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MECHANICAL PROPERTIES AND CORROSION BEHAVIOUR OF
316L STAINLESS STEEL HONEYCOMB CELLULAR CORES
MANUFACTURED BY SELECTIVE LASER MELTING

Summary

Selective laser technology is an additive technology that can allow for the manufacture
of cellular structures using different types of metallic powder with complex applications in
industries such as aerospace, automotive and medical implant industries. This paper presents
the effect of climate and mechanical stresses on some honeycomb cellular cores, used in
sandwich structures made of 316L stainless steel powder by applying the selective laser
melting technology. The honeycomb cellular cores have undergone the microhardness testing
and the resulting variation obtained from the analyzed samples was 225 + 15 HVy3. The
compressive strength and the modulus of elasticity of the cellular structures were determined
for flatwise and edgewise compressive stresses. Also, the cellular structures were subjected to
accelerated corrosion tests in order to determine their mean life in application use conditions
similar to those near seas and oceans. Also, a microstructural evaluation of salt deposits was
carried out on the cellular structures subjected to accelerated corrosion tests using a salt spray
test chamber.

Key words: selective laser melting, honeycomb cellular core, 316L stainless steel,
mechanical performance, accelerated corrosion test

1. Introduction

The development and manufacture of sandwich structures already successfully used in
areas such as aerospace industry (structures of helicopter blades, fuselage floors, empennage
structures), automotive industry (inside panels), renewable energy industry (blades of wind
turbines), marine industry (flooring, hull, bulkheads), railway industry (construction of high-
speed trains, wagons), packaging industry (corrugated cardboard), construction industry
(sandwich panels used to build facades, roofs) have been extensively investigated and
presented [1]. The sandwich structure has a low density core which takes over the
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compressive and shear stresses. Between two shells the following core structures can be
inserted: wood, honeycomb structure (paper, aluminium alloys, titanium and copper alloys,
nickel alloys, iron alloys, fiber glass, carbon fibers, kevlar) and expanded foam [2]. The most
frequently used metal cores are honeycomb core structures. They are cellular structures that
are used in particular in the production of airplane floors, leading and trailing edges in wings,
fuselage components, and helicopter rotor blades. Special attention is given to the
environmental protection; for this purpose, the land, sea and air vehicles must be more
efficient in terms of fuel consumption and take the so-called "lightweight syndrome" into
account. This syndrome refers to obtaining lighter sandwich structures which reduce the
weight of various components while increasing their performances. Light metal cellular
structures have high strength, a relatively low weight and good performances related to:
energy absorption and thermal and acoustic insulation.

One modern method of manufacturing cellular structures used in sandwich structures is
the additive technology. By using the additive technology the three-dimensional models of
complex shapes can be achieved starting from digital three-dimensional parts by adding
successive layers of material in a few hours, with minimal intervention of the human factor
[3]. The main advantages of the additive manufacturing technologies are: reduction in cost of
the new product; the application of these technologies allows for the experimentation with
constructive solutions for the designed technological equipment, its validation or
improvement; carrying out tests on models produced by the additive manufacturing
technology [4]. The main types of additive manufacturing technologies are [5]:
stereolithography (SLA); fused deposition modelling (FDM); selective laser sintering (SLS);
selective laser melting (SLM); electronic beam melting (EBM); laminated object
manufacturing (LOM). In the framework of this study the laser melting technology will be
used to obtain multilayer cellular structures by consolidating some successive layers of
powder type material and by using a laser in order to melt and solidify the required geometry
starting from a three-dimensional model. The SLM technology allows for the manufacture of
cellular structures or components using a wide range of materials: pure titanium [6], titanium
alloy [7,8,9], cobalt-chrome [10,11], stainless steel [12,13] and aluminum alloy [14, 15,16].

