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Abstract

Additive manufacture (AM) enables the fabrication of highly efficient lattice structures. However, the mathematical efficiency of
characterising AM lattice geometry can be poor, potentially restricting the commercial application of AM lattice structures. This
research quantifies the effect of the polygon order used to characterise the geometric resolution of lattice strut elements on the
associated manufacturability and geometric qualities of the manufactured lattice. The effect of these design parameters on
manufactured quality is experimentally determined for aluminium and titanium specimens fabricated by selective laser melting
(SLM), although the method can be generally applied to any AM technology. This research finds that geometric thresholds exist,
below which additional geometric resolution does not result in increased part quality. These thresholds are a function of material,
lattice inclination angle, cross-sectional area and the polynomial order used to represent the cross section. These findings enable
significantly reduced computational cost in managing AM lattice structures, and can be directly integrated with algorithmic
methods for the optimisation of AM lattice structures.

Keywords Selective laser melting (SLM) - Electron beam melting (EBM) - Lattice - Design for additive manufacture -
Stereolithographic (STL) file format

1 Introduction * High-value aerospace applications with robust engineer-
ing properties. For example, Sexton et al. [27] demonstrat-
ed laser cladding of aerospace components, including tur-
bine blades with Rene and Inconel nickel-based superal-
loys. Brandt et al. [4] present a procedure for topology
optimisation integrated with MAM technical requirements

Additive manufacture (AM) enables the design of innovative
and low-cost components that are infeasible by traditional
manufacturing methods [35]. In particular, metal additive
manufacture (MAM) enables the fabrication of complex lat-
tice structures with unique engineering properties that provide such that high-value aerospace components are designed
commercial advantage [8], in numerous industry sectors in a systematic manner.

including: » Patient-specific implant manufacture. For example,
Vandenbroucke and Kruth [31] initially characterised the
mechanical properties and biocompatibility for Ti6Al4V
and CoCrMo fabricated by selective laser melting (SLM).
Since this initial work, extensive research has been con-
ducted on the topological optimisation of implant geome-
tries to mimic the properties of bone tissue [32]. Shidid
et al. [28] present a computationally autonomous just-in-
time (JIT) method to algorithmically generate an implant
topology for SLM-fabricated lattice structures that is con-
formal to the surgical resection with mechanical properties
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that are statistically indistinguishable from the parent
bone.
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Despite the associated commercial opportunities, the geo-
metric definition of MAM lattice structures is potentially com-
plex. For example, McMillan et al. [24, 25] report that data
management and computational processing costs are poten-
tially very high, thereby restricting the commercial application
of AM technologies.

This research proposes a novel strategy for the digital rep-
resentation of lattice geometries, whereby strut elements are
represented by a polygonal prism. This representation is fun-
damentally efficient in comparison with equivalent stereolith-
ographic (STL) data generated directly from CAD tools.
Furthermore, the method allows direct control of the associat-
ed polygon order for each strut element. This research
hypothesises that polygon order can be intentionally set at a
lower level than may otherwise be used, according to the
scenario, without compromising lattice manufacturing dimen-
sional precision.

To assess this hypothesis, lattice strut elements are fabricat-
ed with permutations of relevant design parameters, including
strut diameter, angle of inclination to the powder bed, polygon
order and material type. For these specimens, the circularity of
manufactured specimens is assessed according to their
isoperimetric quotient and effective diameter. Regression
analysis identifies the causality of the design variables on
the dependant variables of interest.

This initial research characterises the effects of lattice de-
sign and polygon order on the geometric quality of
manufactured strut elements. This outcome potentially allows
AM data file size reduction without compromising build qual-
ity, thereby enabling decreased AM lattice processing time
and computational costs.

2 Additive manufacture

AM refers to fabrication by the sequential addition of unit
materials [35] based on some digital representation of the
intended specimen geometry and supporting structure [34].
According to ISO/ASTM [13], AM is a process of “additive
shaping” which is fundamentally different from “subtractive
shaping” methods (milling, turning, drilling etc.), as it relies
on the addition of material as opposed to the subtraction of
material from a workpiece. This novelty provides commercial
and technical opportunities, including the fabrication of highly
complex structures that are technically infeasible with tradi-
tional methods [3]; mass-customised design and product de-
sign [31]; reduced environmental impact of manufacture [7];
and increased design complexity [10].

