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ABSTRACT

Metallic cellular solids are a class of materials known for their high specific mechanical properties, being de-
sirable in applications where a combination of high strength or stiffness and low density are important. These
lightweight materials are often stochastic and manufactured by foaming or casting. If regular (periodic) lattice
structures are desired, they may be manufactured by metallic additive manufacturing techniques. However,
these have characteristic issues, such as un-melted powders, porosity and heterogeneous microstructures. This
study reports a novel low-cost route for producing regular lattice structures by an additive manufacturing as-
sisted investment casting technique. Fused filament fabrication is used to produce the lattice structure pattern
which is infiltrated with plaster. The pattern is then burnt off and the aluminum is cast in vacuum. In this way we
can manufacture non-stochastic metallic lattices having fine struts/ribs (0.6 mm cross-section using a 0.4 mm
nozzle) and relative densities down to 0.036. X-ray micro computed tomography (LCT) showed that as-cast A356
Aluminium alloy frameworks have high dimensional tolerances and fine detail control. Frameworks based on
units of six connected struts ranging from intruding (auxetic) to protruding (hexagonal) strut angles are studied.
Vertical struts are finer than expected, reducing their moment of area which could impact their compressive
strength. This new, low cost, route for producing high precision metallic cellular lattices offers an attractive

alternative to other additive manufacturing techniques (e.g. selective laser and electron beam melting).

1. Introduction

Cellular foams are characterized by an interconnected scaffolding
network in which stochastic solid cellular structures are surrounded by
a fluid phase or gas [1,2]. Due to their low relative density and high
specific strength these materials are attractive in transportation (e.g.
aerospace [3,4], aeronautic [5,6], railway [7-9] and naval [10,11]),
medical (e.g prosthesis [12,13] and stenting/scaffolding [14]), among
other industries [15,16]. In most applications where load bearing ca-
pacity or energy absorption are key, the solid phase is generally me-
tallic in nature [17].

Metallic stochastic cellular materials are typically manufactured by
melt infiltration using foaming/blowing agents [18-20], casting with
space holders [21-23], powder metallurgy [24,25] or wire weaving
[26-28]. However, their stochastic nature makes the control of their
relative (to the bulk solid) properties challenging, for example modulus
(E*/Es) and density (p*/ps) [1,29]. For cellular solids it is usually con-
sidered that these two properties are related via a power law: (E*/E) =
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(0*/ps)? [2,29].

Recently, researchers have found benefits in the development of
non-stochastic metallic cellular lattices. Unsurprisingly it has been
found that these regular configurations enable better the control of the
deformation mechanisms and, thus, allow the precise tailoring of me-
chanical properties [17,30]. However, their fabrication typically in-
volves more complex manufacturing techniques. There have been sig-
nificant developments on metallic additive manufacturing (AM) applied
to the production of cellular lattices, such as: selective laser sintering/
melting (SLS or SLM) [31,32], direct metal laser sintering (DMLS)
[33,34] and electron-beam melting (EBM) [35-37].

Even though these techniques are able to produce structures with
relatively thin-walls and struts (thicknesses ~0.24 to 0.80 mm
[38-40]), they can have significant drawbacks in terms of dimensional
and microstructural control [41,42]. Metallic AM parts are known to
have macro-scale defects [43-48], such as: (i) un-melted powder (i.e.
lack of fusion); (ii) circular or tunneled/network porosity; (iii) dela-
mination; and (iv) distortion. At a microstructural scale, such processes
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Fig. 1. Flowchart for the proposed additive manufacturing assisted investment
casting technique.

