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Macro-, meso- and microstructural
characterization of metallic

lattice structures manufactured

by additive manufacturing assisted
iInvestment casting

V. H. Carneiro'*, S. D. Rawson?, H . Puga* & P. J. Withers?

Cellular materials are recognized for their high specific mechanical properties, making them desirable
in ultra-lightweight applications. Periodic lattices have tunable properties and may be manufactured
by metallic additive manufacturing (AM) techniques. However, AM can lead to issues with un-melted
powder, macro/micro porosity, dimensional control and heterogeneous microstructures. This study
overcomes these problems through a novel technique, combining additive manufacturing and
investment casting to produce detailed investment cast lattice structures. Fused filament fabrication
is used to fabricate a pattern used as the mold for the investment casting of aluminium A356 alloy
into high-conformity thin-ribbed (~ 0.6 mm thickness) scaffolds. X-ray micro-computed tomography
(CT) is used to characterize macro- and meso-scale defects. Optical and scanning electron (SEM)
microscopies are used to characterize the microstructure of the cast structures. Slight dimensional
(macroscale) variations originate from the 3D printing of the pattern. At the mesoscale, the casting
process introduces very fine (~ 3 pm) porosity, along with small numbers of (~25 pm) gas entrapment
defects in the horizontal struts. At a microstructural level, both the (~ 70 pm) globular/dendritic grains
and secondary phases show no significant variations across the lattices. This method is a promising
alternative means for producing highly detailed non-stochastic metallic cellular lattices and offers
scope for further improvement through refinement of filament fabrication.

Cellular lattices are characterized by an interconnected solid scaffold configuration, showing high specific
strength and very low relative density"> As a result, this class of materials is being considered for a wide range
of potential applications across transportation (e.g. aerospace/aeronautic®™®, railway’~?, etc.), medical (e.g. scaf-
folding/stenting'*-'?), among other industries'*~'*. In applications that demand significant load-bearing capability,
metallic lattice structures are most appropriate.

Stochastic cellular lattices are classically produced by the introduction of foaming/blowing agents in
alloy melts'®-'8, although they may also be produced by powder metallurgy'®-!, wire-weaving?*-%, additive
manufacturing®-?® and casting®-*2.

Regular periodic lattice structures have the advantage that the properties can be more precisely tailored. Addi-
tive manufacturing techniques are reported to be able to produce such lattices with thin-walls and struts with
thicknesses down to ~0.24mm?**-%, however, they tend to have issues in terms of poor fine detail/dimensional
control. Further, at a finer scale metal-based additive manufacturing techniques have been reported to promote
meso- and micro-scale defects, such as: porosity, delamination, and un-melted powders, as well as highly ani-
sotropic grain morphologies as a function of build direction®-*,

Some of these issues may be addressed by metal casting techniques, where there have been recent advances
on the filling of thin-walled molds* allowing good dimensional control*-** coupled with good microstructural
control®'-%. However, the main difficulties associated with casting techniques are frequently related to mold
production®. To address this issue, recent research has focused on developing novel hybrid additive manufactur-
ing assisted investment casting techniques®~>” which is the focus of the current study.
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Figure 1. Box plots of dimensional analysis by X-ray uCT (n =50, dashed line is the theoretical CAD
dimension) of the 3D printed pattern and final Al casting with reference to the original CAD design for (a) rib
angle, (b) rib length, (c) strut length and (d) rib diameter.

Here we take a look at the metallurgical aspects of A356 aluminium alloy lattice structures. A356 is the most
common Al alloy used to cast components for transportation industries due to its capability to be cast in ceramic
block to produce thin-walled and complex geometries®. As a hypoeutectic aluminium alloy, the microstruc-
tural characterization of A356 is often concerned with the size and shape of the a-Al matrix®®-®!, eutectic Si®*=°,
Mg,Si and Fe-based intermetallic compounds®®-%, such as Chinese script-shaped a-Al8Fe2Si and needle-shaped
B-Al;Fe,Si. In as-cast samples, previous to solution treatment, Mg,Si are precipitated in the grain boundaries”>”!
and, due to the presence of Mg, Chinese script-shaped n- Al;FeMg,Sig may also be observed*®*.

We characterize hybrid additive manufacturing assisted investment cast lattice structures at the macro-,
meso- and microstructural scales using a combination of X-ray micro-computed tomography (uCT) and optical/
electron microscopy in order to assess its promise for the manufacture of fine periodic lattice structures. While
the manufacturing approach is considered to be applicable to many lattice design, here the selected lattice topol-
ogy is a classic reentrant honeycomb configuration which has been widely explored for its auxetic (i.e. negative
Poisson’s ratio) behavior. While having a bending dominated deformation mechanism, it has also been shown
to possess high specific strength, relatively to other more common open cellular lattices.

Results and discussion

Macrostructural characterization: dimensional changes. Figure 1 summarizes the non-conform-
ance variation in the dimensions of the sacrificial Polylactic Acid (PLA) pattern and the final A356 lattice struc-
tures obtained by 3D X-ray uCT relative to the CAD model design. As must be the case, given the castings derive
from the molds made from the 3D printed patterns, the highest deviations are observed in the final as-cast A356
samples, however it is also clear that most of the deviation is transferred over from those introduced during
fabrication of the pattern.

