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Abstract

Hexagonal aluminum honeycomb (cellular aluminum structures) is a hexagonal core product
similar to a bee cell. It is often used as a core for “sandwich” composites with many applications
in the modern world, such as: Jet aircraft and rocket substructure, electric shielding enclosures,
wind turbine blades, energy absorption protective structures, exterior architectural wall panels,
boat constructions, automobile and civil structures. It is noticeable that the main fields of its
applications are in aerospace, automotive, woodworking industries but it can be found in many
other fields as well, from packaging materials to sporting goods like skis and snowboards.

An apt and common question is what are the benefits of using honeycomb structures and
why is it widely used in engineering and scientific applications. The main reason and the
interesting part are that a honeycomb shaped structure provides a material with minimal density
and relatively high compression properties and shear properties. Also, honeycomb’s core has
several significant advantages, such as: it is lightweight (which implies low cost of production
compared to other structures), resistance to stiffness, good fire reaction, corrosion resistance
and good energy absorption properties at dynamic collisions.

In this work, shear tests were conducted on honeycomb core specimens of aluminum
5052 for the study and further understanding of its mechanical behavior within the ASTM C273
specification. More specifically, the conditions and the parameters were explored under which
the specimen is having an elastic behavior and the critical point-force where the specimen starts
to present plastic behavior.

Key words: honeycomb core, sandwich structure, shear stress, elastic behavior, plastic behavior



NEIPAMATIKH AIEPEYNHZH TOY OPIOY ENAZTIKOTHTAZ ZE
AIATMHZH KYWEAOEIAQN AOMQN AAOYMINIOY

Anpntplog Todyag
TuAua Mnxoavoloywv Mnxavikwy, Naveniotiuo Oscoaliog

ErpBAénwv: Ap. AAEENG Keppavidng
AvarmAnpwtng kabnyntig Mnxavikng Zupmnepidopds MetaAAKWY YALKWY,
Mavemnotulo Oscoaliog

NeplAnyn

H e€aywvikn kupeloeldng Soun (honeycomb) eival éva mpotdv e€aywvikol muprAva mapouoLo
He éva KeAL péAlooag. Zuxva XpNOLUOTIOLE(TAL WE TTUPAVAG Yla cUVOeTa UAKA TUTIoU “sandwich”
HE TIOAAEC eDAPOYEG OTO OUYXPOVO KOOLO, OTIWC: UTIOSOUEC aeplwBoULEVWV OEPOOKAPWV KOl
TIUPAUAWYV, NAEKTPLKA TepIPANRUATA BwpAKLONG, TITEPUYLA OVEUOYEVVATPLWY, TIPOOTOTEUTLKEG
SopEC amoppodnonG EVEPYELAG, EEWTEPLKA OPXLTEKTOVIKA TIAVEA TOIXWV, KOTOOKEVEG oKadwV
KOl QUTOKLVATWVY Kal TToAeoSopikwy dopwv. Mapatnpeital ott ta Kupla nedia epapuoywv tou
EWVOL OTNV AEPOSLACTNHLKI, AUTOKLVNOTIKY, EUAoupyLKA Blopnxavia aAlla propel va Bpebetl kat
o€ TIOAAOUG AAAOUC TOUELG, oo UALKA cuokeuaoiag €wg abAnTka idn omwc ski kat snowboard.

Mia gvoToxn KOL OUXVI EPWTNON ELWVOL TIOLa VoL Ta 0pEAN amod tn xprion kupeloeldbwv
SopwV Kal ylati xpnoLomoloUvTal EUPEWC OTN UNXAVIKA KAl O €MLOTNUOVIKEG edapuoyEC. O
KUPLOG AOYOoG Kal To evlladEpov HEPOG elval OTL pa honeycomb Soun mapéxel éva UALKO e
€AAXLOTN TUKVOTNTA KAl OXETIKA UPNAEG LOLOTNTEG O cuprieon kot WOLOTNTEG o dLatunon.
Entiong, o mupnvag tou honeycomb £xeL ApKETA ONUAVTIKA TTAEOVEKTI LATA, OTIWG: Eival eEAadpUG
(mpayua mou cuvenayetal XapnAo KOOTOC Tapaywyng o€ cUYKPLoN HUE AANEG SOUEG), avtoxn oTn
SuokapPia, kaAn avtibpaon oe evdAekta meplBallovia, avtoxy o SlaBpwon Kal KOAEC
dlotnteg anoppodnong eVEPYELOG 0€ SUVAULKEG KPOUTELG.

Ze auTh TNV SUTAWMOTIKA €pyacia, payuatonolOnkayv nelpapata Sldtpunong o dokipta
pe mupnva honeycomb amé aloupivio oelpdcg 5052 yia tn LEAETN KOL TNV TIEPALTEPW KATAVONGON
NG UNXOVIKAG oupmepldpopag tou, cludpwva pe Tic podlaypadeg ASTM C273. Edbikotepa,
SlepeuvnOnkav oL CUVONKEC KoL OL TIAPAETPOL KATW Ao TIG OTIOLEC TO SOKIULO £XEL EAAOTLIKN
ocuuneplpopd Kol TO Kpiowo onueio Suvapung omou apyxilel va mapoucotdlel TAQOTLKA
ocuuneplpopa.

Né€elc-kAeldLa: mupnvac honeycomb, OSopég sandwich, SLOTUNTIKEG TAOEL, EAAOTIKN
ouuneplpopa, MAAOTIKI) cupneplpopd
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Chapter 1. INTRODUCTION

1.1 Problem description and Research methodology

A common objective in engineering and material science is to create materials with the biggest
strength and the minimum weight and minimum amount of materials (minimum cost).
Honeycomb sandwich structures are frequently used to achieve these outcomes and over time
they are used more and more in mechanical-scientific applications, due to the high stiffness, good
resistance and the lightweight structure that they provide. A honeycomb structure material is
produced using an array of hollow tubes or cells (honeycomb core) “sandwiched” between two
face sheets (solid plates), which most commonly are made of aluminum or carbon fiber
reinforced polymer and the adhesive that bonds them together (figure 1.1).

The solid plates are designed to carry the bulk of the bending load and honeycomb’s core provide
resistance in shear loads. With this combination of properties and in a field that is still not fully
investigated, it is really interesting to study and understand more about the mechanical behavior
of these materials, with the aim of being able to be applied in more technological applications.

The contribution of this thesis work is the experimental study of cellular structures of
aluminum series 5052 with loading — unloading stress tests and tests with more cycles in pure
shear and providing results about the mechanical behavior of them. The method chosen for these
tests was consistent with ASTM specification, and with the help of RWTH Aachen University
(comparison of results in different specimens) it was concluded that the experimental results are
adequate and accurate, as will be discussed in the following chapters.
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Chapter 2. BIBLIOGRAPHIC RESEARCH

2.1 Types of cellular structures

The most common materials, for sandwich panels, for the production of the solid plates are
aluminum or carbon fiber reinforced polymer. The core is usually made of foam or honeycomb
structures made of aramid paper (e.g., Nomex) or aluminum. The aramid material is a
subcategory of heat-resistant and synthetic fiber materials with a hard body. According to
investigational experiments and studies (e.g., Aktay, Johnson and Krdplin [2]) Aramid is preferred
to be used rather than aluminum because the latter has high susceptibility to corrosion if there
is an inflow of moisture.

In this work, aluminum solid plates and aluminum core is used for the experimental tests,
but it is advantageous to make a brief reference to the main types of honeycombs composites.

e ALUMINUM HONEYCOMBS

e NOMEXHONEYCOMBS

e THERMOPLASTIC HONEYCOMBS
e STAINLESS STEEL HONEYCOMBS
e FOAM HONEYCOMBS

Aluminum honeycombs possess the highest strength and weight ratio and have a mixture of
geometric cell shapes and by foil thickness and cell size.

13



Figure 2.2: Nomex honeycomb core

Nomex honeycombs are manufactured by a type of paper-based on Kevlar fibers which is known
as Nomex paper with fire-resistant properties. High strength, solid stability, and low density are
the main properties of these cores, nevertheless, compared to other materials they are more
expensive.

Figure 2.3: Thermoplastic honeycomb core

These cores are recyclable and are lightweight and there are several types of these honeycombs
such as;

1.Abs (Acrylonitrile Butadiene Styrene) that offers surface hardness, toughness, rigid structure,
dimensional stability and impact resistance.

2. Polycarbonate offers good light transmission, self-extinguishing properties and robust heat
resistance.

3.Propylene provides noteworthy chemical resistance.

14
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Figure 2.4: Stainless steel honeycomb core

Stainless steel honeycombs are attributed with perfect moisture and corrosion resistance, fire
resistance, fungi resistance. They are used where honeycomb is subjected to hostile
environments like bulkheads, train doors and floors i.e.

Figure 2.5: Foam honeycomb core

Foams are one of the most common forms of core material. They can be manufactured from a
variety of synthetic polymers including polyvinyl chloride (PVC), polystyrene (PS), polyurethane
(PU), polymethacrylamide and polyetherimide (PEl), with densities being in the range of 30
kg/m?3 to 300 kg/m3.