Recent studies on cellular structures manufactured by the SLM technology can be
divided into the following main areas of interest: optimizing the laser settings (power and
exposure time) in order to obtain different structures and the effect of production parameters
in stainless steel [17]; manufacture of implants using cellular structures [18,19], manufacture
and optimization of cellular structures geometry produced by the SLM technology, starting
from the unit cell geometries, sizes and strut cell diameters [20,21,22,23], testing the cellular
structures obtained by the SLM technology [9,14,15,22,23], finite element analysis of cellular
structures [17,24].

A great part of the studies on cellular structures focus on the manufacture and then the
determination of the failure and deformation mechanisms followed by various microscopic
analyses. The behaviour testing analysis of cellular structures manufactured by using the
additive technology is a challenge for specialists in the field. Tests are currently performed to
determine the mechanical properties of cellular structures under various stresses
(compressive, bending and tensile), that are obtained by the SLM technologies. Mines et al.
[25] studied the impact behaviour of sandwich panels with carbon fibre reinforced polymer
(CFRP) face sheets and micro lattice core (body centered cubic /BCC/) of the Ti6Al4V and
the 316L stainless steel manufactured by the SLM technology. Another study was undertaken
by Riemer et al. [26] who investigated the high-cycle fatigue performance of 316L steel
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cellular structures, focusing on the study of crack initiation and growth behaviour occurred as
a result of the testing. Smith et al. [24] used experimental methods for determining the
compressive response of several BCC and BCC-Z cellular structures and validated the
experimental results by applying the finite element method.

Various analytical methods, experimental and numerical were used by Ushijima et al. to
determine the mechanical properties of BCC micro-cellular structures under uniaxial [27,28]
and multiaxial compression [29]. McKeown et al. [30] produced two types of cellular
structures: the pillar-octahedral lattice and the octahedral lattice using the SLM technology
and studied the compression and the blast behaviour. Microstructure, high cycle fatigue and
failure mode of 91 specimens made of the AlSi10Mg aluminium alloy by using the SLM
technology, in three building directions (0°, 45°, 90°) were investigated by Brandl et al. [14].
A manufacturing process was developed and performance of gyroid structures (with different
volume fractions) under compressive strength was analyzed by Yan et al. [21]. Zhang et al.
[31] studied the influence of the manufacturing process parameters (laser beam scanning
velocity, laser power, substrate condition and thickness of the powder layer) of stainless steel
316L specimens (positioned horizontally and vertically on the machine table) in order to
improve the mechanical performance and their dimensional accuracy using the SLM 250
device. Recent studies on the determination of the Brinell hardness of the structures made of
316L stainless steel components and manufactured by SLM were carried out by Buican et al.
[32] and by Zhu et al. [33]. The specimens manufactured by the SLM technology were
investigated in terms of their corrosion behaviour and resistance by carrying out
electrochemical measurements to 3.5 wt.% NaCl [34]. Alsalla et al. [35] studied the effect of
different building directions on the properties of density, tensility and fracture toughness of
316L stainless steel cellular lattice structures manufactured by the SLM technology.
Prashanth et al. [36] investigated the compression behaviour of different specimen geometries
from the open-cell rhombi-dodecahedron structure with three different density values and
fabricated from the 316L gas-atomized powder using the selective laser melting. Another
recent study was performed by Feng et al. [37] including the theoretical method and the finite
element analysis for predicting mechanical properties of BCC structures and uniaxial-
reinforced BCCZ and f2BCC structures manufactured by using the SLM technology. Martin
et al. [38] used a modified ceramic extrusion powder technology and analyzed mechanical
properties and energy absorption efficiency of the honeycomb design based on austenitic
stainless TRIP-steel and TRIP-steel/zirconia composite (TRIP-MC) materials.