Regarding the deviations introduced during the production of the PLA pattern (Step I), these can be primarily
attributed to the precision of the 3D-printer stepper motor (resolution+12.5 pm). Additionally, vertical struts
may become bent due to interactions with the rigid nozzle, whereby molten filament in the nozzle may adhere
to already deposited PLA as well as due to thermal expansion/contraction effects due to temperature mismatch
and oscillations between glass/rubbery states’>~7*.

Deviations between the PLA pattern and the final A356 lattice structure (Step II) can be attributed to dimen-
sional changes that occur during two distinct processing stages; (i) forming the investment cast: due to the expan-
sion of the investment gypsum mold during its curing which involves the loss of water and the transformation of
gypsum from a (cristobalite) to P (quartz)”; and (ii) during/after A356 melt casting: due the contraction of the
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o.— Angle h — Rib length 1 — Strut length t — Thickness

Step I
CAD - 3D Print

Step 11
3D Print = Cast

Process
CAD - Cast

No statistically significant difference
- Statistically significant difference (p<0.05)

Table 1. Statistical significance of the deviation of the strut dimensions during the two steps of the
manufacturing process.

A356 alloy during the solidification and subsequent cooling’®””. The net result is that the final A356 cast samples
tend to display slightly larger dimensions than the PLA samples.

The data in Fig. 1 was also used to perform a statistical analysis (one-way ANOVA on Ranks with
Kruskal-Wallis test—for significance of p <0.05) to determine the origin of dimensional deviations in the manu-
facturing process. This allows the comparison of the dimensional divergence in (i) Step 1 between the CAD model
and the sacrificial 3D-printed PLA pattern; and (ii) Step 2—between PLA pattern and the final A356 lattice.
According to the results in Table 1, it is evident that the angular dimensions (a, rib/strut angle) are preserved
through the manufacturing process showing no statistical difference between CAD model, pattern and final cast-
ing; the same is not true for linear dimensions. It is apparent that strut length (1) and rib/strut thickness (t) show
statistically significant differences in the first manufacturing step. Thus, it may be concluded that the fundamental
sources of dimensional variation in the manufacturing process originate from the 3D printing of the pattern.

The analysis of both the deviations from the CAD model and their statistical distribution upon making the
PLA pattern (Stage I) and then casting the A356 lattice (Stage II) are shown in Fig. 1 and Table 1 This shows
that the final cast samples display only small variations relative to the CAD model (0.1° and 0.06-0.12 mm). In
statistical terms, however, it is shown that deviation in the linear dimensions in the final cast samples relative to
the CAD model do not follow a normal distribution and are statistically significant.

Mesoscale characterization—details and defects.  X-ray pCT was also used to characterize the details
and defects. Figure 2 confirms the conclusion from the previous section in that the layers deposited by the fused
filament fabrication (FFF) process are faithfully transferred to the final samples such that most of the mesoscale
defects can be traced to stage I (from CAD to 3D-printed PLA pattern). It is also noteworthy that the inability
to immediately stop filament extrusion during the printing process and the coalescence/viscoelasticity of the
PLA”® mean that fine artifacts are introduced into the PLA pattern. However, it is evident that these artifacts are
not present in the final A356 sample, probably because they are extremely thin such that the melt is not able to
fill their cavities.

Figures 2 and 3 show the configuration of the rib/struts in the final A356 samples. These highlight the staircase
artefacts characteristic of the FFF technique’ originating from Step I. The concave effect in the layer boundaries
is due to the surface tension on the filament in the rubbery state.

Figure 3 also shows the distribution of porosity in the rib/struts recorded by pCT. It can be seen that the ribs/
struts display fine porosity (~ 3+ 1 pm, 0.2% volume fraction) that is well distributed and probably originates from
the gas already dissolved in the melt. In addition a small number of large (~26+ 15 um) defects can be observed
in the horizontal ribs, as shown in Fig. 3 and detailed in Fig. 4. These defects are promoted by the contact of two
alloy melt fronts that meet in horizontal ribs®’. Although the casting process is performed in vacuum (- 1 bar),
due to the high filling rates, residual gas in the casting chamber may become entrained in the mold. This residual
gas is not dissolved in the melt and cannot escape due to the low permeability of the plaster mold, and so gets
entrapped in the horizontal ribs between two fronts of opposite melt flow. The surface tension and the pressure
that is generated by the compression of this entrapped gas is attested to by the quasi-spherical shape of these
defects. It is suggested that these defects could be minimized by improving the vacuum. This kind of defect is
present in ~ 12% of the horizontal ribs.

The modeling of these defects as spherical inclusions in a cylindrical beam suggests that they generate a
1.6% to 8.6% reduction in the moment of area of the ribs (1@ ~0.0127 mm* and IO ~0.0116-0.0125 mm?*). It is
known that the main deformation mechanism in these cellular lattices is due to strut bending®®*#!. Due to the
rare occurrence of this defect (12% in horizontal ribs) and the low impact in the moment of area of these ribs,
it is not expected that these defects will significantly affect the static mechanical properties. It should be noted
however that near-spherical voids may generate stress concentrations in their vicinity and, thus, could influence
fatigue properties.