15



It is also important to mention that depending on the results required and the conditions, there
are different cell geometries that are being selected. Some of these geometries are shown in the
figure below.

Figure 2.6: Initial sixteen bio-inspired periodic cubic of cellular structures [3]

2.2 Methods of production of aluminum cellular structures

The manufacturing of a honeycomb can be divided in the following five ways: adhesive bonding,
resistance welding, brazing, diffusion bonding and thermal fusion. From the aforementioned five
ways the most common manufacturing method is adhesive bonding. Adhesive bonding can be
achieved with the use of either one of the following methods.

1.Expansion Method

The steps of this method are:

1) Aluminum honeycomb manufacturing begins life as a roll of foil with the required thickness.
2) Foil is passed through a printer for adhesive lines to be printed.

3) Once the lines are printed, the foil is cut to size and stacked into piles using a stacking machine.

16



4) These stacked sheets are pressed using a heated press to allow the adhesive to cure and bond
the sheets of foil together to form a block of honeycomb.

5) The block of honeycomb can be cut into slices with the thickness of the slices being tailored to
each customer’s individual requirements.

6) Finally, the honeycomb is expanded, which completes the manufacturing process.

The expansion process for honeycomb core manufacturing is depicted in figure 2.7.

Sheet
HOBE block

s W HOBE slice
Aluminum alloy

Aluminum alloy sheety” <4

¥ A1

Adhesive

eSIVe
Aluminum alloy sheet” Expanded

e Aluminum honeycomb

2. Corrugation Method

The steps of corrugation method are:

1)Aluminum honeycomb manufacturing begins life as a roll of foil with the required thickness.
2) Foil is passed through a corrugated roller (toothed rollers), creating a corrugated sheet.

3) Adhesive is applied to the flat sections of this sheet.

4) Finally, the flat sections of corrugated sheets are then bonded and held together until the
adhesive is cured, but also they can be brazed or resistance welded to form a honeycomb core.

This method is preferred for high density cores which cannot be expanded due to thick and strong
metallic sheets; therefore it is typically performed for honeycomb cores with a smaller size than
those made through the expansion process.

The corrugation process for honeycomb core manufacturing is depicted in figure 2.8.

17



Corrugated Sheet Corrugated Block

Roll Corrugated Rolls

Corrugated Sheet

2.2.1 Cell features and properties

Some basic terms that are frequently used for honeycomb structures are the following:

diraction

Ribbon

Honeycomb density: weight of one cubic meter of core expressed in kilograms (kg/m?)
Cell: a single honeycomb unit
Cell size: distance between two opposite sides of hexagonal cell

18



Ribbon: the flat sheet material constituting the honeycomb

Node: the bonded portion of adjacent ribbon sheets

Free wall: cell wall sections of single bonded sheets

Foil thickness: thickness of free wall

L direction:
W direction: the core expansion direction

the core ribbon direction

T direction: the core direction parallel with cell openings
Honeycomb Before Expansion (HOBE): the solid block of bonded sheets

The mechanical properties of honeycomb are a) stabilized and bare compressive strength, b)
stabilized compressive modulus L and W direction, depending on the core’s thickness. In the case

of energy absorption, application crush strength is considered 50% of bare compressive strength.

The change in thickness does not alter the compressive properties and shear modulus, however
shear strength decreases with increase in thickness. Table 1 and Table 2 depict Typical
mechanical properties for honeycomb core made of aluminum alloys.

Core Compression L shear W shear
Density Strength Modulus Strength Modulus Strength Modulus
(pchH) (psi) (ksi) (psi) (ksi) (psi) (ksi)
5052 Al 1 55 10 45 12 30 7
5056 Al 1 60 15 55 15 35 7
Materials Aluminium
Core ECM

Size of the cell (mm) 9.6 6.4 3.2

Densities (Kg/m?) 55 82 130

Shear strength

(L direction) (MPa) 148 2.4 347

Shear modulus

(1. direction) (MPa) 253 430 523

Shear strength

(W direction) (MPa) 0.88 1.4 3.36

Shear modulus

(W direction) (MPa) 170 220 311

Compressive strength

(MPa) 2.75 4.5 11.55
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2.3 Applications

As previously mentioned, sandwich composites with honeycomb core structure are presented in
many technological applications that require the combination of satisfactory rigidity and light
structure. At this point of this study, it is worth mentioning some examples of aerospace, civil,
transportation, automotive applications that use the sandwich composites with honeycomb
core.

Rail Sectors

For more than 30 years aluminum honeycomb core material is provided at the rail industry being
suitable for coverings, antiskid surfaces, interior panel partitions, doors, floors and furniture. Also
in Hitachi Class 800 train project, which has maximum operating speed at 201 km/h (maximum
design speed: 225 km/h), aluminum honeycomb was used in the chassis.

Air-conditioning system

s
rw Luggage rack 1
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Automotive Sectors

For the reduce of weight but mainly for energy absorption aluminum honeycombs are used in
the field of automotive industry. Due to the ability of absorbing forces over a large area and the
ability of high strength compared to its weight, it is a great material for energy absorption
applications. The cells of the honeycomb are compressed to the point of being folded into one
another, when the impact occurs, and the requiring energy for this to happen is equal to the
energy which is getting absorbed. This is an efficient method of preventing damage. Also,
Negative Stiffness Honeycomb (NHS) structure, shown in figure 2.11, has been developed by
Correa et al. [7], which can provide repetitive protection from multiple impacts by recovering its
original shape each time after impact. As it can be reused after collision and repeatedly absorb
energy, NHS structure has a very high potential in future vehicle applications.

seats and seat back

door madule

urder body panels

Figure 2.11: a) NSH Structure, b) Body parts of vehicles with hexagonal honeycomb structures [7]
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Aerospace Sectors

Finding ways for mass reduction is always a challenge for the Design Engineer. In the Aerospace
industry a typical example of this can be found, where every extra kilogram of structural mass
cost the Airline operator a huge amount each year. The first use of Honeycomb cores was on
aircraft in the 1940s in order to achieve a reduced weight and increased payload and flight
distance. They were incorporated into the aircraft design to replace the heavier conventional
sheet and stringer or beam support approach, and their incorporation into sandwich panels has
been a basic structural concept in the industry since the 1950s. From 2000 till now, the integrity
and reliability of honeycomb cores are of vital importance for virtually every aircraft. Some
examples of using honeycomb composites in Aerospace industry are shown below in figures 2.12,
2.13.

Boeing 787 “Dreamliner” Composite

Structure
Materials used in 787 body
I Fiberglass W Carbon laminate composite Total materials used
W Aluminum i (“.arbon su.\dwlfl:_fon:poslu By weight P
. v Steel 3%

10%
L

anivm - .
15%

Aluminum
20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum,

» Components that uses composite structure are:

Almost full fuselage
Upper and lower wing skin
Radom
Wing flaps, elevators, ailerons
Vertical Fin and Horizontal Stabilizer
~ Use of composite is 80% by volume and 50% by weight.

Figure 2.12: Sandwich and composite structures in Boeing 787 [8]
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Carbon/Nomex sandwich
Carbon monoliihic siruclure

Keviar/Nomex sandwich

Keviar /Nomex sandwich
wilth stiffening carbon plies

Fibregiass/Nomex sandwich

R
<
CABIN FLOOR PANELS: Carbon/Nomex sandwich
PROPELLER BLADES : Fibreglass / polyurcthane foam / Carbon spar
BRAKES : Carbon
Civil Sectors

Innovative materials and new techniques are more dominant not only in the aerospace and
automotive industries but also in the building industry [9]. Typical example is that in bridge
construction. One of the most used group of new materials in bridge design is fiber-reinforced
polymer (FPR). A strong and rigid composite material can be created when the different physical
and chemical properties, exhibited from the fibers and the matrix are combined together. The
production of a wide range of solid and hollow structures with a constant cross section can be
applied as bridge beams, deck panels, granting systems, handrails, and so forth. Also, FPRs and
other composites provide a greater degree of freedom than other common materials like steel
and concrete.

(b)
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2.4 Mechanical Behavior of Honeycomb cores — Bibliographic review

Mechanical behavior of cellular type honeycomb structures is being studied thoroughly in the
last years in international literature. Some of these researches are presented below:

The scholars Shi-Dong et al. [10] performed shear experiments cellular structures in order to
study how this material deforms and fails. They used hexagonal structure Honeycomb of
aluminum 5056. It was discovered that the deformation is categorized into four stages:

1) Elastic deformation of the walls
2) Plastic deformation of the walls
3) Failure of the sloping walls and;
4) Detachment of the honeycomb core.

Bianchi Gabriel et al. [11] performed static and shear fatigue experiments as well in hexagonal
cell structures. It was attempted to model the structure in a computing environment and it was
found that there is no linear correlation between shear strength and imposed load. In fatigue
experiments it was concluded that the load direction L has a longer lifespan than in the W
direction.

Hodge et al. [12] examined the shear strength of cellular structures with thickness of 35mm. This
study was performed in three ways: with percussion, bending and pure shear experiment. It was
observed that as the percussive energy was increased the strength of the structure was
decreasing. Finally, it was found that the shear strength of bending tests was greater than in the
net shear tests.