are associated with extreme temperature variations in their melting-
solidifying cycles [38]. Consequently, they may have grains with dif-
ferent morphologies [40,45,49,50] (e.g. lamellar, equiaxed, columnar
and dendritic) and anisotropic behavior dependent on the build direc-
tion. This heterogeneous microstructure may be further accentuated by
cyclic recrystallization during the repeated deposition of layers [44].
Metal casting allows excellent microstructural [51-53] and dimen-
sional control [54,55]. Moreover, there have been significant im-
provements on the filling of thin-walled structures [56]. Most of the
difficulties associated with the casting of cellular lattices arise from
mold production issues [57]. Here we circumvent many of these issues
by the fabrication of polymeric investment models by AM, and sub-
sequent investment casting to produce fine metallic cellular lattices.
This study presents several geometries of non-stochastic metallic
cellular lattice structures manufactured via AM polymer investment
model fabrication followed by investment casting of A356 aluminium
alloy. We have optimized the printing parameters to produce samples
with low density by maximizing strut length and minimizing strut cross-
section. As-cast samples have been imaged and characterized in 3D
using micro computed tomography (1CT) to determine the effect of the
manufacturing process on sample dimensions, shapes and defects.

2. Methodology

Fig.1 shows that the proposed technique comprising a combination

‘ Two-Dimensional ‘
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of 3D-printing and investment casting. An initial (CAD) design of the
sample was used as a reference from which to produce the PLA pattern
by fused filament fabrication (Fig. 1). This pattern acts as the template
for the plaster mold that was filled with the molten aluminum to pro-
duce the metallic cellular lattices.

2.1. Lattice geometry

Individual cells (Fig. 2) were based around a 6-sided two dimen-
sional (2D) ‘honeycomb’ framework, being defined by two horizontal
ribs and four oblique struts having a square cross-section. According to
the individual unit cell displayed in Fig. 2, the fundamental repeating
unit was described in terms of horizontal ribs (h) and oblique (1) strut
lengths, thickness (t) and angle (o). In this study, the linear dimensions
(h, 1 and t) were varied to optimize the structural design, while the
angle (a) was changed to produce ‘honeycomb’ cells having different
geometries.

The individual cells made up a two-dimensional lattice (Fig. 2(b)),
linked by common struts. These lattices were repeated in the three
Cartesian axis to produce a three-dimensional (Fig. 2 (¢c) - 9 X 9 X 8
matrix) lattice. Skins (i.e. plates) on the top and bottom faces enclosed
the lattice core. The samples were modeled by CAD using SolidWorks
2016 (Dassault Systémes, Vélizy-Villacoublay, France) (Fig.3).

2.2. 3D-printing the investment casting model

The lattice structure patterns (Fig.3) were 3D-printed in Polylactic
acid (PLA) by fused filament fabrication using a BCN3D Sigma printer
(BCN3D, Barcelona, Spain). The design of the patterns allowed 3D-
printing without requiring support materials, ensuring a simple and fast
manufacturing process.

The printing parameters are listed in Table 1. The extrusion/bed
temperatures (T) and printing speed (P;) were in accordance with
equipment manufacturer guidelines and kept constant. Nozzle dia-
meters (N) and layer heights (Ly,) were optimized to provide a successful
print (i.e. all details are printed) whilst minimizing printing time. Ten
replicates were analyzed for each case. Printing parameters were con-
sidered successful if all prints were able to reproduce the full CAD
model, considering the XY plane (Fig.2) as the building plane.

2.3. Forming the investment cast

The 3D-printed polymer patterns were subsequently infiltrated with
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Fig. 2. Lattice design process: (a) 2D unit cell; (b) 2D and (c) 3D lattice.
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Fig. 3. CAD models representations of samples with: (a) a=-30°, (b) a=-20°, (c) a=-10°, (d) a = 0°, (e) a = 10°, (f) a = 20° and (g) a = 30°.

Table 1
3D-printing (fused filament fabrication) parameters.

Material Polylactic Acid (PLA)

N - Nozzle diameter (mm) 0.3; 0.4; 0.6; 1
Ly - Layer height (mm) 0.05; 0.10; 0.15; 0.20; 0.30; 0.40
P; - Printing speed (mm/s) 10
T — Temperature (°C) Extrusion 210
Bed 40

liquid plaster (30 %,, distilled water and 70 %, GoldStar
Omega + plaster, Staffordshire, UK) to produce ceramic molds. The
molds were then subjected to the thermal cycle represented in Fig.4.
The polymer patterns were completely eliminated during this thermal
treatment.