2.1 Metal additive manufacture

Metal additive manufacturing (MAM) is a category of
AM that uses metallic input materials [2]. Powder bed
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fusion (PBF) is a classification of MAM processes where-
by a discrete powder layer is deposited on a bed and then
selectively fused by a travelling heat source [5], typically
a laser or electron beam, and shielded from oxidisation by
a vacuum or inert gas [19]. The powder bed then descends
by a finite distance, such that geometry is iteratively gen-
erated [11].

Commercial PBF systems are technically refined and
can achieve high geometric resolution, with useful pro-
duction rates, part density approaching 100% and robust
mechanical properties [8]. Process optimisation studies
enable clear understanding of robust operating input pa-
rameters, for example as reported by Promoppatum et al.
[26] for direct metal laser sintering (DMLS) process ap-
plied to titanium (Ti-6Al-4V). The technical maturity of
PBF systems enables significant innovation in engineer-
ing design. For example, the design and fabrication of
dental and implant structures with patient-specific geom-
etry [9]; complex lattice structures with exceptional engi-
neering properties [20]; implant structures that are
functionalised with bioactive compounds [30] and confor-
mal cooling structures within H13 tool steel mold inserts
[20] that demonstrate an improvement in thermal
efficiency [23].

2.2 PBF manufacturing defects

Despite its inherent economic and technical advantages, PBF
is associated with several specific defect types. Specific de-
fects of relevance to this research are (Fig. 1) stairstepping,
slumping, partially adhered particles and solidification errors
[9].

Stairstepping is inherent to the PBF process and occurs due
to the discretisation of continuous input data to a series of
sequential layers [16]. Stairstepping only occurs in geometries
which are inclined relative to the powder bed. It is exacerbated
for large layer thickness and when geometry is acute to the
build platform [18]. Methods for characterising the effects of
stairstepping for AM systems are presented by Ahn et al. [1]
and applied for SLM by Strano et al. [29].

The PBF process locally fuses geometry with a high-
intensity heat source such as a laser or electron beam. This
heat source generates a local melt pool by the interaction of
multiple, transient physical phenomena [25]. Melt pool dy-
namics and solidification is challenging to predict numerically
[8]; however, experimental observation indicates a number of
PBF defects in relation to melt-pool solidification, including
slumping, bulk distortion, balling and partially attached pow-
der particles [26].

The solidifying melt pool is supported by previously fused
material and the underlying powder bed. Heat transfer from
the melt pool to the powder bed causes local heating. When
heating is sufficient to locally melt powder, the bulk melt pool
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Fig. 1T Manufacturing defects associated with PBF processes. (a) The
stairstepping effect (i). (b) Partially melted particles (ii). (c) Slumping
(iii) and distortion of molten zone (iv)

distorts towards the powder bed; this phenomenon is known
as slumping. When heating is sufficient to partially melt pow-
der particles, these particles become fused to the bulk geom-
etry, but are physically and microstructurally distinct. On up-
ward facing surfaces, partially melted particles typically occur
on the layer boundary, whereas on lower faces, these occur at
all locations. Thermal diffusivity (/) is a measure for how
readily thermal energy will propagate through a medium
(Eq. 1). For materials with large thermal diffusivity, the melt
pool tends to expand spherically, reducing the ability for the
PBF process to correctly represent the intended geometry.

k
s W

where k is thermal conductivity, p is density and C,, is specific
heat.

2.3 Powder materials

Metal powder is produced by a range of methods, resulting in
powder with a stochastic distribution of spheroidicity and
mean diameter. This distribution is often reported by the ex-
perimentally derived distribution of mean diameter and by the
diameter that represents the 10" (Dv10), 50™ (Dv50) and 90"
percentiles (Dv90), as well as the surface area moment mean
D[3,2] and volume/mass moment mean D[4,3]. The particle
size distributions for the materials used in this research are
presented in Fig 2.

Relevant data for the materials used in this research are
presented in Table 1, including thermal conductivity, density,
specific heat and the associated thermal diffusivity.