Liu et al. [13] approached the shear problem in such detail as well as experimentally. The results
of the analytical process coincide with the results of the experimental process. It was found out
that the measure of shear strength in the horizontal direction is 1.667 times higher than the
longitudinal.

Francois Cote et al. [14] constructed and tested shear strength in honeycomb square structures.
It has been observed that this structure has isotropic behavior. There was also a difference in
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shear strength when the dimensions of the cell changed so it was concluded that the behavior of
the structure is correlated to its dimension ratio.

Yang et al. [15] examined the strength of honeycomb structures under compression conditions.
The conclusion was that in fully crushing conditions the material can be considered elastic perfect
— plastic, while in partial crushing conditions the behavior is considered elastic — plastic and the
material hardens after each repetition.

Solmaz et al. [16] studied the behavior of honeycomb material in bending and crushing
conditions. It was observed that when the thickness of the outer tile is increased the bending
strength is increased as well. Also, when the load exceeded a certain value, there was
detachment of the honeycomb core from the walls of the plates.

Wahl Laurent et al. [17] examined the types of hexagonal failures in honeycomb structures. The
first type of failure was through shear stresses and the second through a recess in the walls of
the core. Pre-existing recess causes bending effects and in the walls of the core that have no
initial damage during load enforcement.

2.5 Shear Stress in thin-walled cells

It is well known that the behavior of honeycombs is not linear under high strains due to geometric
and material nonlinearities of cell walls [18, 19, 20]. The investigation of the response of
honeycombs subjected to in-plane shear along vertical cell walls direction is minimal, therefore
at this point of the current study it is important to present, in a brief way, the mathematical
equations and simultaneously, the proper method of how this problem of six sided cells can be
approached for study, according to Youming Chen et al. [21].

Figure 2.15 presents the structure of a honeycomb. The determination of the global (macro)
response of the honeycomb can be done by the analysis of deformation of a unit cell. Since the
behavior of honeycombs at the horizontal X (or L) direction differs from that at the vertical Y (or
W) direction, it is possible to be studied separately.
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Unit cell

2.5.1 In plane shear along the horizontal (X) direction

Figure 2.16 depicts the undeformed and deformed configurations of a unit cell under shear along
X direction. Due to the unit cells geometrical symmetry about point D, the force applied on the
unit cell has also a symmetrical behavior about point D:

Hs — — Hg Hy = - N

Where Up, Ug, Uc and Ue are the displacements of points A, G, C and E, respectively.
Furthermore, due to the lack of bending moment at points A, G, C and E, the distance
between points A and C and distance between points E and G are constant, i.e.,
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As a result of geometry’s and load’s symmetrical behavior, there’s only need for half of the

unit cell to be analyzed, as shown in figure 2.16 (b). Points A and C can be assumed to be

simple supported. For the initiation of the analysis, a division takes place to three cell walls

into individual entities and their deflection can be studied individually as shown in figure 2.17.
From beam theory [22, 23] the equations being conducted are:
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and,

I: length of the beam

Es. Young’s modulus of material of the beam

I: second moment of area of the cross-section of the beam

¢: the angle between the direction of the force (P) and horizontal (x) axis
B: rotation angle at the free end

Equation (1) has the form of an elliptical integral of the first kind, so it can be written as:

1
f== LG —Fin.m)l 2)

where,
F: is the symbol of the elliptical integral of the first kind and,

¢—pB
2

m=cos (
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The calculation of the rotation angle at the free end can be made through Eq. (1). Additionally,
the bending moment at the fixed end and the projections of the deformed beam on x’ and y’

axes:
M, =E1(2L) = BE Ik Joos(g—P)—cosg (3)
: A s
x :%Jcc&s(gﬁ—ﬁ)—cos;ﬁ (4)
. 2
¥ :E[F{n?)_F{??{;sfn)]_E[E(nI)_E(I?u:”r}] [5)
where,

E: is the symbol of the elliptical integral of second kind.

The parameters of the equations that are going be presented below (as shown in figure 2.17)
are:

e F1: Force acting on point A

e F,: Force acting on point C

e P: Force acting on point D

e t:thickness

e b: honeycomb thickness

e L, H: cell wall lengths

e pB:rotation angle of point B

e B1:rotation angle of cell walls AB at point A

e [ rotation angle of cell walls CB at point C

e PBs.rotation angle of cell walls DB at point D

e ¢1: angle between F1 and undeformed cell wall AB
e ¢;: angle between F; and undeformed cell wall CB
e O:inclination angle

o Xps: projection of deformed wall AB on X axis

o Xcs: projection of deformed wall CB on X axis

o Yos: projection of deformed wall AB on Y axis

e Ye: projection of deformed wall CB on Y axis
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The following eight equations were developed by the application of equations (2) and (3),

according to Lan and Hu [24].

kl[F(m) F(n.,m,)] (i=1,2)

[F(my)—F(n,my)]

|z b | B

A2

k,
F sin(¢y —0)— F, sin(¢h +0) =0

~F, cos(¢ — )+ F, cos(¢h, +8) =P

k,\Jeos(d, + B~ B,) —cos(@, + ) + k,\fcos(@, + f— B,) —cos(d, + 5)
= ky\feos( /2~ B~ B,) —cos(x / 2 B)
1 = )

| X 51+ X 5 = Lcos@

Where,

J_ +8- u:nal{'.;lﬁ 2'6
' m, = cos’ { LTy, 1, =sin" [—] (=1.2)

2 mb{sf' ﬁ' ﬂ

f2-
ol ﬂ B UDS{H ﬁ}

—cus{ —3) p,=sin"[ Jz‘f"l—zﬁ—ﬁ ]
Lus{f}

(8a)

(8b)

9)

(10)

(11)

(12)

(13)

By using the incremental method, for a given shear force P, the solution of these nonlinear

equations can be determined, and then the displacement of point D can be calculated as:

M’:(%cusﬁ—x_”ng (16)

M=§+%smﬂ—{?_w+;ﬁ} (17)

and the global shear stress and strain of the honeycomb are:
P

= 18
2Lbcosfd )
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For regular honeycombs, H=L and 6=30°. An analytical solution cannot be achieved
despite the reduction of parameters in the analysis to give a plain relationship between shear
stress and shear strain. Therefore, a shear stress parameter that is non-dimensional is presented:

rk

o =— (30)
Er

&

Solutions for F1, F2, B, B1, B2, B3, &1 and ¢z can be obtained for several Es, L, t, b and P
values. By examining the solutions, it is observed that they are functions of only the non-
dimensional shear stress parameter a. Additionally, AX, AY and yyy are functions of a as well. A
comparison of the solutions from the equation system in contrast to the results from the FEM
(finite element method) analysis was made in order to create a relationship between shear stress
and shear strain as it is depicted in figures 2.19 and 2.20.
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P
(a) (b)
E, (MPa) H (mmj} L (mm) a7 linclingd (MM)  Fyerica) (M)
Honeycomb-1 2320 10 10 30 0.1 0.1
Honeycomb-2 2320 10 10 30 0.1 0.2
Honeycomb-3 2320 10 10 40 0.1 0.1
Honeycomb-4 2320 10 12 30 0.1 0.1

31



= = «Hesults from FE analysis

Results from equations

ha
=

Stress (kPa)

1.0
05
0.0 : Qi . J ;
0 01 [ 0.3 04 0s 06
Strain

By curve fitting, it was obtained that:
}‘__.” = ['433{ EI].UH'QS.'..' - E-J.].‘Q{u} !51 ]

which, describes the universal stress-strain curve of all regular honeycombs with cell walls

of uniform thickness subjected to in-plane shear along the horizontal X (or L) direction
and:

For = G-TQS{E_U'HE'“’ _€_| 1 30 } {53}

for regular honeycombs with vertical walls of double thickness.

In a similar way the in-plane shear along Y direction was developed and it was obtained
that:

?_].IL. -~ UIEEE{E':H:SH s E-h.lf:’:"r.:'} ‘ﬁEJ

which, describes the universal stress-strain curve of all regular honeycombs with cell walls

of uniform thickness subjected to in-plane shear along the horizontal Y (or W) direction
and also:

}’_5_-:,- = ﬂ.436{€-”:]l\h: =3 E- 19407 ex } E,E.S-:I

for regular honeycombs with vertical walls of double thickness.