Microstructural characterization of the cast lattice structures. Optical micrographic sections
taken from different locations within the structure are shown in Fig. 5, in which the features detailed in 3D in
Figs. 2 and 3 may also be observed in 2D. This microstructure exhibits a classical globular/dendritic grain mor-
phology with inter-dendritic second phases characteristic of A356 alloys®-! .

Scientific Reports |

(2021) 11:4974 | https://doi.org/10.1038/s41598-021-84524-y nature portfolio



www.nature.com/scientificreports/

Top View

Printing
Artifacts

1

1

i No Printing
i Artifacts
1

1

1

Top View

- —
2 mm Building direction

Figure 2. Regions of interest from the uCT renderings (Avizo Standard segmentation) for the periodic cell
during the two steps in the manufacturing process.

Figure 6 illustrates the size and shape/morphology of the a-Al grains characteristic of different locations.
From this analysis, it is apparent that the grains have a homogenous size distribution with no apparent anisotropy.
Figure 7 which summarises data collected from 27 (regions sampled across 5 manufactured lattices) confirms
that there is no significant difference between the a-Al grain diameters (73 +39 pm) throughout the lattice
structure which compares with (91 +46 pm) in the bulk regions of the castings, being recorded as 65+ 41 um
for the horizontal ribs, 78 +46 um in the vertical struts and 75+ 46 um in the corner nodes. Furthermore no
significant difference was observed from top to bottom of the lattice structure. This homogeneity in grain size
is not surprising given: (i) the rapid filling of the ceramic molds; (ii) the well homogenized temperature of the
mold; (iii) the large relative distance to the ceramic mold exterior walls; and (iv) the fineness of the rib and strut
configuration. All these aspects promote a uniform cooling rate throughout and hence similar solidification
rates across the whole structures.

The distribution and morphology of the secondary phases are shown in Fig. 8, showing the eutectic Si (Fig. 8a)
and the intermetallic compounds (Fig. 8b). It appears that the solution treatment was able to coarsen and sphe-
roidize the eutectic Si by self-diffusion and inter-diffusion®, transforming the characteristic fibrous/coral shapes
towards a more round configuration after solution treatment™. The success of the solution treatment may also
be attested by the absence of Mg,Si, indicating that it was fully dissolved by the a-Al matrix.

In Fig. 8b the p-Al;FeSi compound identified as it is the only intermetallic to be needle shaped intermetallic
for A356. This was confirmed by scanning electron microscopy (SEM) analysis and energy-dispersive X-ray
spectroscopy (EDS, Z1) on deeply-etched samples (Fig. 9). These compounds are promoted by the low solubility
of Fe in the a-Al matrix and the presence of Mg®. According to these results, it is suggested that the long/thin
B-needles form during the casting process, while short/wider f-needles form from solution after quenching and
originate from the migration of Mg and Si due to the dissolution of 1t- Al;FeMg,Sis compounds*®54%3.

Conclusions

This study describes the characterization of lattice structures formed by a novel fused filament fabrication assisted
investment casting technique at the macro-, meso- and microstructural scales. The process involves a two-step
protocol, namely the 3D printing of a sacrificial PLA pattern (Step I) that is then used to fabricate the mold for
the subsequent casting step (Step II). The following conclusions can be drawn:

1. At the macroscale, statistical analysis shows that the dimensional errors are largely introduced during the first
(3D printing) step. Even more accurate lattice structures could be obtained with higher resolution stepper
motors and better control of the PLA extrusion process. The second (casting) step is associated with only
small volumetric deviations due to phase transitions and shrinkage during solidification;

2. Mesoscale characterization of the intermediate PLA pattern and the final A356 casting shows that staircase
defects are introduced by the FFF process. Fine porosity (~ 3 + 1 um) is found to homogeneously distributed
in the casting in both vertical struts and horizontal ribs due to undissolved gas in the melt. However, larger
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Figure 3. Characteristic defects and internal porosity (rendered purple) observed by uCT (Avizo Standard
segmentation) in the rib/struts of periodic cells.
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Figure 4. Magnified views of the larger defects found in some horizontal ribs: (a) X-ray uCT (Avizo Standard
segmentation) and (b) optical microscopy.