This thermal cycle allowed the plaster to cure completely, while
ensuring high precision for the investment model shape and dimen-
sions. During the first stage of the curing cycle (isothermal at 300 °C for
3h) the PLA model began to evaporate. At the end of the second stage
(ramp from 300 °C to 730°C in 5h), only trace residues of the PLA
model was found (~0.12 %,,). Thus, during the third and fourth stages
(respectively, isothermal at 730 °C for 6 h and cooling to 250 °C), the

PLA pattern was eliminated and all details were embossed in the
ceramic mold.

2.4. Casting the metallic cellular lattice

A356 Al alloy (24 g) was cut from a primary fusion ingot (Fig. 5 (a)).
After being cleaned and dried using compressed air, the alloy was in-
serted in a SiC crucible, along with AI5TilB (0.05g-0.2 %,,) and
Al10Sr (0.07 g - 0.3 %,,) master alloys to promote grain refinement and
eutectic Si modification. The maximum material for the lattice was
21 g, corresponding to 87.5 % of total crucible capacity. The remaining
3g (12.5 % crucible capacity) corresponded to the casting gating
system thereby assuring sufficient metalo-static pressure during the li-
quid metal filling.

The alloy was melted (700°C) inside an Indutherm MC15+
(Indutherm, Walzbachtal, Germany) induction casting furnace. The
melt was kept isothermal at 700 + 2 °C for 3 min for homogenization,
while the imposed induction magnetic stirring prevented nucleant
particle sedimentation. After this period, the melt was cast (Fig. 5 (b))
in vacuum (P =-1 bar) into the pre-heated ceramic mold (250 + 5°C).
Following a 10 min solidification period, the ceramic mold was sub-
merged in water to separate the plaster from the cast samples.

PLA model
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Fig. 4. Thermal cycle and PLA weight during ceramic mold fabrication.
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Fig. 5. Casting process: (a) A356 and AI5Ti1B/Al10Sr alloys being (b) cast into the mold (furnace top view).

Table 2
X-ray CT parameters.

Sample -30° -20° -10° O©° 10° 20° 30°

Voxel size (um) 209 265 265 265 272 56.7 56.7

Exposure time (s) 4 4 4 4 1 1 1

Source-sample distance 130 165 190 192 192 192 192
(mm)

Sample - detector distance 80 45 45 45 36 36 36
(mm)

No. of projections 2401 3001 3001 3001 3001 3001 3001

2.5. Dimensional characterization by X-ray micro computed tomography

X-ray micro computed tomography (uCT) imaging was performed
using a Zeiss Versa XRM-520 pCT scanner (Zeiss, Oberkochen,
Germany) controlled using the XRM scout-and-scan control system
(v.1.1.5707.17179; Zeiss, Oberkochen, Germany). Samples were
mounted on a polystyrene wedge to minimize cone-beam artefacts (one
sample of each geometry was imaged). All scans were performed using
a 0.39x objective lens and LE3 filter, with a voltage of 140kV and
power of 10 W and projections were taken through 360° of rotation. The
remaining imaging settings were optimized for each sample and are
summarized in Table 2.

Data was reconstructed using XRM reconstruction software (Zeiss,
Oberkochen, Germany), then segmentation and visualization was per-
formed using Avizo standard (version 9.0 Visualisation Sciences Group,
Oregon, USA). Cross-sections through the reconstructed 3D volume
were exported as 2D tiff image stacks to allow measurement of the strut
dimensions. The overall dimensions of the samples and the struts were
measured from the micrographs using Fiji [58]. Statistical analysis was
performed on the sample rib and strut measurements. Data was checked
against the normal distribution (found to be not normal) and then
significant differences were calculated using a one-way ANOVA on
Ranks (Kruskal-Wallis test — for significance of p < 0.05 and
p < 0.01).