The expressions for predicting the shear stress-strain of honeycombs are really important
for new investigational studies. From these expressions it can be derived that by doubling
the thickness of cell walls of honeycombs, along the vertical (Y) direction the shear
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strength does not improve significantly and along the horizontal (X) direction the shear
strength is increased almost twice.
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Chapter 3. EXPERIMENTAL STUDY

3.1 Material of honeycomb’s core

In this present work, the type of honeycomb used is PAMG-XR1 5052. PAMG-XR1 5052
honeycomb is made of aluminum and meets all the requirements (aluminum core materials for
sandwich type construction) of the specification AMS C7438 Rev A. The aluminum material was
received in large plates by the Institute of Structural Mechanics and Lightweight Constructions
(Institut fir Strukturmechanik und Leichtbau) of the Department of Mechanical Engineering of
the University of Aachen (RWTH Aachen). These large plates were cut into thin sheets in the
dimensions that served the requirements for the shear experiments. The honeycomb type
aluminum specimens were constructed by electro-discharge machining method, which was
selected as suitable for cutting thin walls. The dimensions of the honeycomb’s core are L= 120
mm of length (X direction), W=50 mm of width (Y direction) and b=10 mm of honeycomb’s
thickness (T direction). The cutting process of these specimens took place at University of Patras
at the Machine shop - Support of Research Activities — MYEA. Also, the core has a hexagonal
structure with length of the inclined cell walls: H=3mm, thickness of the walls: t=0.0254mm and
cell size: c=4.8mm, as shown in figure 3.1. In table 4 there are presented some additional features
about PAMG-XR1 5052 honeycomb [25].
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PAMG-XR1 5052 Mechanical Properties

BARE PLATE SHEAR STRENGTH PLATE SHEAR | PLATE SHEAR STRENGTH PLATE SHEAR
COMPRESSIVE "L" DIRECTION MODULUS "W DIRECTION MODULUS

CELLSIZE | NOMINAL STRENGTH ‘L' DIRECTION W DIRECTION
DENCIS Typical Minimum Typical Minimum Typical Typical Minimum Typical

in | mm| Ib/Ft | Kgym?| psi | Mpa | psi |Mpa| psi | Mpa | psi | Mpa | ksi | Gpa | psi | Mpa | psi |[Mpa| ks Gpa

L2 |as] 38 [ 61 [ 436 [ 300 [ 300 {207 ] 200 | 145 | 25 | 18| s [0 | w5 | 1 [s{oss| 2 | o2 |

3.2 Apparatus of shear experiment

The design of the apparatus for shear tests (Figure 3.2,3.3) was made according to ASTM C273
Standard Test Method for Shear Properties of Sandwich Core Materials [26,27]. Following the
specification pattern, the width of the specimen must be at least 50 mm and its length at least
12 times its thickness. The joints of the apparatus are simple supports (Figure 3.4) are needed for
placing the specimen in the tensile machine and they serve into performing the shear
experiments. Thus, their existence contributes into differentiating the experiment from a simple
tensile strength to a pure shear experiment, and this happens because the direction of where the
tensile force is exerted must passes through the diagonal of the honeycomb core, as shown in
figure 3.4.
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Figure 3.2: Apparatus base design
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Figure 3.3: Apparatus joint design

For pure shear tests the angle of the diagonal needs to have a very small value so that it is as
parallel as possible to the axial direction, as shown in the figure below.
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3.3 Plate design

3.3.1 Material Selection and dimensions

Another important section for this experimental procedure to take place is the material selection
and the dimensions of the plates for the sandwich composite. The material used for the plates
was of 5000 series aluminum and more specifically 5052-H32 (H32 means that it has been strain
hardened to a quarter of hard temper and that it is thermally stabilized). This choice was made
for two reasons:

1) The specification states that effective bonding can be done between aluminum surfaces and;
2) To avoid any problems that may appear from the bonding of different metals in the oven.

Since the honeycomb sandwich structure was made from the same material when it will be put
in the oven, due to the same degree of thermal expansion, the cells and plates will expand or
contract at the same degree. This will result in no loosening of the clamps that are applied in the
honeycomb sandwich and also not forming thermal residual stresses. Finally, the mechanical
properties of aluminum 5052- H32 were decisive, as they concur with the requirements of the
experiment. Listed below in Tables 5, 6 there are presented the composition of this specific
material and some of its mechanical and thermal properties.

Alloy Si Fe | Cu | Mn | Mg | Cr Ni | Zn | Ti Zr | Other Al
2.2- | 0.15-
5052 (0.25| 04 | 0.1 | 0.1 | 2.8 | 0.35 - 0.1 - - 0.05 | Remainder

Monotonic properties

Yield strength 193 MPa
Ultimate strength 228 MPa
Modulus of elasticity 70.3 GPa
Elastic Poisson’s ratio 0.33
Density 2.68 g/mm3
Cyclic properties

Material constant of S-N curve, C 1348 MPa
Slope of S-N curve, b -0.17
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Specific heat, 963 J/(kg."C)

Thermal

conductivity 144 W(mC)
Temperature. °C Coefficient of Young’s
expansion, oC”! modulus E,
GPa

25 69.85

100 2.38x10° 67.02

150 65.14

200 2.48x107 63.26

250 61.38

300 2.63x107

The geometry and the design of the plates was made according to the constraints set by the
apparatus. In previous study, it was found out that plates with thickness of 5mm appeared
unwanted bending deformations at honeycomb. So, for the experiments of this study, plates of
10mm were used, as shown in figure 3.5.

70.00

10.00
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3.4 Adhesive Selection

A problem that could appear by selecting a non-suitable adhesive, is that the it can prevent the
walls from deforming and furthermore alter the shear phenomenon. So, to avoid any possible
problems that could come up, in the previous study [30] and on this study as well, experiments
were made with the HexBond 609 adhesive of the HEXCEL company [29]. HexBond 609 is
delivered by the manufacturer in film form and it is consisted of the main epoxy adhesive
containing fibers along its length and thickness (Figure 3.5), in order to ensure a uniform thickness
over the entire surface of the adhesive, and two protective layers on top and bottom to prevent
its alteration. It was selected due to the two following main applications:

1) Aluminum to Aluminum bonding
2) Sandwich bonding with a variety of skins and cores.

Figure 3.5: Hexbond 609 adhesive structure (fibers morphology)

On top it is placed a layer of polyethylene that does not let the adhesive interact with the
environment and at the bottom there is a protective paper. It is also important to mention that
the adhesive’s storage life is: 18 months at -18°C (shelf life) and 90 days at 19 — 27°C (out life).
So, it is recommended to be maintained in refrigeration for more duration of its life at -18°C. In
table 7 there are presented some of HexBond 609 mechanical properties.
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Environmental Test HexBond™ 609 HexBond™ 609 HexBond™ 609U
Conditioning Temperature “C 200g/m?* 300g/m® 300g/m*
Supported Supported Unsupported
Lap Shear Mone 80 24
Strength
(MPa) 100 15
70°C 95% RH 22 24
(1000 hrs.) 80 3
22 102 T8 [£-]
fiins 50 110
Ball Peal 80 114
MNA25mim) 100 136
T05C 95% RH 22 71
(1000 hrs.) 80 50
Clirnbing 22 144 183 308
Drurn Peel Nore 50 250
(Lower skin) 80 250
(N Bmm) 100 288
F‘aﬁi;m‘e None ) 45 7 6

Table 7: Mechanical properties of Hexbond 609 epoxy adhesive [29]

3.5 Equipment and heat treatment for successful bonding

The manufacturer of Hexbond 609 specifies that for optimum properties the adhesive should be
cured at 120+5°C for 60 minutes (alternative cure cycles are given in Table 8). Also, a cure
pressure of around 350 kPa and heat up rate of approximately 5°C per minute is recommended

during cure.
Temperature (°C) | 180 170 160 | 150 140 130 | 120 110 [ 100
Time {min) 5 7 [ 10 20 an 60 120 | 240

Table 8: Alternative cure cycles

below 100°C
incomplete cure

After the application of the adhesive on the aluminum plates and the placement of the
honeycomb core, one plate is placed centered on the other so that they are parallel to each other
without any deviations in all directions. Then the sandwich specimen is placed at a vice and
before getting into the mechanical convection oven (Figure 3.8), it needs a constant pressure of
350 kPa. Because of the restrictions that came up from the dimensions of the oven it was
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explored and discovered that by applying four clamps (Figure 3.7) alternately and symmetrically,
succeeding 0.4mm of compressive displacement (that is always getting measured with a caliper)
uniformly in the specimen [28], as shown in figure 3.6, there was a successful bonding with the
pressure reaching the limits set by the manufacturer.
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Figure 3.8: Mechanical convection oven at room temperature before the thermal process begins

44



The adhesive specification states that the clamp assembly must enter the oven at room
temperature and the curing time starts to be taken into consideration (60 minutes), only when
the temperature of the oven reaches 120 °C. Once the required time is up, the specimen is put
out of the oven and it is left until it reaches room temperature again. An important detail is that
the clamps should not been removed from the specimen until it reaches room temperature.
Earlier removals of pressure can lead to incomplete curing or complete bonding failure.

Further details about the application of clamps method, step-by-step process of bonding and
preparing the specimens for experiments can be found in the previous thesis work of the students
that worked at the materials laboratory of the University of Thessaly: “Experimental investigation
of mechanical behavior under shear loading in cellular aluminum cells “[30].

3.6 System Setup for shear stress tests

In this section the equipment used for shear stress tests will be presented. For the experiments,
that took place at the Laboratory of Mechanics and Strength of Materials of the Department of
Mechanical Engineering of University of Thessaly, the compression/tensile machine model that
was used is the MTS 810 Material Test System (Figure 3.10).
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Apart from the MTS system, for more information and details about the experiments that are
going to be described in chapter 4, Spark optical emission camera RTSS was used (figure 3.12) by
LIMESS company [31].
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The RTSS Video extensometer measures the longitudinal and transversal strain during material
tests (e.g., tension, compression tests).