(~26+15 pum) defects may be observed in~12% of horizontal ribs arising from the meeting of two melt
fronts. Due to the low permeability of the plaster mold, it is suggested that this defect could be addressed by
increasing the vacuum pressure;

3. The microstructure of the cast samples shows grains with both globular/dendritic morphologies. The grain
size (73 39 um) does not significantly change in the different areas of the periodic cells, suggesting that
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Figure 5. Representative optical micrographs of polished sections for a representative cell showing (a) a corner,
(b) a vertical strut and (c) a horizontal rib.
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Figure 6. Representative detail of the a-Al grains in the vicinity of (a) a cell corner, (b) a vertical strut and (c)
a horizontal rib. The grains were thresholded using Avizo Standard and the random choice of colours used to
denote each grain, are not representative of the crystalline orientation of each grain.
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Figure 7. o-Al grain diameter in different fields (n=50).
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Figure 8. Detail of (a) partially spheroidised eutectic Si and (b) the needle shaped p-phase intermetallic
compounds highlighted in the A356 Al lattice structures for a cell corner (see Fig. 6a). Note the thresholding
colors were processed in Avizo Standard and do not portray the orientation of the secondary phases.

there is no point variation or anisotropy. The subsequent heat treatment is able to refine, agglomerate and
spheroidize the eutectic Si. This is proved by the absence of Mg,Si and the evidence of B-phase, the only
observable intermetallic compound that was originated by nt- to -phase transition;

The dimensional fidelity could be increased further by improvements to the fused filament process for pat-
tern manufacture. More broadly the macro-, meso- and macrostructural evidence suggest that the hybrid addi-
tive manufacturing assisted investment casting approach could be applied to other light alloys to fabricate fine
periodic lattice structures.

Materials and methods

Design and manufacturing of metallic lattice structures by additive manufacturing assisted
investment casting. A cellular lattice (Fig. 10) was designed by computer added design (CAD) consider-
ing a three-dimensional hexagonal ‘honeycomb’ periodic cell, characterized by four horizontal ribs (h=4 mm)
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Figure 9. SEM (Secondary electron) image and EDS profile the location of which is indicated by the red box for
a deeply etched sample.
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Figure 10. Steps for additive manufacturing and 3D characterization of assisted investment casting of metallic
lattice structures from a CAD model to a 3D printed PLA pattern to the as-cast aluminium structure.

and eight oblique struts (/=2 mm) with a circular cross-section (d=0.6 mm). Individual periodic cells were
assembled by connecting their common ribs/struts in a 9x 9x8 array configuration with plates on the top and
bottom to enclose the lattice core.

Initially (Step I in Fig. 1) a pattern, representing a replica of the CAD model, is produced from PLA using a
FFF technique on a BCN3D Sigma 3D-printer (BCN3D, Barcelona, Spain) using a 0.4 mm nozzle. The extrusion
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PLA pattern | A356 sample

Sample Macroscale | Macroscale | Mesoscale
Voxel (um) 28.4 20.9 2.3
Exposure time (s) 6 4 60
Source-sample (mm) 192 130 120
Sample-detector (mm) 36 80 60

Voltage (kV) 100 140 140

Power (W) 9 10 10
Objective 0.39x 0.39x 4x

Table 2. X-ray uCT parameters.

temperature (210 °C), printing speed (10 mm/s) and layer height (0.2 mm) were optimized to assure the suc-
cessful printing of ten structures without supports.

Step II involves the casting of the samples. The printed patterns from Step I are used to manufacture the
casting mold. The PLA patterns are infiltrated with gypsum that is then subjected to a curing cycle (300 °C-3 h,
300-730 °C-5 h, 730 °C-6 h and 730-250 °C-12 h) which hardens the plaster and burns off the enclosed pattern.
Meanwhile, A356 ingot was cut into 24 g loads, cleaned and degreased. The alloy was inserted in a SiC crucible
with the addition of master alloys (0.05 g AI5Ti1B and 0.07 g A110Sr) to promote grain refinement and modi-
fication of the eutectic Si. After melting in an Indutherm MC15 +induction furnace (Indutherm, Walzbachtal,
Germany), the melt was maintained at a temperature of 700+ 2 °C for 3 min in vacuum (- 1 bar) and magnetic
stirring to homogenize the A356 and master alloys. The melt was then cast into the preheated gypsum cylindrical
mold (250 +5 °C, 80 mm in diameter with a 100 mm length). Upon removing the cast the samples were subjected
to a T6-treatment (solution at 540 °C-8 h and artificial ageing at 160°C-8.5 h)®.

Macro- and meso-structural characterization. The macrostructural characterization of the PLA pat-
tern and final Al lattices was performed by 3D X-ray uCT using a Zeiss Versa XRM-520 pCT scanner (Zeiss,
Oberkochen, Germany). Imaging was controlled by an XRM scout-and-scan system (v.1.1.5707.17179; Zeiss,
Oberkochen, Germany), using the parameters described in Table 2. This allowed the measurement of actual
dimensions/details to assess the deviations that are introduced at each step of the manufacturing process
(according to Fig. 1).

Mesoscale characterization was also performed by pCT, however, the parameters were adjusted (Table 2) to
focus on the ribs/struts of the samples. Such analysis allowed the determination of volume and distribution of
porosity/segregation in the final cast sample.

uCT scanning data was reconstructed using the XRM software, while segmentation and 3D visualization was
assembled in Avizo Standard (Thermo Fisher Scientific, Waltham, USA). The dimensional measurements of the
sample strut/ribs were performed on the original 2D TIFF micrographs using Fiji%".