3 AM data management

Additive manufacture is fundamentally based on a digital repre-
sentation of the intended geometry [10]. This digital input is
typically based on the STL format which represents volumetric
geometry with a finite number of triangular facets [17]. The
discrete representation of the STL format potentially introduces
geometric error and provides poor storage efficiency [12]. This
efficiency is especially poor for AM lattice structures due to the
large number of strut sections with high aspect ratio [33].

Due to the inefficiency of the STL format, alternate digital rep-
resentations are being developed. These alternates include the ISO
developed, open-source additive manufacturing format (AMF)
[14]. Whether the AM digital input data is based on traditional
STL or enhanced methods, this research provides a method for
enabling the input data to be matched to manufactured geometry.

Table 1 Powder morphology, thermal properties and MAM process
parameters for materials considered in this work. Thermal properties are
representative values reported for solid material at room temperature

Material Ti6Al4V AlSil0Mg
Powder size distribution Dv10 (um) 489 32.7
Dv50 (um) 73.3 49.5
Dv90 (pum) 110 71.9
D[3,2] (um) 70.0 42.2
D[4,3] (um) 76.9 50.6
Histogram of volume density Fig. 2
Thermal conductivity, k£ (W/K) 7.2 140
Density, p (kg/m®) 4471 2680
Specific heat, C, (J/kgK) 562 900
Thermal diffusivity, / (x 10~ m?/s) 29 58
Layer thickness (pm) 30 50
Focal offset (um) 0 2
Laser power (W) 175 350
Energy density (J/mm?®) 68.5 40

@ Springer



2504 Int J Adv Manuf Technol (2019) 105:2501-2511

[y
00

Fig. 2 Histogram of volume |

density versus particle size for Mt
Ti6AI4V and AlSi10Mg 16 Kiliic N |
14 ) \\/ |
\| [
> | / \ \ ‘ —Ti6AI4V
B il \ A ‘ AISi10M
= 1 - i g
L 10 1 ! \ |
(=] | | \ T
o p | | ‘
£ . LA
3 1
2 TR
X

I
] \

’ /’/ 7\\ ‘ \\\

0 pansNaNNY4 b |
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Size [um]

4 Design of experiments 4.1 Isoperimetric quotient and statistical analysis

Circularity can be defined by various metrics depending on
the specific engineering requirements. For form and fit appli-
cations, circularity may be defined by the difference between
the diameter of inscribed and circumscribing circles [15].
Alternately, circularity may be defined as the isoperimetric
quotient (Q,) the ratio of the area of a closed curve (A,) to
the area of a circle (A,) with equal perimeter (p) to the closed
curve (Eq. 4) [6]. Where the radius of a circle with a perimeter

This research hypothesises that the circularity of PBF
manufactured lattice struts is dependent on material, cross-
sectional geometry, diameter and inclination of the strut
centreline to the powder bed. The following experimental de-
sign of experiments (DOE) is established to assess this hy-
pothesis. This section is split into 3 subsections; the first sub-
section covers the chosen method for measuring circularity,
the isoperimetric quotient and applied statistical methods. The
second subsection details the cross-sectional geometries used  equal to the closed curve’s (7, is:

to compare circularity. The third subsection details part design

for analysis of cross sections and their subsequent computed rp = a (2)
microtomography (uCT). 2
— P . i "E" 0.8
a b. c d.
0.6
P 3 4 8 o
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= V3 VA (2(1+ x/E))
As) ?52 s? (2 + 2V2)s? ~ 0.2
- 2 1
m’ | Gaee) 0 2 4 6 8 10 12 14 16 18 20
P

Fig. 3 Polygons and associated polygon order (P) used in this research,
including relationships for side length (s) cross-sectional area (A.) and
effective diameter of equal circular area (D.g) a. triangle, b. square, c.
octogon, d. circle

Fig. 4 Isoperimetric quotient () of polygons of order P. Dashed line
indicates Q for P — 0. Polygons applied in this work are identified

(Fig. 3)
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Fig. 5 (a) Experimental array of lattice strut elements according to specified independent (Table 2). (b) Tessellated experimental array of lattice strut
elements. (c) Schematic of circular cross section versus other polygon order sections

And the radius of a circle with an equivalent area to the
curve (r,) is:

A
re = FC (3)

The isoperimetric quotient can then be written in terms of
the closed curve’s area (A.) to its perimeter (p) as:

A,
_\mw/)  AmA.