Stainless steel honeycomb structures used in aviation are analyzed and tested for
corrosion because the number of aircraft kept in operation is increasing. One of the most
important causes of damage to aircraft is the corrosion of metallic components (in this paper
we study the cellular honeycomb core) affected by sand, rain or an environmental pollutant
with a high content of salts, acids and alkalis. The prevention, mitigation and monitoring of
the cellular honeycomb core’s corrosion is a common concern to companies in the aerospace
industry. In the current scientific context in which in the coming years large companies in the
aerospace, road, sea, rail transport and renewable energy sector want to achieve industrial
products (aircraft, racing cars, trains, blades for wind turbines) with at least 50% functional
components made by additive technology, manufacturing, and the testing of such cellular
structures represents a vast and extensively researched field of study.

The objective of this study is to determine the mechanical behaviour of the honeycomb
cellular core in sandwich structures produced by the laser melting technology. The first
experimental stage was the mechanical characterization of the cellular core structures
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obtained by microhardness testing. This paper will expand the experimental research, present
above and will determine the compressive performance of honeycomb core type cellular
structures made of the 316L stainless steel and manufactured by applying the SLM
technology. A particular attention is given to the accelerated corrosion testing of core cellular
type structures in order to determine the mean life and weight loss over a long period of time.
Additionally, on the cellular core structures subjected to accelerated corrosion tests, a
microstructural characterization was performed by using electron scan microscopy.

2. Materials and methods

2.1 Material and honeycomb cellular cores preparation

The honeycomb cellular core have been modelled in the SolidWorks software and then
exported in the stl. format. For their manufacture the SLM 250 HL equipment from SLM
Solutions was used. To generate data on the manufacturing process of SLM, the SLM
AutoFab software (Marcam Engineering GmbH) was used. The cellular core type structures
were manufactured by depositing several thin layers of atomized stainless steel metal powder
(316L stainless steel), which successively melted and solidified at the microscopic level inside
a closed building chamber containing the inert gas argon. The manufacturing process was
carried out at SLM Solutions Company from Luebeck, Germany.

316L stainless steel powder used for the honeycomb cellular core structures has the
following composition: C < 0.03%; < 2.0% Mn; Si< 0.75; =12% -14% Ni; Cr=16% -18%;
Mo=2% -3%; S < 0.03; P < 0.045; Fe balance. In the experiments of this study, the following
parameters were applied:

Table 1 Manufacturing parameters of the honeycomb cellular cores

Parameters Value

Laser power 100 W

Layer thickness 50 um

Laser scanning speed 150 mm/s
Hatch offset 0.175 mm
Particle size 20-40 pm
Platform temperature 200° C

Inert gas, Argon 4.6 bar, 2 I/min

For the purpose of this study, 20 cellular core structures made of 316 L stainless steel were
manufactured. The honeycomb specimens of the cellular core structures are hexagonal (Fig.
l.a) and have the following dimensions: length 70 mm, width 50 mm, height 12 mm. The
specific dimensional elements of a honeycomb core are described in Fig. 1.b. Thus, the cell
diameter (d) defined as the distance between two opposite walls of the honeycomb core has a
value of 14 mm; the length (a) of an edge of the hexagonal core is 8 mm with a wall thickness
of 1.5 mm.
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a) v)

Fig. 1 (a) Honeycomb cellular core structures manufactured by SLM and made of 316L stainless steel,
(b) unit cell of a hexagonal honeycomb

2.2 Experimental methods

In this study, three kinds of tests were carried out in relation to the honeycomb cellular
core structures: microhardness tests, compression tests and accelerated corrosion tests. In
determining the microhardness values of the honeycomb cellular cores the Vickers method,
based on measuring the size of the field diagonal obtained by indenting a diamond pyramid in
the grains of the analyzed material at light loads, was used.

When microhardness of the cellular core structures was tested, the specimens were cut
transversely, embedded in epoxy resin and then ground with sandpaper by gradual changing
of the grain (1500, 2000 and 2500) using a Buehler Phoenix Beta — grinder/polisher. It is very
important that the cut pieces exhibit a smooth surface and no traces after the cutting operation
because these imperfections can influence the values and the accuracy of microhardness tests.
The determination of the microhardness was conducted with a FM-700 Microhardness Tester;
the penetrator was applied for 15 seconds using a load of 300 gf.