Microstructural characterization. Microstructural analysis was performed by optical microscopy (Leica
DM2500M) to evaluate the microstructural characteristics, morphology of the a-Al grains and secondary phases.
Micrographs were taken from 27 cells (in a 9x 9 matrix configuration) focusing on three distinct regions (cell
corners, vertical ribs and horizontal struts) for each analyzed sample, while a total of five samples were analyzed.
Fiji software was used to quantify the grain diameter. Measurements were carried out according to ASTM E112
Standard on samples that were previously polished with SiC abrasives down to 11 pm granulometry and finished
using 1 pm diamond solution. Avizo Standard was also used to threshold and separate objects in these images to
highlight the sizes and shapes of a-Al grains and secondary phases, which were highlighted with different colors.
Deeply etched samples (Keller’s solution—30 s) were observed by SEM (FEI Nova 200) as well as by energy
dispersive x-ray spectroscopy (EDS) to characterize and identify the intermetallic compounds (IMCs).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 14 September 2020; Accepted: 7 January 2021
Published online: 02 March 2021

References

1. Lohmuller, P. et al. Architectural effect on 3D elastic properties and anisotropy of cubic lattice structures. Mater. Des. 182, 108059
(2019).

2. Gibson, L. ]. & Ashby, M. E Cellular Solids: Structure and Properties (Cambridge University Press, Cambridge, 1999).

3. Sairajan, K. K., Aglietti, G. S. & Mani, K. M. A review of multifunctional structure technology for aerospace applications. Acta
Astronaut. 120, 30-42 (2016).

4. Marsavina, L. Fracture mechanics of cellular solids. In Cellular and Porous Materials in Structures and Processes (eds. Altenbach,
H. & Ochsner, A.) 1-46 (Springer, Vienna, 2010).

Scientific Reports |

(2021) 11:4974 | https://doi.org/10.1038/s41598-021-84524-y nature portfolio



www.nature.com/scientificreports/

5. Meola, C., Boccardi, S. & Carlomagno, G. Maria. Chapter 1—composite materials in the aeronautical industry. In Infrared Thermog-
raphy in the Evaluation of Aerospace Composite Materials (eds. Meola, C., Boccardi, S. & Carlomagno, G. maria) 1-24 (Woodhead
Publishing, Cambridge, 2017).

6. Heo, H., Ju, J. & Kim, D.-M. Compliant cellular structures: application to a passive morphing airfoil. Compos. Struct. 106, 560-569
(2013).

7. Su, L., Liu, H., Yao, G. & Zhang, J. Experimental study on the closed-cell aluminum foam shock absorption layer of a high-speed
railway tunnel. Soil Dyn. Earthq. Eng. 119, 331-345 (2019).

8. Mozafari, H., Khatami, S. & Molatefi, H. Out of plane crushing and local stiffness determination of proposed foam filled sandwich
panel for Korean Tilting Train eXpress—numerical study. Mater. Des. 66, 400-411 (2015).

9. Yao, S., Xiao, X., Xu, P, Qu, Q. & Che, Q. The impact performance of honeycomb-filled structures under eccentric loading for
subway vehicles. Thin-Wall. Struct. 123, 360-370 (2018).

10. Zhang, X. & Wei, L. Processing and damping capacity of NiTi foams with laminated pore architecture. J. Mech. Behav. Biomed.
Mater. 96, 108-117 (2019).

11. Hong, K. et al. Mechanical and biocorrosive properties of magnesium-aluminum alloy scaffold for biomedical applications. J.
Mech. Behav. Biomed. Mater. 98, 213-224 (2019).

12. Carneiro, V. H. & Puga, H. Deformation behaviour of self-expanding magnesium stents based on auxetic chiral lattices. Ciéncia
Tecnologia dos Materiais 28, 14-18 (2016).

13. Banhart, J. Light-metal foams—history of innovation and technological challenges. Adv. Eng. Mater. 15, 82-111 (2013).

14. Banhart, J. Manufacture, characterization and application of cellular metals and metal foams. Prog. Mater. Sci. 46, 559-632 (2001).

15. Garcia-Moreno, F. Commercial applications of metal foams: their properties and production. Materials 9, 85 (2016).

16. Heim, K., Garcia-Moreno, E & Banhart, J. Particle size and fraction required to stabilise aluminium alloy foams created by gas
injection. Scr. Mater. 153, 54-58 (2018).

17. Wang, N. et al. Compressive performance and deformation mechanism of the dynamic gas injection aluminum foams. Mater.
Charact. 147, 11-20 (2019).

18. Rajak, D. K., Mahajan, N. N. & Das, S. Fabrication and investigation of influence of CaCO3 as foaming agent on Al-SiCp foam.
Mater. Manuf. Process. 34, 379-384 (2019).

19. Xu, W. et al. Fabrication and properties of newly developed Ti35Zr28Nb scaffolds fabricated by powder metallurgy for bone-tissue
engineering. J. Mater. Res. Technol. 8, 3696-3704 (2019).

20. Ryan, G. E., Pandit, A. S. & Apatsidis, D. P. Porous titanium scaffolds fabricated using a rapid prototyping and powder metallurgy
technique. Biomaterials 29, 3625-3635 (2008).