A, 1t
o-fe_ri_ @
b oo (B P

The effective diameter (D.g) is defined as the diameter of a
circle that has equal area to that of the closed curve in question
and is given as

Dy = 2\/§ (5)

4.2 Polygon order

The polygon order (P) describes the number of equally spaced
linear segments, used to generate the cross-sectional geometry

Table 2 Design parameters. Polygon order P = 3 is assessed in
downward and upward configurations
Material Angle (o)  Nominal diameter ~ Polynomial order (P)
(Dnom) [mm]
AlSilOMg  35° 2.0 o0
Ti6Al4V 45° 1.0 8
90° 0.5 4
0.2 3up
3dn

to be manufactured. Three polygon orders were analysed (P =
3,4,8) to compare with the reference circular geometry (P —
o0), and are displayed in Fig. 3. Manipulation of the polygon
arc length (s) allows the area of the polygon to be maintained
to that of a reference circle with a specified nominal diameter
(Drom)- As P increases, the isoperimetric quotient tends to-
wards that of a perfect circle (i.e. as P—o0, Q—1.0) as shown
in Fig. 4.

4.3 Lattice strut experimental array and data
obtainment

A physical lattice element structure was designed (Fig. 5) to
enable a relevant experimental DOE to be established for in-
dependent variables: nominal strut diameter (D,,o,); strut
centreline inclination angle («) and polygon order (P)
(Table 2). For this initial study, inclination angles useful for
the design of lattice structures were selected, specifically, o =
90°, 45°, and 35° are specified for vertical support, face
centred and body centred structures, respectively [21, 22].
Lattice strut elements were oriented such that a symmetry
plane, defined by the strut axis and side face normal, was
oriented to align with the powder bed. For the case of trian-
gular cross section (P = 3), the two orientations which meet
this requirement, identified as downward (P = 34,) and
upward (P = 3,;,), were included (Fig. 5).

A total of 120 permutations of DOE variables were fabri-
cated with SLM using the process parameters of Table 1.
Computed microtomography (LCT) was used to acquire geo-
metrical data of as-manufactured specimens. The uCT was
performed to a voxel size of 8 pum, enabling qualitative and
quantitative inspection of the effect of DOE variables on lat-
tice strut geometry. Custom scripts were developed to process
pCT data into individual slices, perpendicular to the strut in-
clination axis, and to extract the associated isoperimetric
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Fig. 6 Fabricated lattice strut experimental array showing various build
inclination angles (a) as well as the upwards and downwards facing
triangular cross sections (P = 34, and P = 3, respectively)

quotient and effective diameter. In this research, the effective
diameter and the isoperimetric quotient provide useful single-
value objective functions. Multiple regression analysis was
conducted to study the contribution of geometric parameters:
polygon order (P), inclination (o) and nominal diameter
(Drom) on dependant variables of interest: isoperimetric quo-
tient (Q) and effective diameter (Deg).

5 Results

Qualitative and quantitative observations for the
manufactured specimens are summarised in the following sec-
tions. The results section is split into 5 subsections with the
first an overview of the uCT scan reconstructions. The second

AlSiloMg Ti6Al4V
q 2
o
1
§ b.
(o]
‘% - 2m

o
- b.
]
£
2
[a) o

- ww o 2MM - 2MM

Fig. 7 pCT image of aluminium and titanium strut specimens for
polygon order, P = 4 and nominal diameter (Dy,op,,) 1 mm and 3 mm. (a)
Pore defects. (b) Adhered particles. (c) Rounding of intended geometry.
For a given nominal diameter, Al1Si10Mg has higher circularity than
Ti6Al4V
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Fig.8 pnCTof Ti6Al4V strut specimens manufactured at an orientation of
« = 35°, and nominal diameter, Dy, = 3 for various polygon order (P).
All specimens show increased roughness on faces with downward facing
surfaces (a)

and third subsections display the qualitative and quantitative
analysis of strut circularity, respectively. The final two subsec-
tions display results from the multiple regression analysis with
each subsections focusing on the different materials. Fig. 6
displays a fabricated lattice strut experimental array.

