1. Infinitesimally Thin Powder & Infinite Precision Machine Production Problem

The high relative density and the corresponding critical relative radius values are provided in Table 2.
OctahedronZ was the one having the lowest py;4, While BeceZ had the highest py; 4, as occurred in
Octahedron lattice reported by Tanlak et al. [5]. The high relative density limit of lattice topologies studied
here showed an increase except for OctahedronZ and OctetZ. But the differences were dim.

Table 2. The high relative density and the corresponding critical relative radius

Unit-cell Phigh s 7 Phigh Unit-cell
BccZ 0.9906 0.3553 0.3553 0.9886 Bcc

Fccz 0.9702 0.2706 0.2887 0.9073 Fcc
OctahedronZ 0.5703 0.1913 0.2024 0.5849 Octahedron
CubicBccZ 0.9264 0.2588 0.2588 0.8902 CubicBcc
CubicFccZ 0.8181 0.2071 0.2071 0.7365 CubicFcc
BccFecZ 0.9069 0.2142 0.2142 0.9065 BccFcc
OctetZ 0.8969 0.1913 0.2041 0.9073 Octet
CubicBccFecz 0.9673 0.2071 0.2071 0.9660 CubicBccFcc
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For all lattice topologies, CAD models of void and solid volumes are shown as isolated from each other as
well as in assembled form for pp;,, in Table 3. As can be seen from the table, the void volume (depicted
as blue in Table 3) gets so thin that it keeps its contact with its rest with a point contact. Those points are
named as separation points (SP) in this article. SP's of BccZ, CubicFccZ, CubicBccFccZ were on the faces
of the cubic enclosing envelope while SP's were inside for the rest. In Table 3, it is hard to see that the void
volumes of CubicFccZ and CubicBccFccZ reach their boundary when the respective void and solid volumes
are assembled. However, one moment look at the isolated void volumes of CubicFccZ and CubicBccFccZ
in Table 3 will reveal that the void volumes maintain their point connection with their boundary, which is
the sufficient condition for evacuating the infinitesimal powder out.

Table 3. CAD models of void and solid volumes of unit-cells when they reach their respective py;,4p

Void Volume Assembly Solid Volume
Y Y Y Y
v ‘l‘ " 1—!- X v ‘l‘ 3 1—- X v A %
t*j
) g % é . .
OctahedronZ . . °
CubicBccZ : . .
CubicFccz . .
BccFecZ ! E . .
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OctetZ

CubicBccFecz

4.2. Finite Size Powder & Finite Precision Machine Production Problem

Unlike the previous case, here we were subjected to machine precision and the powder size; ergo, there
would be a lower as well as a high printable limit. In order to give an example, the lattices in range of 1-20
mm (L), were assumed to be printed by using powder of  7,,,,, = 0.12 mm in an additive manufacturing
machine having of r,,;, = 0.2 mm. The results of that case are plotted in Figure 5. As the cell size increased
(L), while all other factors remained the same, the printable range got closer to the infinitesimal case. When
cell size decreased, the high and low limit curves of each unit-cell drew near to each other. In other words,
the range of printable density got narrower, till the two curves intersected, which, in turn, meant that solely
one density value was printable. From that point on, any unit-cell value was not printable. Smallest lattice
in length and their corresponding relative density varied based on the lattice type. Among all the lattice
types studied, the smallest in length to be printable was BccZ with 0.9 mm in length and the relative density
of 0.69. Although the number of struts in BcecZ and OctahedronZ were the same, BeeZ had the widest
printable density window while OctahedronZ had the narrowest. This was because of the unit-cell topology.