21. Arifvianto, B. & Zhou, J. Fabrication of metallic biomedical scaffolds with the space holder method: a review. Materials 7, 3588-3622
(2014).

22. Sharp, K., Mungalov, D. & Brown, J. Metallic cellular materials produced by 3D weaving. Proc. Mater. Sci. 4, 15-20 (2014).

23. Kang, K.-J. Wire-woven cellular metals: the present and future. Prog. Mater. Sci. 69, 213-307 (2015).

24. Hu, ], Du, Q, Gao, J., Kang, J. & Guo, B. Compressive mechanical behavior of multiple wire metal rubber. Mater. Des. 140, 231-240
(2018).

25. Li, Y, Yu, S., Chen, Y., Yu, R. & Shi, Y. Wire and arc additive manufacturing of aluminum alloy lattice structure. J. Manuf. Process.
50, 510-519 (2020).

26. Nagesha, B. K. et al. Review on characterization and impacts of the lattice structure in additive manufacturing. Mater. Today: Proc.
21,916-919 (2020).

27. Du, Y. et al. Laser additive manufacturing of bio-inspired lattice structure: forming quality, microstructure and energy absorption
behavior. Mater. Sci. Eng. A 773, 138857 (2020).

28. Carneiro, V. H. & Puga, H. Axisymmetric auxetics. Compos. Struct. 204, 438-444 (2018).

29. Chang, K., Gao, J.-T., Wang, Z. & Guo, Z.-C. Manufacturing 3-D open-cell aluminum foam via infiltration casting in a super-gravity
field. J. Mater. Process. Technol. 252, 705-710 (2018).

30. Lara-Rodriguez, G. A. et al. A replication-casting device for manufacturing open-cell Mg foams. J. Mater. Process. Technol. 243,
16-22 (2017).

31. Abhash, A. et al. Research into the change of macrostructure, microstructure and compressive deformation response of Ti6Al12Co
foam with sintering temperatures and space holder contents. Mater. Lett. 261, 126997 (2020).

32. Puga, H., Carneiro, V. H,, Jesus, C., Pereira, . & Lopes, V. Influence of particle diameter in mechanical performance of Al expanded
clay syntactic foams. Compos. Struct. 184, 698-703 (2018).

33. Demir, A. G. Micro laser metal wire deposition for additive manufacturing of thin-walled structures. Opt. Lasers Eng. 100, 9-17
(2018).

34. Ibrahim, Y. et al. Acoustic resonance testing of additive manufactured lattice structures. Addit. Manuf. 24, 566-576 (2018).

35. McGregor, D. J., Tawfick, S. & King, W. P. Automated metrology and geometric analysis of additively manufactured lattice struc-
tures. Addit. Manuf. 28, 535-545 (2019).

36. Qiu, C. et al. Influence of processing conditions on strut structure and compressive properties of cellular lattice structures fabricated
by selective laser melting. Mater. Sci. Eng. A 628, 188-197 (2015).

37. Du Plessis, A., Kouprianoff, D.-P,, Yadroitsava, I. & Yadroitsev, . Mechanical properties and in situ deformation imaging of mic-
rolattices manufactured by laser based powder bed fusion. Materials 11, 1663 (2018).

38. West, B. M. et al. Modal analysis of metal additive manufactured parts. Manuf. Lett. 13, 30-33 (2017).

39. Kok, Y. et al. Anisotropy and heterogeneity of microstructure and mechanical properties in metal additive manufacturing: a critical
review. Mater. Des. 139, 565-586 (2018).

40. Li, X. & Tan, W. Numerical investigation of effects of nucleation mechanisms on grain structure in metal additive manufacturing.
Comput. Mater. Sci. 153, 159-169 (2018).

41. Shim, D.-S,, Seo, J.-Y,, Yoon, H.-S., Lee, K.-Y. & Oh, W.-]. Additive manufacturing of porous metals using laser melting of Ti6 Al4V
powder with a foaming agent. Mater. Res. Express 5, 86518 (2018).

42. Dressler, A. D. et al. Heterogeneities dominate mechanical performance of additively manufactured metal lattice struts. Addit.
Manuf. 28, 692-703 (2019).

43. Santos, L. S., Gupta, S. K. & Bruck, H. A. Simulation of buckling of internal features during selective laser sintering of metals.
Addit. Manuf. 23, 235-245 (2018).

44. Hernandez-Nava, E. et al. The effect of defects on the mechanical response of Ti-6Al-4V cubic lattice structures fabricated by
electron beam melting. Acta Mater. 108, 279-292 (2016).

45. Tang, Y. et al. Micro-mould fabrication for a micro-gear via vacuum casting. J. Mater. Process. Technol. 192-193, 334-339 (2007).

46. Herzog, D., Seyda, V., Wycisk, E. & Emmelmann, C. Additive manufacturing of metals. Acta Mater. 117, 371-392 (2016).

47. Zinovieva, O., Zinoviev, A. & Ploshikhin, V. Three-dimensional modeling of the microstructure evolution during metal additive
manufacturing. Comput. Mater. Sci. 141, 207-220 (2018).

