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ABSTRACT

This study presents experimental results on thewehof aluminium alloy metal foams in
compression. Two types of metal foams were analy&ét uniform cell structure and with a
dual-size cell arrangement seeking optimized mechhiproperties. The structures were
manufactured by lost-wax casting using 3D printesmponents for internal structure
definition. Results for stiffness and energy absorpwere obtained and compared on weight
efficiency basis. The results are indicative ofnt@gefficiency of the dual-size structures that
may be considered for use in components subjeotadpact or compression loading.
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INTRODUCTION

Following requirements of weight efficiency and fpemance metallic foams have emerged
as a range of materials with great potential dugst@xcellent strength-density ratio. In the
transportation industries, such as automotive ooreitic, high energy absorption capacity
combined with low density are interesting propertier use in stiffness related parts and
passive safety structures (Banhart, 2001).

Due to its low density, high strength and excellemérgy absorption in compression, the use
of metal foams in impact-related parts has beereasingly considered in order to increase
the passive safety. The mechanical behavior of Ifedans depends on the structure of cells,
density and properties of the base material theyn@ade. The efficiency obtained in the use
of metallic foams in structural applications regsira detailed characterization of its

deformation behavior for different loads and diéfier geometries. The size and shape of the
cells or pores determines their properties, nartiedyr behavior depends on how the solid is

distributed in the porous structure (Olurin et 2000).

Although the relative density is the most domintadtor in determining the behavior and
strength of a metal foam, other parameters sudahsasbution and configuration of the cells
can also have great influence on the mechanicaweh Kou and co-authors (Kou et al.,
2008) proposed two types of open-cell foam strestwsing uniform and dual-size base cell
configurations (Fig. 1). Uniform cell metal foamave a spherical shape and are closely
compact. It is assumed that the cellular strudha®a face-centered cubic arrangement. Dual-
size foams have fillers forming a secondary linkttis disposed in voids existing in uniform
foam (Fig. 1). The distance between two adjacenters of large fillers is a, the radius of
large fillers and secondary fillers dReandr, respectively.
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Fig. 1. Compacted structures of fillers in oper-aalangements, left: uniform-size structure; rightal-size
structure (Kou et al., 2008)

In this work, experimental results on the comp@ssiehavior of uniform and dual-size metal
foams are presented and discussed. The structuees manufactured by lost-wax casting
using 3D printed components for structure defimitiFig. 2). Compression tests were
performed on test samples. Results for stiffnest emergy absorption were obtained and
compared on weight efficiency basis.
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Fig. 2. CAD, resin and metal specimens obtainedceliilar structure (a) and DS cellular structbk (

MATERIALSAND EXPERIMENTAL METHODS

In this study, a commercial AlSil12 alloy (A413.1asvused for the manufacturing of cellular
structures. This alloy was selected based on puevexperience in manufacturing structures
with very thin walls. The composition of the allypresented in Table 1

Table 1. Nominal chemical composition of A413.1naltium alloy (wt.%)

Si Cu Fe Mg Mn Zn Ni Al
Wit. [%] 11,0-13,0 1,0 1,0 0,10 0,35 0,40 0,50 balance

For the manufacturing process a preliminary 3D qiygting stage is used. The resin used in
the rapid prototype (RP) machine was a photoseesitsin, DC 500 [DWS S.r.l., Zané,
Italy], that is specifically designed to allow tpeoduction of high-definition, detailed parts
and smooth surfaces. A commercial gypsum [Ransoa&dBlph, Ultra-Vest, Maumee,OH,

USA] was used in the lost wax casting as investiagerial.

Based on previous research work (Kou et al., 2@f83lized structures of open-cell metallic
foams were designed using CAD software (SolidWorkyylindrical models with 40mm
height and 16mm diameter were selected for theiptiasc compression tests. Two types of

Funchal/Madeira, 23-27 June 2013



Integrity, Reliability and Failure of Mechanicay&ems

structures were studied: one based on a singlerisph@pen-cell with 2 mm radius (R)
repeated in X, Y e Z directions, closely compacteith fcc-like arrangement — Uniform-Size
(US); and other based on two sized spherical op#s;avith 2 mm (R) and 0,85mm (r)
radius (r=0.425.R) and organized like the UniforizeS Dual-Size (DS) (Fig. 1).

The obtained models in CAD software were exported stereolithography (STL) machine
(Digital Wax 008, DWSS.r.l., Zané, ltaly). Eightsie samples were prototyped: four with
uniform-size (US) cellular structure; and four winal-size (DS) cellular structure. After
each prototyping cycle, the resin models were cioed80 minutes in an ultraviolet curing
unit (Digital Wax Model S, DWS S.r.l., Zané, Italy) final solidification.

The investment flask was prepared following the wofacturer instructions (Ranson&
Randolph, Ultra-Vest, Maumee, OH, USA). The meataipecimens were obtained by lost
wax casting using a vacuum/pressure casting mach{h@lutherm VC 400,
Walzbachtal/Wéssingen, Germany). The AISi alloy weaedt in a graphite crucible at 635°C
on the top chamber under argon atmosphere=(p.m) While the flask was placed in the
bottom chamber under vacuumy$p,1mbar) at 350°C. After the alloy’s melting, avep
pressure of 0.75bar {pwas added to the top chamber followed by theipgwf the metal at
635°C (p4=0,1mbar) (Fig. 5.b) into the mold caviéyter casting, when the mold reached
500°C, it was inserted into a water container awnrotemperature that caused the
disintegration of the investment. The residual stieent in the metal tree was removed in an
ultrasonic water cleaner for 10 minutes.