Honeycomb cores of a sandwich structure composition are found in many applications
in the aerospace sector and the main stresses that occur in these structures are linked to
compression. Five structures of honeycomb core type made of 316L stainless steel
manufactured by SLM underwent the compression testing using a WDW-150S universal
testing machine.

All the compression tests were carried out under displacement control at a constant
cross-head speed of 2mm/min. The dimensions of the honeycomb core type structures
compression tested in this paper were manufactured so as to comply with ASTM C365 -
Standard Test Method for Flatwise Compressive Properties of Sandwich Cores. Five other
honeycomb core type structures were edge compression tested. These specimens
manufactured by SLM and made of stainless steel have the dimensions from ASTM C364
Standard Test Method for Edgewise Compressive Strength of Sandwich Constructions.

The main cause of sandwich structures deterioration and in particular of honeycomb
cores is corrosion, which deserves special attention. These cellular core structures are
subjected to fatigue during operation, are affected by various objects, or by the environment
they operate in, which becomes increasingly polluting (due to a high content of salts). The
honeycomb cores made of 316L stainless steel and manufactured by SLM were subjected to
accelerated corrosion tests. The accelerated corrosion tests were conducted in salt spray
chamber of the laboratory of the Italian National Agency for New Technologies, Energy and

TRANSACTIONS OF FAMENA XLI-4 (2017) 15



S.M. Zaharia, C. Lancea, L.A. Chicos, Mechanical Properties and Corrosion Behaviour of
M.A. Pop, G. Caputo, E. Serra 316L Stainless Steel Honeycomb Cellular Cores

Manufactured by Selective Laser Melting
Sustainable Economic Development. Before starting the corrosion test on the honeycomb
cores the guidelines of ISO 9227, Corrosion Tests in Artificial Atmospheres - Salt Spray Test,
were extensively looked into, as they contain very useful recommendations on the preparation
of specimens for the testing.

Since SLM technologies are new, many aspects concerning material performance data
are unknown. Due to the long periods of testing necessary to obtain information on cellular
core structures, the implementation of accelerated corrosion tests is clearly required. By using
these types of accelerated tests on materials produced by the SLM technology the corrosion
behaviour can be anticipated, the testing costs are thus reduced and the reliability is improved.

The main research aspects of performing the accelerated corrosion salt spray tests on
honeycomb cores manufactured by SLM are the prediction of the mean life of the structures
and the weight loss. Two sets of tests were performed for each 5 specimens that were
subjected to 5% NaCl (sodium chloride) and 10% NaCl with an exposure time of 240 hours.
At the end of the accelerated corrosion salt spray tests, the honeycomb cores were analyzed in
terms of salt deposits by using a LEO 1525 field emission scanning electron microscope.

3. Results and discussions

3.1 Microhardness test

The Vickers method is well suited for microhardness testing of thin pieces or pieces with
thin superficial layers of small thickness, the load applied in these cases becoming increasingly
smaller, depending on the layer thickness. For the microhardness testing three samples were
collected from the honeycomb core structures manufactured by SLM in order to determine their
microhardness characteristics. Table 2 describes the microhardness test results.

Table 2 Values of microhardness samples

No. Microhardness sample 1 Microhardness sample 2 Microhardness sample 3
HVy;3 HVy3 HVj3
1. 21890 220.30 223.80
2. 216.80 213.50 235.80
3. 216.90 209.60 231.00
4. 231.00 234.50 226.00
5. 228.50 234.50 216.00
6. 210.50 217.50 227.00
7. 232.50 226.50 218.00
8. 224.50 231.40 214.00
9. 236.50 228.00 237.00
10. 235.60 225.00 234.00