48. Carneiro, V. H., Puga, H. & Meireles, J. Heat treatment as a route to tailor the yield-damping properties in A356 alloys. Mater. Sci.
Eng. A 729,1-8 (2018).

49. Carneiro, V. H. & Puga, H. Solution treatment enhances both static and damping properties of Al-Si-Mg alloys. Metall. Mater.
Trans. A 49, 5942-5945 (2018).

Scientific Reports|  (2021) 11:4974 | https://doi.org/10.1038/541598-021-84524-y nature portfolio



www.nature.com/scientificreports/

50.
51.
52.
53.
54,
55.
56.
57.

58.

59.

60.
61.

62.
. Wang, P, Lu, H. & Lai, Y. Control of silicon solidification and the impurities from an Al-Si melt. J. Cryst. Growth 390, 96-100

64.
65.

66.
67.

68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

79.

85.
86.

87.

Puga, H., Carneiro, V. H., Barbosa, ]. & Soares, D. Effect of grain and secondary phase morphologies in the mechanical and damp-
ing behavior of Al7075 alloys. Met. Mater. Int. 22, 863-871 (2016).

Ding, W. et al. Effect of rare earth Y and Al-Ti-B master alloy on the microstructure and mechanical properties of 6063 aluminum
alloy. J. Alloys Compd. 830, 154685 (2020).

Jia, Y., Wang, S. & Shu, D. Grain size prediction and investigation of 7055 aluminum alloy inoculated by Al-5Ti-1B master alloy.
J. Alloys Compd. 821, 153504 (2020).

Zhang, Y. H. et al. Grain refinement of hypoeutectic Al-7 wt%Si alloy induced by an Al-V-B master alloy. J. Alloys Compd. 812,
152022 (2020).

Xue, Y., Wang, W. & Han, F. Enhanced compressive mechanical properties of aluminum based auxetic lattice structures filled with
polymers. Compos. B Eng. 171, 183-191 (2019).

Xue, Y., Wang, X., Wang, W,, Zhong, X. & Han, F Compressive property of Al-based auxetic lattice structures fabricated by 3-D
printing combined with investment casting. Mater. Sci. Eng. A 722, 255-262 (2018).

Carneiro, V. H., Rawson, S. D., Puga, H., Meireles, J. & Withers, P. ]. Additive manufacturing assisted investment casting: a low-cost
method to fabricate periodic metallic cellular lattices. Addit. Manuf. 33, 101085 (2020).

Puga, H. et al. Mechanical behavior of honeycomb lattices manufactured by investment casting for scaffolding applications. Proc.
Inst. Mech. Eng. L 231, 73-81 (2017).

Jiang, W. et al. Correlation of microstructure with mechanical properties and fracture behavior of A356-T6 aluminum alloy fab-
ricated by expendable pattern shell casting with vacuum and low-pressure, gravity casting and lost foam casting. Mater. Sci. Eng.
A 560, 396-403 (2013).

Zhang, Y., Ma, N,, Le, Y, Li, S. & Wang, H. Mechanical properties and damping capacity after grain refinement in A356 alloy.
Mater. Lett. 59, 2174-2177 (2005).

Birol, Y. Impact of grain size on mechanical properties of AlSi7Mg0.3 alloy. Mater. Sci. Eng. A 559, 394-400 (2013).

Mehmood, A., Shah, M., Sheikh, N. A., Qayyum, J. A. & Khushnood, S. Grain refinement of ASTM A356 aluminum alloy using
sloping plate process through gravity die casting. Alex. Eng. J. 55, 2431-2438 (2016).

Ogris, E., Wahlen, A., Liichinger, H. & Uggowitzer, P. On the silicon spheroidization in Al-Si alloys. J. Light Met. 2, 263-269 (2002).

(2014).

Wang, S., Ma, R., Wang, Y., Wang, Y. & Yang, L. Growth mechanism of primary silicon in cast hypoeutectic Al-Si alloys. Trans.
Nonferr. Met. Soc. China 22, 1264-1269 (2012).

Dang, B., Li, Y. B, Liu, F, Zuo, Q. & Liu, M. C. Effect of T4 heat treatment on microstructure and hardness of A356 alloy refined
by Ga+In+Sn mixed alloy. Mater. Des. 57, 73-78 (2014).

Taylor, J. A. Iron-containing intermetallic phases in Al-Si based casting alloys. Proc. Mater. Sci. 1, 19-33 (2012).

Tungay, T. & Bayoglu, S. The effect of iron content on microstructure and mechanical properties of A356 cast alloy. Metall. Mater.
Trans. B 48, 794-804 (2017).

Ji, S., Yang, W, Gao, E, Watson, D. & Fan, Z. Effect of iron on the microstructure and mechanical property of AI-Mg-Si-Mn and
Al-Mg-Si diecast alloys. Mater. Sci. Eng. A 564, 130-139 (2013).

Sacinti, M., Cubuklusu, E. & Birol, Y. Effect of iron on microstructure and mechanical properties of primary AlSi7Mg0.3 alloy.
Int. J. Cast. Met. Res. 30, 96-102 (2017).