""""" @
0.8 |
A BocZ Low
Ay BocZ High
=5 FocZ Low
<% FccZ High
0.6 B8 Octahedron? Low
&5 OclahedronZ High
S~ CubicBecZ L

B CubicBceZ High
CubicFecZ Low
CubicFecZ High
BeeFeeZ Low
BecFeez High
OctetZ Low
Octetz High

CubicBecFecZ Low
CubicBeeFeeZ High

Relative Density, p

&

I I
0n 25 50 7.5 10.0 125 15.0 17.5 200

Cell Size [mm], L
Figure 5. Lower and higher printable density limits for 7,,;, = 0.2 mm and 7, = 0.12 mmasa

function of cell size

Since the combination of machine precision, powder size, unit-cell size was endless, it was necessary to
build a dimensionless plot enabling to find the corresponding printability limits for any combination of

Timp, Tmin @nd L. In Figure 6, such a plot was provided, in which r“‘% and rmf were put on abscissa
together. But they were mutually independent of each other. The relative density values in Figure 6, were
cut-off at the corresponding pp,;4, Of each unit-cell. When T’”T‘” value got bigger, it may have meant that
either a smaller lattice was printed by the same machine or the same lattice was printed by another machine

having coarser precision. On the other hand, when T“‘% value got bigger, it may have meant that either
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printing a smaller lattice by using the same powder size or printing the same lattice by another coarser
powder.

1.0
0.973
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Ay BecZ high
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Figure 6. Printable density limits of lattice topologies in terms of dimensionless variables

In order to clarify how to use Figure 6, the printable window was found using L = 5 mm, 7y, = 0.2
mm, and  7ymp = 0.11 mm for BeeZ lattice. The resultant range is [0.037, 0.973]. The corresponding

values are marked in Figure 6 by red and blue dash-dots, respectively. The smaller the values of Tm% and

Tlump

r“‘%, the bigger the printable density windows. When T"‘T’” and —=* get bigger, these two limits draw

closer. Inevitably, the two values will be the same. This means that only one relative density is possible to
print. In other words, the low printable density limit cannot be bigger than the high one. If one finds that

value for a particular case, it is safe to say that all other smaller values of T’”T"‘ or T“‘% for a constant value
of the other are safe to print. However, the number of cases is endless and T’”T’" and r“‘% are mutually
independent. One moment look would reveal that the low and the high relative density limits are mutually
mirror-symmetric around %’IL . Therefore, there will be lines regarding each lattice type. Based on Figure 6,

one could deduce that there was a relationship for the high and low limits curves like below

L L L

Tmin _ Th _ Tlump ()

Equation (7) also states that the higher and the lower printable density limits were mutually mirror-
symmetric around %" Based on Equation (7), Figure 7 was created. This equation (also Figure 7) provides

Tlump

T’"T”‘for a given value of where only one relative density is possible to print. Likewise, it provides

L
r“‘% for a given value of rm% So, any value smaller than the resultant is printable while the plugged
value is constant. In order to clarify how to use Figure 7, the printable rmT""was found using L = 5 mm,

Tiump = 0.11 mm for BeeZ lattice. The resultant range is [0, 0.333]. The corresponding values are marked
in Figure 7 by green dash-dots.
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Figure 7. Printable zone regardless of relative density

4.3. Comparison of Lattice Topologies with and without Z-Strut

Lattices having fewer struts were advantageous at reaching low relative density because they needed thicker
struts to reach the same density. This trend can be seen in Figures 5 and 6. Therefore, it means that they did
not need a machine having finer precision. In order to clarify how much adding a Z-strut increased the low
limit, a dimensionless plot stating the lower relative density difference between the lattices with (p}%,) and
without Z-strut (pj,.,) Was generated in Figure 8. The relative machine precision values in Figure 8 were
cut-off at the corresponding pp,; 4, Of each unit-cell. Otherwise, the curves would end at zero. According to
Figure 8, the low limit increased except for the machine having infinitely small precision. The degree of
that increase changed along with “.
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Figure 8. The difference between the lower printable density limits of lattice topologies with and without
Z-strut in terms of the relative machine precision

On the other side of the coin, lattices having more struts were advantageous at reaching high relative density
because they needed thinner struts to reach the same density. Therefore, this meant that there was more
room for the powder to be evacuated. In order to clarify how much adding a Z-strut increased the high limit,
a dimensionless plot stating the high relative density difference between the lattices with and without Z-
strut was generated in Figure 9. The relative powder lump values in Figure 9 were cut-off at the
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corresponding pp; 4, Of each unit-cell. Otherwise, the curves would start from zero. According to Figure 9,