Polygon Order

Nominal Diameter

0.5

Fig. 9 AIlSi10Mg cross sections for o = 90°
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Fig. 10 AIlSi10Mg cross sections for a = 45°
5.1 pCT scan results

Both aluminium and titanium materials show adhered parti-
cles and rounding of the intended geometry, especially with
reducing diameter (Fig. 7). However, it is apparent that alu-
minium displays a significantly greater tendency to introduce
error in following square edges.

For all materials, diameter and polygon order, the effect of
inclination angle is to increase roughness on downward facing
surfaces. The effect is more pronounced for more acute incli-
nation and for larger diameter specimens (Fig. 8).

5.2 Qualitative observations of circularity

The developed custom script was used to extract cross-
sectional images from puCT data (Figs. 9, 10, 11, 12, 13 and
14). In general, the cross-sectional images display a visual
increase in circularity for increasing polygon order, in both
aluminium and titanium struts. However, below nominal di-
ameters of 1 mm (Do, < 1 mm), this statement does not hold
true for aluminium, with cross sections becoming largely cir-
cular in shape for all polygon orders. For titanium struts, the
level of circularity for polygon orders: 3, 4 and 8 is lower than
that of aluminium sections with equal polygon order and

Polygon Order
50 | 3w | |

Nominal Diameter

oPp VL

e v A
(AN K E
000
0000

o
S

Fig. 12 Ti6Al4V cross sections for av = 90°

nominal diameter. In general, although circularity of these
specimens increases with decreasing nominal diameter,
Ti6Al4V cross sections retain evidence of their polygon order
for P < 4. For both materials, the specimen-cross section
skews in the direction of the powder bed with increasing in-
clination angle.

5.3 Quantitative observations of circularity

The isoperimetric quotient (Q) and effective diameter (Deg)
were extracted from the cross-sectional images using the cus-
tom developed script. Figures 15, 16, 17, 18, 19 and 20 graph-
ically summarise pertinent attributes of this data. Fig. 15 dis-
plays a varying isoperimetric quotient (Q) for different nom-
inal diameters (Dyon,). In general, higher polygon order geom-
etries display higher (O, indicating a more circular cross sec-
tion. As D, decreases, O tends to increase, i.e. for Doy =
3.0, min(Q) = 0.3, but for Dyoy, = 0.5, min(Q) = 0.6. The
variation in O within groups of P appears to increase with
an increasing D,,,. A variation in effective diameter (D.g) is
observed for these manufactured specimens (Fig. 16).

Polygon Order
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3dn
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V44
"XX3 I
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Fig. 11 AlISi10Mg cross sections for o = 35°

Fig. 13 Ti6Al4V cross sections for o = 45°
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Fig. 14 Ti6Al4V cross sections for av = 35°

The diameter ratio (D g/Dnom), Where Deg is the mean
D.gr, provides greater insight into the effect of material
and D, o on the strut effective diameter (D) (Figs. 17
and 18). As D, tends to zero, D.g generally increases
according to the limiting minimum feature size achievable
with the specific process parameters and materials. From
the evaluated DOE, it is apparent that there are conditions
in which a D .¢/Dyom Will result in a value of 1 (effective
diameter equals nominal diameter). This outcome sug-
gests that smart geometric design can lead to a fabricated
strut cross section equal to that of the intended cross sec-
tion for any value of Dy om-

The effect of triangle orientation, nominal diameter and
material upon effective diameter (D.gr) is assessed in
Figs. 19 and 20. It is apparent that D /Do, tends to increase
for reducing value of D,,,, except for vertical triangular
AlSilOMg struts with nominal diameter of 0.5 mm. These
triangular struts exhibit a D o4/Dpom ratio less than 0.7, sug-
gesting these struts are undersized. A broadened DOE is re-
quired to ascertain whether any significant effects can be
assigned to triangle orientation.