Asghar, G., Peng, L., Fu, P, Yuan, L. & Liu, Y. Role of Mg2S§i precipitates size in determining the ductility of A357 cast alloy. Mater.
Des. 186, 108280 (2020).

Dang, B., Liu, C,, Liu, E, Liu, Y. & Li, Y. Effect of as-solidified microstructure on subsequent solution-treatment process for A356
Al alloy. Trans. Nonferr. Met. Soc. China 26, 634-642 (2016).

Kardel, K., Ghaednia, H., Carrano, A. L. & Marghitu, D. B. Experimental and theoretical modeling of behavior of 3D-printed
polymers under collision with a rigid rod. Addit. Manuf. 14, 87-94 (2017).

Zhao, H., He, Y., Fu, J. & Qiu, J. Inclined layer printing for fused deposition modeling without assisted supporting structure. Robot.
Comput. Integr. Manuf. 51, 1-13 (2018).

Bakrani Balani, S., Chabert, E, Nassiet, V. & Cantarel, A. Influence of printing parameters on the stability of deposited beads in
fused filament fabrication of poly(lactic) acid. Addit. Manuf. 25, 112-121 (2019).

Phetrattanarangsi, T. et al. The behavior of gypsum-bonded investment in the gold jewelry casting process. Thermoch. Acta 657,
144-150 (2017).

Bayani, H., Mirbagheri, S. M. H., Barzegari, M. & Firoozi, S. Simulation of unconstrained solidification of A356 aluminum alloy
on distribution of micro/macro shrinkage. J. Mater. Res. Technol. 3, 55-70 (2014).

Kumar Nayak, R. & Venugopal, S. Prediction of shrinkage allowance for tool design of aluminium alloy (A356) investment casting.
Mater. Today Proc. 5, 24997-25005 (2018).

Xia, H., Lu, J. & Tryggvason, G. A numerical study of the effect of viscoelastic stresses in fused filament fabrication. Comput.
Methods Appl. Mech. Eng. 346, 242-259 (2019).

Liu, W, Song, H., Wang, Z., Wang, . & Huang, C. Improving mechanical performance of fused deposition modeling lattice struc-
tures by a snap-fitting method. Mater. Des. 181, 108065 (2019).

. Masters, I. & Evans, K. Models for the elastic deformation of honeycombs. Compos. Struct. 35, 403-422 (1996).
. Malek, S. & Gibson, L. Effective elastic properties of periodic hexagonal honeycombs. Mech. Mater. 91, 226-240 (2015).
. Yang, C,, Li, Y., Dang, B., Lii, H. & Liu, E. Effects of cooling rate on solution heat treatment of as-cast A356 alloy. Trans. Nonferr.

Met. Soc. China 25, 3189-3196 (2015).

. Birol, Y. Melt treatment of Al-Si foundry alloys with B and Sr additions. J. Mater. Sci. 52, 6856-6865 (2017).
. Yao, J. Y. & Taylor, J. A. Characterisation of intermetallic particles formed during solution treatment of an Al-7Si-0.4Mg-0.12Fe

alloy. J. Alloys Compd. 519, 60-66 (2012).

Cao, X. & Campbell, J. Morphology of -Al5FeSi phase in Al-Si cast alloys. Mater. Trans. 47, 1303-1312 (2006).

Carneiro, V. H. & Puga, H. T6 heat treatment impact on the random frequency vibration stress of Al-Si-Mg alloys. Met. Mater.
Int. 25, 880-887 (2019).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676 (2012).

Acknowledgements

This work was supported by Portuguese FCT, under the reference project UIDB/04436/2020. We are grateful
to the funding from the European Research Council through the ERC grant CORREL-CT, number 695638 to
enable VHC to visit the Henry Royce Institute to undertake the X-ray CT studies. This work was supported by
the Henry Royce Institute for Advanced Materials, funded through EPSRC grants EP/R00661X/1, EP/S019367/1,
EP/P025021/1 and EP/P025498/1 and the Henry Moseley X-ray Imaging Facility funded by EP/T02593X/1.

Scientific Reports |

(2021) 11:4974 | https://doi.org/10.1038/s41598-021-84524-y nature portfolio



www.nature.com/scientificreports/

Author contributions

V.H. Carneiro prepared materials, developed the concept, manufactured the samples and wrote the manuscript
draft, S.D. Rawson performed the uCT tests, H.P. performed the microstructural analysis (Optical microscopy
and SEM-EDS) and P.J. Withers supervised the experimental procedures and reviewed the results. All authors
discussed and contributed to the writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to V.H.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:4974 | https://doi.org/10.1038/s41598-021-84524-y nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Macro-, meso- and microstructural characterization of metallic lattice structures manufactured by additive manufacturing assisted investment casting
	Results and discussion
	Macrostructural characterization: dimensional changes. 
	Mesoscale characterization—details and defects. 
	Microstructural characterization of the cast lattice structures. 

	Conclusions
	Materials and methods
	Design and manufacturing of metallic lattice structures by additive manufacturing assisted investment casting. 
	Macro- and meso-structural characterization. 
	Microstructural characterization. 

	References
	Acknowledgements