3. Results and discussion
3.1. Analysis of the 3D printed PLA pattern

The printing parameters played a prominent role in determining the
overall shape of the patterns. Fig. 6 represents the ability of the 3D-
printer to produce these patterns using different nozzles. Smaller nozzle
diameters were able to produce ribs and struts with lower thickness
values, which is desirable to minimize specific density. It should be
noted that strut thicknesses less than 0.6 mm could not be produced

with the nozzles employed.

These printing failures occurred due to under-extrusion of the
printing filament (e.g Fig. 7 (a)), caused by the wear of the filament in
the extrusion gear (Fig. 7 (b)). Filament wear was caused by the change
in velocity in the extrusion/retraction cycles needed to deploy reduced
amounts of PLA in each individual strut [59]. In conclusion, the
minimum strut cross-section that was achieved was 0.6 mm, using
nozzle diameters lower than 0.4 mm.

Printing success was also dependent on the layer heights (L;) of
each printing layer, according to the results in Table 3. As layer height
was increased, the printing eventually failed due to the lack of ad-
herence. Our results demonstrated that whilst increasing layer height
reduced printing time, the layer height should not exceed 0.2 mm to
assure sufficient printing adherence. The 0.4 mm nozzle, alongside a
layer height of 0.2 mm, was therefore selected to minimize the printing
time without compromising printing success.

3.2. X-ray computed tomography of metallic cellular lattices

Fig. 8 shows examples of the final as-cast samples in which the
details may be observed and compared with the CAD models (Fig.3). It
is apparent that casting was able to faitfully reproduce the intended
shape and details.

UCT imaging was performed of the cast samples (Fig.9) allowing a
detailed inspection of the samples, including the internal configuration
of each individual periodic cell.

Measurement of pCT volume data (Fig.10 (a)) demonstrates that the
as-cast sample height (Hs) was higher (by approximately +0.2 to
+0.4mm (~0.75 to 1.50 %)) than the CAD model. The strut angle
influenced the dimensional variations in the widths and depths (Ws and
Ds - Fig. 10 (b)) of the cast samples. Negative/positive strut angles
produced negative/positive width and breadth dimensional variations
(-0.54 mm to 0.26 mm, respectively, -1.60 % to 0.26 %) respectively.
According to Fig.10 (c), these dimensional variations affected the re-
lative density (p*/po), with frameworks having negative angles slightly
higher than expected (Fig. 10(c).

Fig. 11 shows examples of the periodic cellular units found in the
cast cellular lattices. Samples with negative angles (Fig. 11 (a) to (c))
had a honeycomb configuration comprising intruding struts. This
morphology is characteristic of cellular lattices having negative Pois-
son’s ratios (i.e. auxetic behavior) [60]. Fig. 11 (d) had a square-shaped
cell (a = 0°), where the rib and struts were essentially horizontally and
vertically configured. The samples with positive strut angles (Fig. 11
(e)-(g)) had a classic honeycomb (i.e. hexagonal) configuration with a
positive Poisson’s ratio [17].

Fig. 12 shows that the strut angle had an impact on the overall
shape of the cell and on the ability of the manufacturing process to
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Fig. 7. Printing failure: (a) whole sample failure by (b) under-extrusion due to filament wear (a = 30°, Py = 5mm/s, L, = 0.05mm and N = 0.3 mm).

faithfully replicate the CAD design. The true strut angles (arryg) dis-
played an angular error (from -1.40° to 0.73°, see Fig. 12 (a)). These
errors were relatively small in comparison with the deviations in the
linear dimensions (h, 1, and t).

Fig. 12 (b) and (c), show that the variation in the median horizontal
rib (h) and strut (1) lengths, which had more pronounced dimensional
variations. This indicated a more prominent role in the overall di-
mensional variations of the cast samples (Fig. 10). Horizontal ribs

(Fig. 12 (b)) and struts (Fig. 12 (c¢)) had a dimensional range of -0.50 %
to 3.75 % and 0.04%-10%, respectively. Such changes were more
prominent in samples having wider angles, either negative or positive.
We hypothesize this to be attributed to the different bending stiffness of
the struts during the printing process.