0.9
< 08
g o7
[}
Z O P=g
O 06 -
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.- ™ =
= 04 O P=34un
O 041 P=co
Zoo03f
&
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0 i o i )

0.5 1 1.5 2 25 3

D?ION]

Fig. 15 Isoperimetric quotient (Q) versus nominal diameter (Dy,om)
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Fig. 16 Isoperimetric quotient (Q) versus effective diameter (D)
5.4 Regression analysis—titanium Ti6Al4V

Observations from multiple regression analysis found that in
general as strut diameter decreases, the circularity of all inves-
tigated polygons increases. This relationship confirms the ex-
istence of a threshold, below which a low polygon order ge-
ometry can represent lattice strut geometries without error. For
fabricated triangular cross sections (P = 3), the polygon ori-
entation influences associated roughness and circularity, with
downward facing triangles (P = 34,), having lower roughness.
The fabricated struts material type also influenced circularity
and error in target diameter (D), With aluminium having
greater associated error than titanium.

For Ti6Al4V, the relationship between the isoperimetric
quotient and independent geometric variables is assessed by
the stepwise regression method. By including independent
variables, plus products of these variables and squared terms,
it results in a predictive equation for isoperimetric quotient
(Orisansy), with correlation coefficient (R* = 0.847) (Eq. 6).

13

e + P=3,,,n(2=35°)
o P=3,, (a=45°)
142’ A F’=3down(“=90e)
+ P=3up(n=35°)
g 1'15L 0 P=3 (a=45°)
& : A P=3 (a=90°)
~ 1.1 A +  P=4(a=35°)
g A o =, =45°
Sl  Eee
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0.9 : . : : .
0.5 1 15 2 25 3

DYH)UI

Fig. 17 Diameter ratio, D .4/Dyom for Ti6Al4V. Dashed line indicates D
ot/ Dnom = 1.0. Marker colour indicates P, shape indicates «
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D /Dyom = 1.0. Marker colour indicates P, shape indicates

For this predictive equation, the contributions of indepen-
dent variables to R? are polygon order, 76%; nominal diame-
ter, 17%; and inclination angle, 4%. This insight enables the
reduced order predictive equation with fewer variables, while
achieving R* = 0.695 (Eq. 7).

Qisany = 0.3645 + 0.10824P+0.006319a—0.15858 Dnom
~0.007544P*~0.000040 & + 0.02281 Do
—0.000068P + 0.011209PDyom
~0.000201Dpom, RZ=0.847 (6)

Qricaisv = 0.03292P-0.02732D + 0.64035, R* = 0.695 (7)

Similarly, a predictive equation can be developed for effec-
tive diameter (Detrisalav), With correlation coefficient

13¢
N
1'25A
¢
1.2 -
} [0] + P=3down(n=35)
$ 115 © P=3goun(o=45")
3 Ao P=3, . (a=90°)
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< 1.1 - .
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DI'{)IH
Fig. 19 Ti6Al4V triangle. Dashed line indicates D og/Dpom = 1.0

(R* = 0.999) (Eq. 8). In this scenario, the contributions of
independent variables to R? are P, 0.098%; Dyom> 99.85%;
and «, 0.029%; this allows a reduced order predictive equa-
tion with R? = 0.998 (Eq. 9).

Dett Tisaiav = 0.12195-0.00128P + 0.92240Dpom
—0.000802a—0.000802P* 4 0.011537Dyom>
~0.002100PDyom + 0.000056Pox
~0.000078Dnomar, RZ = 0.999 (8)

Deft Tisaiav = 0.1079 + 0.9450Dpom, R? = 0.9983 (9)

5.5 Regression analysis—aluminium AlSi10Mg

By similar methods as those applied to titanium struts, regres-

sion relationships are identified for Qaisitomg (Eq. 10), with

R*=0.728, and contributions to R*: Dyom, 46% and o, 27.5%;

P, 16.5%, allowing a reduced order predictor with R>=0.554

(Eq. 11).

QAlSilOMg: 0.4876 + 0.01247P + 0.01739—0.3954Dnom
—0.001 70()P2—().0()0]28oz2 + 0.04386Dn0m2
—=0.000066P + 0.016759PDy,om

+0.001267Dnom, R = 0.728.

(10)

Quisitomg = 0.6433 + 0.016741P—0.08487Dnom
40.002817c, R? = 0.554 (11)

Regression for Deg aisitome (Eq. 12) provides R* =0.994,
with contributions to R%: Dpoms> 99.05% and o, 0.71%; P,
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0.12%, allowing a reduced order predictor or Degr alsiiomg
with R* = 0.984 (Eq. 13).