In order to provide results from the RTSS camera, two points must be defined in the test
specimen with the desired distance (depending on the situation). The camera locates and tracks
these points and the distance of them constantly throughout the experiment, recording the data
of longitudinal strain for each force value. These points are located with the help of two led lights,
which are in the camera kit, and are installed near the desired study area. The manual suggests
that for the right functioning of the camera these two points have to be located upon two
adhesive stickers that are placed on the specimen with a black line drawn on them, as shown in
figures 3.13,3.14,3.15.
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The reason of use of the RTSS video-extensometer is that by having the results that it can provide,
alongside with the benefits (contact less, high precision etc.), a more comprehensive view about
the specimen’s mechanical behavior. Also, it was a determining factor that helped to explain
some phenomenon that appeared during the tests and furthermore, to conclude more safely if
the specimen was subjected to plastic deformation or not, as discussed in chapter 4. The
longitudinal strain is measured from the fraction of the different displacements of the green lines,
figure 3.14, with the initial distance Lo depending on the value of the force in each loading and
unloading.. After the first experiment with the RTSS camera it was noticed that the detected
green lines, upon the stickers, indicated small displacements at zero force value. This effect is not
desirable because the results that were given were not 100% accurate and reliable, as there were
some deviations from the true behavior of the specimen. Thus, a new way of detecting the lines
was found in which the lines were formed with a mechanical pencil directly on the aluminum
plates, as shown in figure 3.15. Finally, it is worth mentioning that trying to detect directly points
— lines inside the honeycomb’s core specimen, due to the physics of the experiment the results
do not provide any noteworthy information.
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Figure 3.16: (a) Drawn lines for detection with adhesive stickers and black marker,

(b) Forming lines for detection with mechanical pencil
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Chapter 4. EXPERIMENTAL RESULTS

In this section, the shear experiments and their results are presented. The force from the MTS
810 system is passed on through the bonded aluminum plates, to the honeycomb core, that are
contingent on opposing compressive or tensile displacements which result in the shear force on
the sandwich core. As mentioned in section 3.2, the line of action of the load goes through the
diagonally opposite corners of the sandwich, in order to minimize the effects from secondary
stresses. All tests were conducted at room temperature in force control at a speed of 5 N/s.

More specifically, the diagrams of Force — Displacement and Force — Strain were recorded
by the MTS and RTSS camera for 1000, 1500, 2000, 2500, 3000, 3500 N of force for loading-
unloading and loading-unloading tests of 3,5 and 10 cycles. From these diagrams the values of
displacement, angular deformation, axial shear stress for both honeycomb and aluminum plates,
shear modulus [32] and stiffness at each experiment can be derived.

4.1 Force-Displacement & Force-Strain diagrams

Test1-1000N

Loading-Unloading @1000N peak force (1 cycle(s))

—Loading
—Unloading

e
(]
T
|

o
N
T
|

j

0.1 V/ .
0 | | | | | | |

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Displacement, [mm|]
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Plot 1(a), shows the Force — Displacement diagram of shear stress of the specimen at 1000N peak
force. At a first glance, it is noticeable that there is a linear behavior until the point of (Force,
Displacement) = (114.7 N, 0.0092 mm) - (point 1), and from point 1 until the point of (Force,
Displacement) = (154 N, 0.2899 mm) — (point 1'), there is a rapid increase of the displacement
with relatively low load increase. This phenomenon was observed in all experiments where the
force load was in the range of 110 — 150 N and it was increased or decreased, depending on the
stage of the test (loading or unloading). This behavior of the material was concerning, because
the factors that can contribute to this are many and complex (e.g., Hexbond 609 adhesive,
between the aluminum plates and the core of honeycomb). However, after consultation and
considering more experiments, it was found out that it is a no-resistance travel of the actuator,
attributed to the margins of the apparatus imposed by the mechanical fasteners and connections
in the system. Therefore, this behavior is observed until the specimen is fully ‘stretched’ on the
system and then the data recorded (after point 1’) is used to determine its behavior. For that
reason, in the calculations used below the space until point 1’ and after point 2 is excluded. Also,
after the rapid increase of displacement it is distinct a hysteresis loop that creates an area
between the loading and unloading path. From plot 1(a) it is derived:

Maximum displacement: Xmax = 0.3554 mm

Actual maximum displacement: Xactual = 0.3554 — 0.3036 => Xactual = 0.0518 mm

Global shear stress of the honeycomb at maximum load: T=—©b = 7=
2Lbcos(6)
1(kN) _ _
2x3(mm)*10(mm)=cos (30) => Tmac=19.245 MPa
P _ 1(kN)

Maximum shear stress of the aluminum plates: 7= ——=>717 =
L,plate W,plate 180(mm)*70(mm)

=> T plates, max = 0.0794 MPa

Area of hysteresis loop: W = 0.002687 J.

The difference between the values of shear stress of the aluminum plates and shear stress of the
honeycomb occurs, due to the fact that the aluminum plates are consisted of a solid, monolithic
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material, while the honeycomb is not solid as it is composed of a geometric sequence of
aluminum hollow cells. So, when the force is transmitted from the MTS to the specimen it is
reasonable and consequent that the plates receive significantly less shear stress than the
honeycomb. Additionally, the area of hysteresis loop is schemed in diagrams of Force-
Displacement and by calculating it, the measurement unit of it is: kN x mm = J. This fact implies
that this area is created due to an energy activity that is taking place during the procedure. In this
thesis work it wasn’t explored why and how this phenomenon is caused, but an assumption could
be that it is caused due to: elastic buckling of the aluminum cells or from viscoelastic behavior of
adhesive at the interface between the aluminum plates and honeycomb core.

Loading-Unloading @1000N peak force (1 cycle(s))
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Loading
Unloading
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Plot 1(b), shows the Force — Axial strain diagram of shear stress of the specimen at 1000N peak
force. It is clearly visible that the behavior of the honeycomb specimen is linear and the loading
and unloading paths are coinciding. Also:
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Maximum axial strain: €max=0.11 %

Shear Modulus: G = &% => G= IR "TL _ TMax—Tl _ 139 96 MPa, T1'= 0.2/2Lbcosd = 3.849 MPa

Ag emax—elr emax

Final Strain: €end = Estart = 0.

Loading-Unloading @1000N peak force (1 cycle(s))

121 Loading
Unloading
datal

1 | ——fitted curve
08
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)
04r
021
0 -
'02 C | | | | | | | | | 1

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Where, x axis interprets the displacement values in mm and y axis interprets the force values in
kN.

By fitting a curve into the Force — Displacement diagram (plot 1(c)), information about the angle
of incline and stiffness of the specimen can be obtained in each test, with the following way
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Stiffness: S = 2 s g = 1002170196332 __ ¢ _16.1 kN/mm
AX 0.3554—0.30541

Angle of incline: tan™1(S) = ¢ => ¢ = 86.444°.

Test 2-1500 N

Loading-Unloading @1500N peak force (1 cycle(s))
16

Loading
Unloading

147

12

Force [kN]
o
™
T

0.6

0 | | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Displacement [mm)]

From plot 2(a), it is noticeable that the area created by the hysteresis loop at 1500N is greater
than the area at 1000N and it will be shown in subsequent tests that, as the load increases the
hysteresis loop grows larger. Similarly with Test 1, from plot 2(a) it is derived:
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Maximum displacement: Xmax = 0.3843 mm

Actual maximum displacement: Xactual = 0.3843 — 0.3038 => Xactual = 0.0805 mm

Global shear stress of the honeycomb at maximum load: tTmax= 28.868 MPa

Maximum shear stress of the aluminum plates: T piates, max=0.119 MPa

Area of hysteresis loop: W = 0.008062 Joule.

Loading-Unloading @1500N peak force (1 cycle(s))
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From plot 2(b) it is visible that at 1500N peak force of the honeycomb specimen has a linear
behavior of force — strain and it is clearly visible that at paths 1-1’ and 2-2’ there is an increase in
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force about 180-200N but zero increase in strain, which confirms this no- resistance travel as
mentioned before, due to the margins of the apparatus in the system.

Maximum axial strain: €max=0.17 %

Shear Modulus: G=146.61 MPa

Final Strain: €end = Estart = 0.

Loading-Unloading @1500N peak force (1 cycle(s))

Loading
sl Unloading

datal

—fitted curve
2 -
1 -
)
0 -
.
2k
3tk
1 1 1 1 1 1 1 1

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

Where, x axis interprets the displacement values in mm and y axis interprets the force values in
kN.

Stiffness: S = 16.416 kN/mm
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Angle of incline: ¢ = 86.515°.

Test 3-2000 N

Loading-Unloading @2000N peak force (1 cycle(s))
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Loading
Unloading
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Z
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Displacement [mm]

Maximum displacement: Xmax = 0.4194 mm

Actual maximum displacement: Xactual = 0.4194 — 0.3099 => Xactual = 0.1095 mm

Global shear stress of the honeycomb at maximum load: tmax= 38.49 MPa
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Maximum shear stress of the aluminum plates: T piates, max=0.159 MPa

Area of hysteresis loop: W = 0.01663 Joule.