It is known that during 3D-printing, thin inclined struts (e.g. a=-30°
or a = 30°) are subjected to: (i) bending due to contact between the
strut and the rigid nozzle [61,62]; and (ii) coalescence between PLA in
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Table 3
Relation between nozzle diameter, layer height, printing time and the suc-
cessful printing of the models (t = 0.6 mm and v = 2mm; n = 10 replicates).

Printing time N — Nozzle diameter (mm)

03 04
L 0.05 6.5 hours 5.5 hours
Layer 0.10 3.5 hours 3.0 hours
height  0.15 2.5 hours 2.0 hours
(mm) 020 | 2.0 hours 1.75 hours
0.30
0.40

Successful printing
Printing failure

the nozzle and layers by higher surface tension [63]. Further, the more
inclined struts (e.g. a=-30° or o = 30°) are subjected to bending while
the nozzle extrudes material, whereas struts that are essentially verti-
cally aligned (o~ 0°) are more prone to axial loads [62].

Although strut cross section (t) (Fig. 12 (d)) had relatively little
impact on the exterior cast sample dimensions (Fig. 10 (a) and (b)), it
did affect the sample density (Fig. 10 (c)). In broad terms there was a
tendency for the samples to have finer struts than the CAD models. This
was more noticeable when the strut angle was approximately zero
(o~ 0°, Fig. 12 (d)). Such a change in the geometry of the cross-section
also affected on the strut cross-sectional area.

The strut dimensions displayed in Fig. 12 were subjected to non-
parametric statistical testing to analyze their significance (Table 4),
where the X-ray uCT measurements were compared. In terms of angular
dimensions (arrue— Fig. 12 (a)), given that each sampling group was
supposed to display different strut angles, significant differences be-
tween them were expected. Table 4 shows that there was a clear dif-
ference between the groups, although when comparing samples with
a = 0°and a = 10°, this difference was less significant (p < 0.05) than
the other possible combinations (p < 0.01).

When the different groups were compared in terms of strut and rib
lengths (h and 1; Table 4), apart from the wider strut angles (a=-30°
and a = 30°) the different groups were not significantly different.

The statistical analysis of strut thickness (t) did not seem to follow a
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clear trend. In fact, according to Table 4, most groups showed a sig-
nificant difference with each other. This may have been attributed to
the overall variations in the 3D-printing process of the PLA investment
model. Given that the layer height was constant (L, = 0.2 mm), struts
with wider angles (Fig. 13 (a)) had fewer layers than samples with
lower strut angles (Fig. 13 (b)). Since the 3D-printing process followed
the sample Cartesian planes, the layer deposition in inclined struts oc-
curred in a tilted cross-section (e.g. Fig. 12 (a)), generally referred to as
a staircase [64] surface. These changes, however, were not applicable
to the printing process of the horizontal ribs (Fig. 13 (c)) in which the
printing area was more elevated and constant. All these factors gener-
ated significant statistical differences in strut thickness.

For struts, the printing area (P4 - Fig. 13 (d)) of each layer varied
with the strut angle according to P, = (t%)/cos(a). Due to the discrete
segmentation process during the G-code programming, this also occurs
in metal-based AM [65]. It is known that there is a deterioration of strut
geometry at inclined angles relative to the build platform [47,65,66].
However, in metal AM techniques this issue is mainly attributed to the
dissipation of heat flux through the neighboring sintering powder in
oblique struts [67].

Given that the equipment positioning resolution in the XX and YY
axes was 12.5 um [68], the reduction in printing area for the near-zero
strut angle (o~ 0°) effectively reduced the strut printing area (Figs. 12
(d) and 13 (c)). Due to the equipment resolution and the circular shape
of the nozzle, the resultant investment model exhibited a quasi-circular
cross-section instead of the square cross-section prescribed by the CAD
(Fig. 14).