Deft aisitovg = 0.5135 +0.09911P + 1.0242Dnom
—0.021410-0.008193P*~0.02312Dnom>
40.00010°—0.006866PDpom+0.00014P
+0.000614Dpomar, R* = 0.994 (12)

Dest atsitomg = 0.1344 + 0.9382Dy0m, R* = 0.984 (13)

Regression analysis of the experimental DOE provides
insight into the causality of geometric lattice parameters
for materials of interest. Particularly, that robust correla-
tion can be obtained for titanium Ti6Al4V (R2 = 0.847)
and aluminium AISilOMg (R? = 0.728) with the indepen-
dent variables selected for this work. The causality of
independent variables are dependent on material selection;
for titanium, polygon order (P) is dominant for predicting
the isoperimetric quotient, for aluminium, nominal diam-
eter (Dyom) 18 dominant.

6 Concluding remarks

Additive manufacture enables the fabrication of innovative
lattice structures; however, the commercialisation of these
structures is potentially limited by the efficiency of
characterising AM lattice geometry. This research responds
to the hypothesis that the circularity of AM lattice structures
is a function of geometric lattice parameters and material of
manufacture.

To provide initial insight, a preliminary DOE was devised
and fabricated using SLM for titanium Ti6Al4V and alumin-
ium AlISi10Mg. Custom scripts were developed to assess pCT
data to allow qualitative and quantitative analysis of lattice
strut circularity. This research provides the following funda-
mental insights into the effect of polygon order on AM
manufacturability:

* Qualitative observation of uCT cross-sectional images
suggests that the combination of a low polygon order (P
< 4) and nominal diameter (D,,,) can be used as circular
cross-section surrogates. This observed effect is stronger
in aluminium AlSi10Mg, than for titanium (Ti6Al4). Also
a reduction in build inclination angle () tends to result in
elongation of a struts cross section.

@ Springer

» The stepwise regression method applied to obtain robust
predictive relationships for Otigalav (R* = 0.847),
Oaisitomg (R* = 0.728), Degrrisaiav (R> = 0.999) and
Detr aisitomg (R = 0.994).

* Reduced order predictive models are also proposed
based on the most causal predictive variables. For
Ti6Al4V, the struts polygon order has the greatest sig-
nificance on Q, followed by D, . While for D¢, the
only significant variable is D,,,. For AlSil0Mg, all
three variables influence Q, with D, being the most
significant. Meanwhile, D, is the only significant
influence on D.g. In terms of the isoperimetric quo-
tient (Q), these findings suggest a fundamental differ-
ence between the response of titanium and aluminium
during AM.

*  Outcomes from this research confirm that geometric
thresholds exist, below which additional geometric
resolution does not result in increased part quality.
These thresholds are predominantly caused by poly-
gon order (P) and nominal diameter (D,,o,). The effect
of inclination angle («) is less significant. It is a note-
worthy observation that the causality observed be-
tween inclination angle («) and isoperimetric quotient
is low; however, there is an observed effect on effec-
tive diameter (D).

* The inclination angle () was qualitatively observed to
increase cross-section skewness towards the powder bed.
This outcome suggests alternate input geometries are re-
quired to achieve consistently circular cross sections, by
offsetting the elongating effect of inclination angle.

» The orientation of a fabricated triangular struts cross sec-
tion (P = 3) appears to influence local roughness at build
inclination angles below 90°. Downward facing triangular
cross sections P = 34, give the impression of lower surface
roughness when compared with upward facing triangular
cross sections P = 3,,. Further research is required to
quantify this effect.

* The proposed technique of matching nominal diameter
(Drom) to the equivalent polygon side length (s) (Fig. 3)
provides a robust method to obtain a specific effective
diameter (D) as observed by the very high correlation
coefficients of Egs. 9 and 13.

These findings confirm that reduction in the computational
cost associated with representing AM lattice geometries is
achievable without compromising engineering outcomes.
These preliminary outcomes provide guidance for future work
to further quantify the effects of geometric and material pa-
rameters on the geometric qualities of MAM lattice structures,
and allow the direct integration of cost-optimal geometric con-
ditions within algorithmic methods for the AM lattice design.
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