Loading-Unloading @2000N peak force (1 cycle(s))

Loading
Unloading

Force [kN]

0 0.05 0.1 0.15 0.2 0.25
Strain [%]

Maximum axial strain: €max=0.2408 %

Shear Modulus: G= 139.863 MPa
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Final Strain: €eng=0.

Loading-Unloading @2000N peak force (1 cycle(s))

3 —
Loading
Unloading
2r datal
—fitted curve

_6 | | | | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Where, x axis interprets the displacement values in mm and y axis interprets the force values in
kN.

Stiffness: S=16.962 kN/mm

Angle of incline: ¢ = 86.626°.
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Test4 - 2500 N

Loading-Unloading @2500N peak force (1 cycle(s))
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Loading
Unloading
2 -
15 r
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Displacement [mm]

Maximum displacement: Xmax = 0.4573 mm

Actual maximum displacement: Xactual = 0.4573 — 0.3092 => Xactual = 0.1481 mm

Global shear stress of the honeycomb at maximum load: tmax=48.11 MPa

Maximum shear stress of the aluminum plates: T plates, max=0.198 MPa

Area of hysteresis loop: W = 0.04479Joule.
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Loading-Unloading @2500N peak force (1 cycle(s))
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Loading _J
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As the data at of points 1-1" and 2-2’ are excluded the final strain is measured by the distance of
the points of the loading and unloading path, being in the center of the cycle of plot 4(b). In this
case and in the previous cases as well, this distance is zero which means that the value of the
‘final’ strain is zero. From Material Science theory, it is concluded that the specimen has not been
subjected into plastic deformation.

Maximum axial strain: €max=0.2894 %

Shear Modulus: G= 146.303 MPa

Final Strain: €eng=0.
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Loading-Unloading @2500N peak force (1 cycle(s))

Loading
Unloading

3F datal
—fitted curve

0.2 0.25 0.3 0.35 0.4 0.45 0.5

Where, x axis interprets the displacement values in mm and y axis interprets the force values in
kN.

Stiffness: S =17.2499 kN/mm

Angle of incline: ¢ = 86.682
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Test5-3000 N

Loading-Unloading @3000N peak force (1 cycle(s))
357

Loading
Unloading

251

05

0 gr 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5
Displacement [mm)]

Maximum displacement: Xmax = 0.5 mm

Actual maximum displacement: Xactual = 0.5 — 0.3078 => Xactual = 0.1822 mm

Global shear stress of the honeycomb at maximum load: tmax=57.735 MPa

Maximum shear stress of the aluminum plates: T plates, max=0.238 MPa

Area of hysteresis loop: W = 0.09456 Joule.
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3.5

2.5

Force [kN]

Loading-Unloading @3000N peak force (1 cycle(s))

-Loading
-Unloading

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Strain %

In this case of 3000 N peak force, unlike previous tests, it is observable that the path of unloading
and the path of loading are not coincided and most importantly at the ‘final’ stage the value of
strain is not zero but 0.0166%. From this information it can be concluded that the specimen has
been subjected into plastic deformation (plastic buckling of the walls of the honeycomb’s core).

Maximum axial strain: €max=0.3687 %

Shear Modulus: G=140.41 MPa
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Final Strain:

€end = 0.0166 %.

Loading-Unloading

Loading
— Unloading
datal

fitted curve

@3000N peak force (1 cyele(s))

0.2 0.25 0.3 0.35

0.4 0.45 0.5

0.55 0.6

Where, x axis interprets the displacement values in mm and y axis interprets the force values in

kN.

From plot 5(c), it observable that there is a non-linear correlation of force-displacement as at the
load of 2.5kN there is a change of inclination in the diagram.

Stiffness: S =

17.252 kN/mm

Angle of incline: ¢ = 86.6825°.
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3.5

2.5

Force [kN]
N
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Test 6 - 3500 N

Loading-Unloading @3500N peak force (1 cycle(s))

Loading
Unloading

N I I I I I |

0.1 0.2 0.3 0.4 0.5 0.6
Displacement [mm)]

Maximum displacement: Xmax = 0.5316 mm

Actual maximum displacement: Xactual = 0.5316 — 0.3039 => Xactual = 0.2277 mm

Global shear stress of the honeycomb at maximum load: tmax=67.358 MPa

Maximum shear stress of the aluminum plates: T plates, max=0.278 MPa

Area of hysteresis loop: W = 0.1408 Joule.
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Loading-Unloading @3500N peak force (1 cycle(s))
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Maximum axial strain: €max=0.4275 %

Shear Modulus: G= 143.61 MPa

Final Strain: €eng=0.0181 %.

Strain [%]
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Loading-Unloading @3500N peak force (1 cycle(s))

Loading

—— Unloading
datal
3r fitted curve

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
X

Where, x axis interprets the displacement values in mm and y axis interprets the force values in
kN.

At this case, similarly to plot 5(c), it observable that there is a non-linear correlation of force-
displacement as at the load of 3kN there is a change of inclination in the diagram.

Stiffness: S =17.35 kN/mm

Angle of incline: ¢ = 86.7°.
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4,1.1 Summary of the experimental results

The following tables depict a summary of the experimental results derived from the plots: Force
— Displacement and Force — Axial Strain in each measurement. More specifically, the values of
the displacement, actual displacement, angular deformation, shear stress of honeycomb, shear
stress of aluminum plates are the maximum values at the peak force in each test

Maximum Actual
TEST Load Displacement Displacement Maximum strain Final strain
P [N] Xmax [mm] Xactual [mm] €max [%] €end [%]
1 1000 0.3554 0.0518 0.11 0
2 1500 0.3843 0.0805 0.17 0
3 2000 0.4194 0.1095 0.2408 0
4 2500 0.4573 0.1481 0.2894 0
5 3000 0.5 0.1822 0.3687 0.0166
6 3500 0.5316 0.2277 0.4275 0.0181
Maximum | Shear Stress of Shear Stress of Shear Area of
TEST Load honeycomb aluminum plates modulus hysteresis loop | Stiffness
P [N] Tmax [MPa] T plates, max [Mpa] G [Mpa] W ] S[kN/mm]
1 1000 19.245 0.0794 139.96 0.002687 16.1
2 1500 28.868 0.119 146.61 0.008062 16.416
3 2000 38.49 0.159 139.863 0.01663 16.962
4 2500 48.11 0.198 146.303 0.04479 17.25
5 3000 57.735 0.238 140.41 0.09456 17.252
6 3500 67.358 0.278 143.61 0.1408 17.35

From tables 9,10 it is noticeable that as the force is getting increased the displacement, axial
strain, shear stress of honeycomb and shear stress of aluminum plates is also increased, as
expected. The interesting observation is that in the experiments where the value of the peak load
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was equal or greater than 2000N, at the end of the unloading path where the force had zero
value, the final displacement and final strain had non zero values, which implies that the
specimens were subjected in to plastic deformation.

4.2 Quality control & comparison of behavior between UTH and RWTH’s specimen

In consultation with Professor Kermanidis and Professor Dafnis, who is in charge of the laboratory
of the Department of Mechanical Engineering at RWTH University for experiments on
honeycomb structures, Mr. Dafnis and his students prepared some honeycomb specimens that
were ready for tests. Their way of curing the specimens, which is when a specimen is put at the
mechanical convection oven, a fixed barium object is placed upon it in order to create a uniform
pressure on the entire surface, is different than the one that is applied on the process presented
on this study. Hence, it was important to conduct the same tests with these two ‘different’
specimens to determine if the adhesive bonding is reliable and furthermore, to perform a quality
control. The plots are presented below:
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Loading-Unloading @3500N peak force (test1-UTH specimen,test2-RWTH specimen)
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From the presented comparison plots, it can be derived that the RWTH’s specimen behavior is
almost identical to the UTH’s specimen at every loading-unloading test, so it can be concluded
that the way of adhesive bonding and curing the specimen, by the method of applying the four
clamps upon it, is successful, reliable and sufficient.
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4.3 Examples of repetitive loading-unloading tests (at 3,5,10 cycles)

The figures presented below are some examples of fatigue tests of honeycomb specimen at:

e 1500 N peak force — 5 cycles (Force — Axial strain plot)
e 2000 N peak force — 10 cycles (Force - Displacement plot)
e 25000 N peak force — 3 cycles (Force - Displacement plot)

It is important to mention that these tests were conducted with force value above the range of
110 - 150 N in order to avoid the rapid horizontal phenomenon, as discussed in chapter 4.1.

test 1 (5 cycles @ 1500 N)

—_ Loading-Unloading @1500N peak force (5 cycle(s))
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From plot 13, it is noticeable that in these 5 cycles of loading and unloading at 1500 N, in each
cycle: Estart = €end, and especially, €1, start = €final = 0. This data and behavior of the material were
expected, since from plot 2(a) and plot 2(b) it was observed that the specimen at the load of 1500
N is not being subjected at plastic deformation.

test 2 (10 cycles @ 2000 N)

Loading-Unloading @2000N peak force (10 cycle(s))

Loading
Unloading
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z
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S
=
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Cycle i 1 2 3 4 5 6 7 8 9 10
Final displacement | xend [mm] | 0.04312 | 0.04342 | 0.04353 | 0.0445 | 0.04543 | 0.04552 | 0.04604 | 0.04759 | 0.05057 | 0.05077
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From plot 14, it is observed that in each cycle: Xstart # Xend and also it is clearly seen that Xenq is
increasing by each cycle. From table 11, the average value of this rate increase of the
displacement is calculated as: 0.00085 mm/cycle.