In order to analyze mechanical properties the spems were submitted to uniaxial
compressive tests (Fig. 3). The displacement raie 10 mm/min and the tests stopped when
the displacement reached 26mm. Tests were perforimea universal testing machine
(Instrom 8874, MA, USA) at room temperature and mibair. From the load-displacement
acquired data, the maximum initial loag¢R, stiffness (§ and the absorbed energy at 5 and
15 mm of displacement {Eand Es,respectively), were obtained.

Fig.3. Compressive tests: (a) initial stage; (balffistage.

RESULTS

Compression tests results are presented in Figr 4lif metallic specimens of Uniform-Size
(Fig. 4.A) and Dual-Size structures (Fig.4.B). Frimase results it was possible to extract: the
maximum initial load (Rasy in the first inflection point of the loading cuwyvthe stiffness (H

by the slope of the curve in elastic regime; anel dbsorbed energy at 5 and 15 mm of
displacement obtained by calculating the area bé#h@xcurve. These values and their specific
values (per gram) are presented in table 2.
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Fig.4.Compression tests results— Uniform-Size $tinec(A); Dual-Size Structure (B).
Table 2. Results for mechanical behavior in the p@ssion tests
Specimen Mass Prax Specific Pmax Stiffness Specific Stiffness Energy 5 Specific Energy 5 Energy 15 Specific Energy 15
(9 (N) (N/g) (N/m) (N/m.g) Q)] (J/g) Q) (J/g)
us1 3,23 744,9 230,6 10,7E+05 3,31E+05 1,97 0,61 5,94 1,84
us 2 3,27 662,3 202,5 8,99E+05 2,75E+05 1,22 0,37 4,32 1,32
us3 3,02 660,4 218,7 7,20E+05 2,38E+05 1,65 0,55 7,07 2,34
us 4 3,07 716,1 233,2 9,43E+05 3,07E+05 1,67 0,54 6,05 1,97
Average 3,15 695,9 221,3 9,09E+05 2,88E+05 1,63 0,52 5,85 1,87
Standard ), 41,6 14,0 1,46E+05 0,40E+05 0,31 0,10 114 042
deviation
DS 1 332 14549 438,2 16,8E+05 5,06E+05 4,09 1,23 7,45 2,24
DS 2 2,83 11658 411,9 8,71E+05 3,08E+05 3,07 1,08 9,10 3,22
DS 3 291 11652 400,4 9,93E+05 3,41E+05 3,26 1,12 4,96 1,70
DS 4 3,00 10975 365,8 9,89E+05 3,30E+05 2,86 0,95 6,96 2,32
Average 3,02 12209 404,1 11,3E+05 3,71E+05 3,32 1,10 712 2,37
Standard ) 55 30,0 3,71E+05 0,91E+05 0,54 0,12 1,70 0,63
deviation
Variation +75.4% +82.6% +24.3% +28.8% +103.7% +111.5% +21.7% +26.7%

As shown in Fig.4, the compressive behavior of bimif Size structure is similar to the Dual
Size until the first layer collapses. At this stdyaal Size structure withstood a significantly
higher initial load. From this stage, as the sutetdensification is unique for each sample,
the compressive behavior is also different. Thisstfecation behavior is largely related to the

extensive fracture that occurs within the sample’smetry.

Results show that the specifig,&2 (N/g) withstood by Uniform Size (US) structure was
approximately 212 N/g whereas that withstood by ieal Size (DS) structure was

approximately 404 N/g, i.e. the strength exhibidgadhe Dual Size structure was ~83% higher
than that of the Uniform Size.

In what concerns specific stiffness, the dual stzacture obtained an average value 29%
higher than the uniform size structure. These \&blire consistent with values from numerical
simulation presented in paper proposing the daal structure (Kou et al., 2008).

Regarding specific absorbed energy registered &ntihm of displacement, the dual size
structure displayed an average absorbed energ¥fisantly higher than the uniform size
structure — around 112%. However, for a higherldgment (15 mm) the specific absorbed
energy of the dual size structure was approxim&eéhp higher than that of the uniform size
structure. This is attributed to the much highdiahload peak that contributes to the energy
calculation in the first 5 mm of displacement.
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Based on the experimental data, one can conclualetite Dual Size structure exhibited
general enhanced mechanical behavior over the timifiize structure. These improvements
showed to be highlighted in the maximum initialdegupported (+83%) and in the absorbed
energy until 5 mm of displacement (+112%). Howewvanre realistic values of stiffness

(29%) and energy absorption at 15 mm (27%) areet@dnsidered for a validation of the

modified geometry for mechanical applications. Tlaisalysis is based on the greater
contribution of the maximum load and associatedrggn@bsorbed in the initial phase of

collapse behavior.

CONCLUSIONS

In this research work two types of metal foams we@nufactured and analyzed, having

different cell structures: uniform cell structunedadual-size cell arrangement. The structures
were manufactured by lost-wax casting using 3Dtpdncomponents for internal structure

definition. Results for stiffness and energy absorpwere obtained and compared on weight
efficiency basis.

The compression tests showed that the specifig (R/g) withstood by the Dual-Size(DS)

structure was approximately ~83% higher than tlidhe Uniform Size, while stiffness had

an improvement of 29%. Specific absorbed energystegd for 5 mm of displacement

presented a significant improvement (around 11286).a higher displacement (15 mm) the
specific absorbed energy of the dual size structa® approximately 27% higher than that of
the uniform size structure. These results are aitlie of a higher efficiency of the dual-size
structures that may be therefore considered forimssomponents subjected to impact or
compression loading, both in stiffness and cragrggnabsorption requirements.
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