Analyzing the results obtained from the microhardness tests using the SPSS Statistics 23
software the following values, described by the frequency distributions, have been obtained
(Fig. 2). Since the mean, the median and the mode value are relatively equal in the three
tested samples, the distribution is considered to be normal with a slight positive
asymmetry. After determining the microhardness of the 316L stainless steel samples by
averaging the ten microhardness values (Fig. 3) obtained from the surface of the sample, a
mean of 225.4 HV 3 microhardness is obtained. In Figure 3 it can be observed that much of
the microhardness values of the samples is contained in the rectangle described by the 25th
percentile and the 75th percentile.
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3.2 Compressive testing of honeycomb cellular cores

For the structural evaluation of the sandwich core structures performances a wide range
of tests can be carried out: moisture sorption; compressive testing; shear tests; tensile testing;
water migration; delamination of honeycomb core. In this paper, five honeycomb cores will
be tested with regard to edgewise compression (Fig. 4) and flatwise compression (Fig. 5). The
purpose of these tests is to determine the compressive properties of the honeycomb cores of
70 mm x 50 mm size manufactured by SLM technology and made of 316L stainless steel.

Fig. 4 Testing the edgewise compression Fig. 5 Testing the flatwise compression
of honeycomb cellular cores of honeycomb cellular cores

With a complete load extension curve it is possible to determine the core compressive
strength and the modulus of elasticity of the honeycomb core structure. In Figure 6 it can be
seen that the value of the modulus of elasticity of the five flatwise compression tested samples
is 22 times higher than the modulus of elasticity of the five edgewise compression tested
samples. Another characteristic of the compression tests is the compressive strength of the
cellular core structures. The compressive strength values of the ten tested samples are shown
in Figure 7. Typically, these compression tests results show that the samples subjected to
flatwise compression have a 15 times higher compressive strength when compared with those
subjected to edgewise compression.
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The mechanical properties and behaviour of the tested cellular core structures depends
on the type of material from which the honeycomb structure is made, and whether
deformation occurs in the flatwise or edgewise compression.

In the graphical representation of the compressive strength of the material the
characteristic stress-strain curve is used. It is noted that in the flatwise compression (Fig. 8.a)
a straight line is obtained which stands for the continuous response of the material to the
applied force, in which case the specific deformations are proportional to the stresses.

As for the edgewise compression behaviour (Fig. 8.b) it is found that there is a zone of
proportionality between the specific deformations of the applied force, after which, by
exceeding the yield point, the characteristic curve shows a hardening zone, and the increase in
the deformation in this zone is linked to the increase in the tensile stress. When the maximum
level is reached, the pressing down phenomenon of the cellular core structures occurs and the
characteristic curve has a downward path until a complete cell core fracture.

4 000

Stress, MPa
Stress, MPa

It 42 [ 54 t ‘ 2 - ;. w0,

Strain (%0) Strain (%)

Fig. 8 Stress-strain curve for flatwise compression Fig. 9 Stres-strain curve for edgewise compression

The fracture surfaces of the failed 316L stainless steel honeycomb cellular cores
(subjected to the edgewise compressive tests) were characterized by using a Nikon Eclipse
MA-100 optical microscope. As can be seen in Figure 10.a showing the results of the
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edgewise compression test, the cellular structure reveals total deformation and two surfaces
with cracks. The two cracks occurred in the middle area of the specimen, which caused the
breaking of the material.

Fig. 10 (a) Fracture surfaces of 316L stainless steel honeycomb cores, (b) Optical microscope images (200X) of
specimens subjected to edgewise compression test - the first area with cracks on the specimen,
(c) Optical microscope images (200X) of specimens subjected to edgewise compression test - the second area
with cracks on the specimen

3.3 Accelerated corrosion tests of honeycomb cellular cores

Mechanisms of the corrosion degradation processes of the cellular core structures under
the action of aggressive factors specific to marine environment are an important cause of
degradation of components used in various applications. In some metal structures of which a
high reliability is estimated, the determination of lifetime in normal stress conditions requires
a longer testing time [39, 40]. For this reason, the accelerated corrosion test methods are
selected to carry out the degradation analysis of cellular core structures. Thus, the ten
honeycomb cellular cores were exposed to two levels of acceleration with saline solution
(5%NaCl and 10%NaCl) and subsequently analyzed over five exposure times.