Test 3 (3 cycles @ 2500 N)

Loading-Unloading @2500N peak force (3 cycle(s))
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Cycle
Final displacement Xend [mm] 0.0255 0.0324 0.0395

Similarly, as test 2, it is more easily noticed that the final displacement of each cycle is getting
increased with a greater rate than the one in plot 14, as it is expected due to the bigger peak
force. From table 12, the average value of this rate increase of the displacement is calculated as:
0.0070 mm/cycle.
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Chapter 5. CONCLUSIONS

In this study, the behavior of aluminum hexagonal honeycomb sandwich structure was examined,
under loading-unloading and fatigue tests. The required necessary equipment for creating a
specimen ready for shear tests, under the ASTM C273 specification, was presented as well as the
thermal process for successful adhesive bonding. In contrast to previous theses, at the laboratory
of engineering and materials of the University of Thessaly, which have been associated with
honeycomb material experiments, apart from the MTS (hydraulic press system), the video-
extensometer RTSS (contactless strain sensor for material testing) was also installed and utilized
in the experiments conducted. The video-extensometer proved to be very useful, as through the
direct measurement of the deformation on the specimen, provided information about the
longitudinal strain and furthermore information about its behavior.

From the loading-unloading diagrams it was derived that at the first tests with 1000 and
1500 N peak force, the specimen showed a linear elastic behavior as the final strain and
displacement had zero value (&start = Efinal = 0, Xstart = Xfinal = 0). When the peak force had a value of
2000N or greater, it was noticed that the final strain and displacement did not have a zero value.
Furthermore, in each increase of the load, these final values were increasing, as expected.
According to material science it was concluded that the specimen was subjected to plastic
deformation. Additionally, an interesting phenomenon that was observed during the tests is that
in each test (from test 1 to test 6 and fatigue tests as well) there was an area of hysteresis loop
created. This area is schemed in diagrams of Force-Displacement and by calculating it, the
measurement units of it are: kN x mm = J. This fact implies that this area is created due to an
energy activity that is taking place during the procedure.

The optimal way of making a successful bonding at the honeycomb specimen, between
the honeycomb core and aluminum plates, is to perform a uniform pressure at the entire surface
of the top aluminum plate with a fixed barium, once the specimen is getting into the mechanical
convection oven. Due to size limitations of the mechanical convection oven used in this study,
for the heat treatment, the pressure performed on the specimen is done by four clamps applying
pressure until there is a 0.4mm of compressive displacement uniformly at the specimen. In
consultation with RWTH university, a specimen with the optimal way of bonding was given for
experiments. So, it was necessary to perform the same loading-unloading tests, in order to clarify
if the way of bonding presented in this thesis was reliable. After quality and quantity control of
the plots (chapter 4.2), it was concluded that the deviations shown in the diagrams are really
small, therefore they can be considered negligible, and the method of bonding with applying four
clamps is successful, reliable and sufficient.

Finally, some repetitive loading- unloading tests at 1500,2000 and 2500 N were
conducted at 5,3,10 cycles respectively. At the case of 1500 N — 5 cycles, from the diagram of
Force [kN] — Axial Strain [%], it was clear that the specimen had a linear elastic behavior (€1, start =
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€final = 0), as expected. In the tests though of 2000 N — 3 cycles and 2500 N — 10 cycles, from the
diagrams of Force [kN] — Displacement [mm], it was observed that the specimen was subjected
to plastic deformation and the increase rate of displacement by each cycle was calculated at both
tests.

The main conclusions derived from this study are presented below:

Shear tests were conducted for study of the behavior of honeycomb core of aluminum
5052 according to ASTM standard C273.

e From the Force-Displacement diagrams, the behavior of honeycomb specimen showed
inelastic behavior at peak forces equal or greater than 3000N.

e |Installation of video-extensometer RTSS, that provided direct optical images of the
specimen and helped to establish the conclusions about honeycomb’s plastic behavior.

e It has been confirmed that the method of applying four clamps on the specimen for
adhesive bonding and curing in the mechanical convection oven is reliable, effective and
successful.

e Finally, some repetitive loading-unloading shear tests were conducted that gave
information about honeycomb’s behavior at 1500,2000 and 2500N of peak force.
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Below, there are some suggestions for future studies in continuity of this thesis results:

Suggestions for future improvements:

e Loading - unloading tests from 4000 - 5500 N peak force (which is close to the critical force
value of specimen’s failure) in order to collect data about the behavior of the specimen.

e Fatigue tests until failure from 2000 — 5500 N peak force.

e Fatigue tests with displacement control at different rates of mm/s (or N/s for force
control).

e Experimental investigation of the hysteresis loop area in order to find out why and how
this phenomenon is caused (e.g., elastic/plastic buckling of the core’s walls? due to the
apparatus system? etc.)

e Use of FEM (finite element method), recreating the test in computational resources.

Using the RTSS video-extensometer camera to capture video and images of specimen’s
deformation is highly recommended in each test, since it can provide really useful information
and data.

82



Chapter 6. REFERENCES

[1] The Fibre Reinforced Plastic & Composite Technology Resource Centre (2010, December 12).
Sandwich Composite and Core Material. Retrieved from  http://www.fibre-reinforced-
plastic.com/2010/12/sandwich-composite-and-core-material.html

[2] AKTAY, Levent; JOHNSON, Alastair F.; KROPLIN, Bernd-H. Numerical modelling of
honeycomb core crush behaviour. Engineering Fracture Mechanics, 2008, 75.9: 2616-2630.
DOI: https://doi.org/10.1016/j.engfracmech.2007.03.008

[3] Ju Wang, Rahul Rai: Classification of Bio-Inspired Periodic Cubic Cellular Materials Based on
Compressive Deformation Behaviors of 3D Printed Parts and FE Simulations.
DOI: 10.1115/DETC2016-59729

[4] Shubham V. Rupani, Shivang S. Jani, G.D.Acharya: Design, Modelling and Manufacturing aspects of
Honeycomb Sandwich Structures: A Review. DOI: 10.1712/ijsdr.17013

[5]_.Boubekeur Moahammed Bilel Mertani, Boualem Keskes, Mostapha Tarfaoui: Numerical study on the
compressive behaviour of an aluminium honeycomb core
DOI:10.17222/mit.2018.028

[6] Corex Honeycomb: BS EN ISO 1716:2018: Aluminium honeycomb core material for the rail sector

https://corex-honeycomb.com/applications/rail/

[7] O.Ganilova, J. Low: Application of smart honeycomb structures for automotive passive safety.
DOI: 10.1177/0954407017708916

[8] Nermin M. Aly: A review on utilization of textile composites in transportation towards sustainability

DOI:10.1088/1757-899X/254/4/042002

83


https://doi.org/10.1016/j.engfracmech.2007.03.008
http://dx.doi.org/10.1115/DETC2016-59729
http://dx.doi.org/10.1712/ijsdr.17013
https://www.researchgate.net/profile/Boubekeur-Moahammed-Bilel-Mertani?_sg%5B0%5D=O2G9CSqRQp_Zl9mP3dPdGIUVIuhmgRLe_66MpgF5pBbMAppDbPyUMxo1-hDJU-jEU7ZokV8.JqyT2fH7GnEn9BNPBBIVpHLpQq7Gro8ZOB6Pp1I6kZaGyVVLADK-oqPsqvqxT_QIkBk_SYbTmbUT-DBC8RKwpQ&_sg%5B1%5D=FATli70gJyNyQVEuMNzi0GhlnZrd3MTrfd65H715FoMPP1OUy6WAK7TcSj443lFdlbMBVIE.DjHYXyubZs4Pll5mci3bkQ0_MXAejBdcKrgnu0Yq1sErHT82JIZjuV0j2rtutKXyL-HRt2ityBg4rWnW5CLMmg
https://www.researchgate.net/profile/Boualem-Keskes?_sg%5B0%5D=O2G9CSqRQp_Zl9mP3dPdGIUVIuhmgRLe_66MpgF5pBbMAppDbPyUMxo1-hDJU-jEU7ZokV8.JqyT2fH7GnEn9BNPBBIVpHLpQq7Gro8ZOB6Pp1I6kZaGyVVLADK-oqPsqvqxT_QIkBk_SYbTmbUT-DBC8RKwpQ&_sg%5B1%5D=FATli70gJyNyQVEuMNzi0GhlnZrd3MTrfd65H715FoMPP1OUy6WAK7TcSj443lFdlbMBVIE.DjHYXyubZs4Pll5mci3bkQ0_MXAejBdcKrgnu0Yq1sErHT82JIZjuV0j2rtutKXyL-HRt2ityBg4rWnW5CLMmg
https://www.researchgate.net/profile/Mostapha-Tarfaoui?_sg%5B0%5D=O2G9CSqRQp_Zl9mP3dPdGIUVIuhmgRLe_66MpgF5pBbMAppDbPyUMxo1-hDJU-jEU7ZokV8.JqyT2fH7GnEn9BNPBBIVpHLpQq7Gro8ZOB6Pp1I6kZaGyVVLADK-oqPsqvqxT_QIkBk_SYbTmbUT-DBC8RKwpQ&_sg%5B1%5D=FATli70gJyNyQVEuMNzi0GhlnZrd3MTrfd65H715FoMPP1OUy6WAK7TcSj443lFdlbMBVIE.DjHYXyubZs4Pll5mci3bkQ0_MXAejBdcKrgnu0Yq1sErHT82JIZjuV0j2rtutKXyL-HRt2ityBg4rWnW5CLMmg
http://dx.doi.org/10.17222/mit.2018.028
https://doi.org/10.1177/0954407017708916
https://www.researchgate.net/profile/Nermin-Aly?_sg%5B0%5D=UnRBcusObrZYP-ONpTcL2ZhV1YkA7sV2vJ6a3Zzv7FkQahOvzP8hSgkQxh7ywfpCDrYPM9k.7pFsUzCXMTEzoGxhRLwahjqyLlHdriqr-gx6f9NEkaNrjIpK_7MlI8FQUhIbWPX3ycwNd6HrvdEBDhLDcsLVnQ&_sg%5B1%5D=WU2yr3KHqvAHkLVTDhZJv94BTpv6eUhFeQeAEFbcitt4X2B7-lROyvoRbtl47Q4i46l0Lqg.E6zbpjsW-n-oy59lF_CyCkSzou9E_2LS2A3mpA9jaeGrzC9nrg97TFgYCkz8spWmxFFpWMHVhAP0sEGSxJWwPg
http://dx.doi.org/10.1088/1757-899X/254/4/042002