. e . . T
the high limit increased. The degree of that increase changed along with —=£.
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Figure 9. The difference between the higher printable density limits of lattice topologies with and without
Z-strut in terms of the relative powder lump size

The results showed that introducing Z-strut into the unit-cell shifted both the low and high printable limits
upward because the number of struts increased. As the low and the high relative density limits are mutually

!
mirror-symmetric around %’1 in Equation (7) (see Figure 6 also), so are pi%, — pi,, and p,’ffgh — Phigh-

Yet, pie, — Plow and pi7, — pikign did not have monotonic values. Rather, they varied along with T"‘T‘”

and r“‘% respectively. This is because their topologies changed, so did their relative density per relative

strut radius. Inevitably, the difference would be zero for null and full relative densities. But the interim

values would be positive. That is why one sees pi%, — pi,, and p,’ffgh — Phign CUrves having concave

shapes.
4.4. Other Parameters Affecting the Printability

Apart from the parameters affecting the printability which were studied here, strut inclination was a decisive
parameter for the printable thickness of a strut [12, 16, 17, 19, 20, 45, 46], which could be found by
experiments. But strut inclinations’ effect could be treated by artificially worsening the machine precision
to find p;,,,. Strutinclination also affected the printable length of a strut. The most severe case was, in no
doubt, when a strut was oriented horizontally. Struts of 3 mm in length had been reported as printable by
Mazur et al. [17] with SLM. The advancement of technology may improve this limitation. The readers are
encouraged to check current state-of-the-art values from the literature before using Figure 6.

Powder adhesion is another problem that needs to be accounted for. Powder lump size can be assumed
bigger than its real value. The correction factor should be determined for every material and production
method separately. For example, Zhang et al. [22] recommended 3 times bigger lump size. Therefore, a
further study focusing on other manufacturing parameters is recommended. This study presented practical
estimations for the printable density limits based on powder lump size and machine precision though. As
explained in Equation (8), a correction term may be needed

real corr

Piow = Plow t Plow = Plow T+ Teorr) (8)
I _ _ _
P}rlf;h = Phigh — Pﬁfl,ﬂ = phigh(r — Teorr)-
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In order to produce structured-foams with high precision, it is paramount to adopt optimal processing
parameters. Hence, finding optimized parameters for each unit-cell will make the range of printable density
closer to those discovered in this research.

Lastly, to find the printable density thresholds of the lattices whose struts having cross-sections other than
the circular one, this approach can be used by taking r as the radius of the circumscribing circle of that
cross-section. However, this approach may behave conservatively for the relative density thresholds.

5. CONCLUSION

In this research, direction-wise stretch-dominated strut-based lattice structures were investigated in terms
of printable relative volume fraction limits. The printable volume fraction range was mainly controlled by
unit-cell size, size of powder lump, and machine precision. The printable density window grew and
approached to infinitesimal powder assumption when cell size got bigger while all other parameters
remained the same. Contrarily, the printable range narrowed when the machine precision worsened and the
powder lump size increased, c. p.

Among the lattice types studied, the printable density window of OctahedronZ fell far behind the other unit-
cell topologies on the high printable limit while BccZ had the biggest window. This pattern was the same
as the lattices without Z-struts. Yet the lattices studied here reached higher relative density values, which
indicates that these lattice topologies have the advantage of stiffness as well as high relative density limit
over the ones without Z-strut. However, their low printable density limit worsened. This meant that the
printable density window shifted upward.

Easy-to-use graphs and polynomials for relative density and a nondimensionalized plot to find the printable
density window for lattice topologies and size, lump size, and the machine precision were created for the
use of designers. To that end, either a software module can be created to check the printability of the lattice
design or they can be integrated into a design tool for the user to create a printable lattice structure in the
first place.

Further studies focusing on the other process parameters to reach better approximations to the limits are
required even though the limits were found, in this work, by accounting two parameters. The real printable
density is expected to be closer to the ones found in this study if compensated values for the machine
precision and the powder lump are not provided. Advancement in the technology and/or using the best
process parameters for the production will make the printable density window closer to the ones provided
in this work. Accordingly, this paper is the basis point for further investigations.
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