Within the process of accelerated corrosion of the cellular core structures the
determination was carried out by applying weight loss method. The specimens were extracted
from the salt chamber and the corrosion products were removed. These products, removed by
cleaning during the inspection, are salts accumulated on the surface of the samples which
were removed. In Fig. 9 the weight losses are described in relation to the honeycomb cellular
cores surface for the two acceleration levels.
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Fig. 11 Variation of mass loss in relation to exposure time of honeycomb cellular cores in two concentrations
(5% and 10%) of sodium chloride

For the statistical analysis, the resulting data from the accelerated corrosion tests of the
cellular cores was entered into the software ALTA9. The statistical data processing was used
as a model for accelerating the Inverse Power Law and the Weibull distribution.

The results obtained from the accelerated corrosion tests were statistically analyzed
and then extrapolated so as to obtain the lifetime of cellular core structures under normal
use conditions (0.05% NaCl). The main indicator determined for these types of accelerated
corrosion tests is the mean life. For the cellular core structures, the mean life of 49,638
hours (about five and a half years) in the saturated air near seas and oceans with a normal
use of 0,05% NaCl was obtained, determined by the Quick Calculation Pad in the software
ALTAO9.

3.4 SEM analysis of honeycomb cellular cores

In Figures 12 and 14 the SEM analysis of the specimens before salt spray testing is
presented. The samples tested in the salt chamber (10% NaCl) were microstructurally
characterized after 96 testing hours using the SEM analysis at 40000X and 10000X
magnification. It can be observed on the exposed samples that the cell structures show
substantial salt deposits (Fig. 13 and Fig 15).

A, e & e

| 4 | 5
g 5 . \
) i | ;
5 s 3
00K X EHT =20.00 kv Signal A = InLens UTTMAT-CHI

g .
o= 1921 eh oy WD = 38mm o Name = et 10_01
Aperture Size = 30,00 jm Photo No. = 8673

Oupitcey = 1921 e dsly WD = 55mm il Nane =Sl befre 01

S ¥
00K X EHT=2000kY  gignal A= InLens UTTMAT-CHI w
1pm Aperbre Size=30.00 ym Photo No. = 8636

Fig. 12 SEM analysis of samples before exposure Fig. 13 SEM analysis of samples tested in
in salt spray chamber, magnification: 10.000X salt spray chamber, magnification: 10.000X
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Fig. 14 SEM analysis of samples before exposure Fig. 15 SEM analysis of samples tested in
in salt spray chamber, magnification: 40.000X salt spray chamber, magnification: 40.000X

4. Conclusions

The cellular cores manufactured by applying the SLM technology can be implemented
in sandwich structures because they exhibit mechanical properties (microhardness and
compression) superior to cellular structures obtained by conventional manufacturing
technologies. The mean values of microhardness of the three samples analyzed are very close
and with the range HV 225 + 15 HV, 3. Upon compression testing it has been observed that
the cellular cores have substantially superior performances established by the flatwise
compression testing in comparison to those established by the edgewise compression testing.

Within only ten days, the accelerated corrosion tests are capable of producing corrosion
equivalent to corrosion observed in five and a half years of normal outdoor use, such as in the
marine environment. This reduction in the time of the testing duration and collection of data
on cellular core corrosion makes it possible for the accelerated corrosion tests to become an
effective method for determination of the corrosion behaviour of materials. After testing the
specimens in the salt chamber at two levels of acceleration with saline solution it was
concluded that the corrosion rate of specimens increases with an increase in testing duration.

The microscopic analysis of specimens that were subjected to edgewise compression
showed the main failure surfaces and how the cracks occurred. The SEM analysis in this
paper complements the study on the accelerated corrosion tests by identifying salt deposits on
the analyzed cellular structures.
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