Since extrusion could not be stopped instantly, the constant move-
ment of the extrusion head and filament introduced viscoelastic effects
[69], the nozzle introduced protrusion defects in some areas, as ob-
served in the pCT volume images (Figs. 11 and 15).

Fig. 16 (a) shows a reduction in the strut area, especially for near-
zero strut angles (a~0°), as demonstrated by the model in Figs. 13 and
14. Furthermore, this changed their strut moment of area through: (i)
the reduction in strut thickness (t — Fig.12 (d)); and (ii) change in cross-
section from a square (Ig =t*/12) to a circular (I.=nt4/64) shape.

The circular shape of the struts may be observed in the values of
roundness (R = (4nARr)/(P?)) presented in Fig. 16 (b). Given the high
roundness values (R = 0.89 to 0.93), the cross-sectional shape may be
more usefully considered a circular geometry.

Fig. 8. Photographs of the cast Al lattices: (a) a=-30°, (b) a=-20°, (c) a=-10°, (d) a = 0°, (e) a = 10°, (f) a = 20° and (g) a = 30°.
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4. Conclusions

This study describes a novel route for producing low-cost periodic
cellular lattices by an additive manufacturing assisted investment
casting technique. The following conclusions can be drawn:

1. Optimization of the fabrication parameters (nozzle diameter and
layer height) was essential to produce fine struts in the low specific
density PLA investment models needed to fabricate ceramic casting

molds. Using a 0.4 mm nozzle, struts as fine as 0.6 mm in cross-section
could be produced.

2. 3D pCT measurements have shown that linear dimensions, such
as horizontal rib and oblique strut lengths, may deviate from the CAD
models. The final dimensions were up to 10 % greater than original
CAD dimensions, and these deviations were more pronounced as rib
and strut angles increased.

3. The struts of cast samples presented an essentially circular shape.
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Fig. 12. Dimensional measurements from the uCT comparing CAD model dimensions: (a) strut angle (a), (b) horizontal rib length (h), (c) oblique strut length (1) and

(d) rib and strut thickness (t).

The process was unable to produce square cross-sections as defined in
the CAD model, due to the shape of the extrusion nozzle. Additionally,
the final strut thickness of manufactured samples was lower than spe-
cified in CAD models, especially when the strut angle approximated
zero (i.e. square honeycombs). These deviations affected the strut cross-
sectional area and moment of inertia. Given that the main deformation
mechanism of this kind of composites is strut flexure/buckling, this
shape and any dimensional variations are likely to adversely impact

their structural strength.

4. These dimensional deviations and defects originated in the 3D-
printing of the polymer pattern. These could be minimized if the PLA
investment model was fabricated using equipment with improved tol-
erance and enhanced extrusion control.

5. Despite the small dimensional and shape deviations, the de-
scribed method is a promising route to produce fine metallic cellular
lattices to high dimensional tolerances without the anisotropies
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Table 4
Statistical significance of the strut dimensions to those prescribed by the CAD template.
a 30 -20 -10 O 10 20 30 30 20 -10 0

No significant difference. . p<0.05
- Significant difference ee p<0.01

0.42

0.41

0.40 |

P, - Printing Area (mmz)

0.35 . . . . . . |
-40 -30 -20 -10 0 10 20 30 40

a - Rib angle (°)

Fig. 13. Influence of angle on the printing area during the fused filament fabrication process: (a) oblique (a = 30°) struts, (b) vertical (a = 0°) struts and (c)
horizontal ribs. (d) Printing area plot of for struts (t = 0.6 mm).
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Fig. 14. Schematic illustrating the deviation in printed oblique strut cross-section from the CAD model (plan view).

associated with conventional AM routes. Consequently it is a promising
low-cost alternative for lattice manufacture compared to other AM
techniques (e.g. SLM or EBM).
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