[9] J.Smits: Architectural engineering of FRP bridges
DOI:10.2749/222137814814067383

[10] Pan, S. D., Wu, L. Z., Sun, Y. G., Zhou, Z. G., & Qu, J. L. (2006). Longitudinal shear
strength and failure process of honeycomb cores. Composite Structures, 72(1), 42-46.

DOI:10.1016/j.compstruct.2004.10.011

[11] BIANCHI, Gabriel; AGLIETTI, Guglielmo S.; RICHARDSON, Guy. Static and fatigue
behaviour of hexagonal honeycomb cores under in-plane shear loads. Applied Composite
Materials,honeycomb sandwich structure. Journal of Reinforced Plastics and Composites,2021.

DOI: 10.1007/s10443-010-9184-5

[12] HODGE, A. J.; NETTLES, Alan T. A novel method of testing the shear strength of thick
honeycomb composites. 1991.

https://www.researchgate.net/publication/24325864 A _novel method of testing the shear strength of
_thick honeycomb_composites

[13] LIU, Yue; LIU, Wei; GAO, Weicheng. Out-of-plane shear property analysis of Nomex
honeycomb sandwich structure. Journal of Reinforced Plastics and Composites, 2021, 40.3-4:

165-175. https://doi.org/10.1177/0731684420943285

[14] COTE, Frangois; DESHPANDE, Vikram; FLECK, Norman. The shear response of
metallic square honeycombs. Journal of Mechanics of Materials and Structures, 2006, 1.7:

1281-1299. DOLI: 10.2140/jomms.2006.1.1281

84


https://doi.org/10.2749/222137814814067383
http://dx.doi.org/10.1016%2Fj.compstruct.2004.10.011
http://dx.doi.org/10.1007/s10443-010-9184-5
https://doi.org/10.1177%2F0731684420943285
http://dx.doi.org/10.2140/jomms.2006.1.1281

[15] YANG, Mijia; QIAO, Pizhong. Quasi-static crushing behavior of aluminum honeycomb
materials. Journal of Sandwich Structures & Materials, 2008, 10.2: 133-160.

DOI: https://doi.org/10.1177/1099636207078647

[16] SOLMAZ, Murat Yavuz; TOPKAYA, Tolga. The Flexural Fatigue Behavior of
Honeycomb Sandwich Composites Following Low Velocity Impacts. Applied Sciences, 2020,

10.20: 7262. DOI: https://doi.org/10.3390/app10207262

[17] Wahl, L., Maas, S., Waldmann, D., Ziirbes, A., & Fréres, P. (2014). Fatigue in the core
of aluminum honeycomb panels: Lifetime prediction compared with fatigue tests. International

Journal of Damage Mechanics, 23(5), 661-683. https://doi.org/10.1177/1056789513505892

[18] L. J. Gibson and M. F. Ashby, Cellular solids: structure and properties, 2nd ed. Cambridge; New York:
Cambridge University Press, 1997. https://doi.org/10.1017/CBO9781139878326

[19] H. X. Zhu and N. Mills, "The in-plane non-linear compression of regular honeycombs," International
Journal of Solids and Structures, vol. 37, pp. 1931-1949, 2000. DOI: 10.1016/S0020-7683(98)00324-2

[20] W. Warren, A. Kraynik, and C. Stone, "A constitutive model for two-dimensional nonlinear elastic
foams," Journal of the Mechanics and Physics of Solids, vol. 37, pp. 717-733, 1989.

DOI: https://doi.org/10.1016/0022-5096(89)90015-X

[21] Youming Chen*, Raj Das and Mark Battley, Centre for Advanced Composite Materials, Department of
Mechanical Engineering, University of Auckland, Auckland 1010, New Zealand
DOI: 10.1115/1.4032964

[22] S. P. Timoshenko and J. M. Gere, "Theory of elastic stability. 1961," ed: McGraw-Hill, New York,
1961. https://doi.org/10.1243/03093247V071044

85


https://doi.org/10.1177/1099636207078647
https://doi.org/10.3390/app10207262
https://doi.org/10.1177%2F1056789513505892
http://dx.doi.org/10.1016/S0020-7683(98)00324-2
https://doi.org/10.1016/0022-5096(89)90015-X
http://dx.doi.org/10.1115/1.4032964
https://doi.org/10.1243%2F03093247V071044

[23] T. Beléndez, C. Neipp, and A. Beléndez, "Large and small deflections of a cantilever beam," European
Journal of Physics, vol. 23, p. 371, 2002. DOI: 10.1088/0143-0807/23/3/317

[24] L.-H. Lan and M.-H. Fu, "Nonlinear constitutive relations of cellular materials," AIAA journal, vol.
47, pp. 264-270, 2009. DOI: 10.2514/1.39531

[25] PAMG-XR1 5052 Aluminum Honeycomb, Datasheet from PLASCORE 05.10.2021

https://www.plascore.com/honeycomb/honeycomb-cores/aluminum/pamg-xr1-5052-
aluminum-honeycomb/

[26] [epapatikn peAETN TG eMdPAON G TOV TAYXOVG KOAANGNG KOl TOL DYOLG KOWEAIDOG GTIV GLUUTEPIPOPAL
KOG He SATUNGT KOWELOEW DY dopmv amd arovpvio, 2020, Evdyyehog Wnidg,pages 13-16

[27] Standard, A. S. T. M. (2013). Standard test method for shear properties of sandwich core materials.
ASTM Int, 1-7, p2.

http:/file.yizimg.com/86194/2009081802421443.PDF

[28] Aluminum 5052-H32, Datasheet from protolabs 05.10.2021

https://www.wanji-aluminium.com/products/aluminium_plate sheet/5052 aluminum_plate sheet.html

[29] HexBond 609 modified epoxy film adhesive, Datasheet from HEXCEL 05.10.2021

https://www.imatec.it/wp-content/uploads/2021/02/HexBond 609 DataSheet eu.pdf

[30] Mewpapoatik Slepelivnon TNC HNXAVIKAC ocupmepldopdg oe Siatunon kupelosbwv Sopwv
aAoupviou , Xprotog Adong,Batodkng Mewpylog,2021,pages: 28-34

http://hdl.handle.net/11615/57389

[30] LIMESS, Messtechnik & Software GmbH: RTSS - videoextensometer

https://www.limess.com/en/products/rtss-
videoextensometer?gclid=CijwKCAjwSNqVBhAEiwAeCa97X3vLGTD9er9v8Hg5Yp10VV45T507kKiq
5Abuo6i9pnfixiMdqAOGRoCQI18QAvVD_BwE

86


http://dx.doi.org/10.1088/0143-0807/23/3/317
http://dx.doi.org/10.2514/1.39531
https://www.plascore.com/honeycomb/honeycomb-cores/aluminum/pamg-xr1-5052-aluminum-honeycomb/
https://www.plascore.com/honeycomb/honeycomb-cores/aluminum/pamg-xr1-5052-aluminum-honeycomb/
https://www.imatec.it/wp-content/uploads/2021/02/HexBond_609_DataSheet_eu.pdf
http://hdl.handle.net/11615/57389

[32] Gabriel Bianchi & Guglielmo S. Aglietti & Guy Richardson: Static and Fatigue Behaviour of
Hexagonal Honeycomb Cores under In-plane Shear Loads.

https://link.springer.com/article/10.1007/s10443-010-9184-5

[33] MATLAB code by Filippos Katsimalis.

Contact info: https://gr.linkedin.com/in/filippos-katsimalis

87


https://link.springer.com/article/10.1007/s10443-010-9184-5

Chapter 7.  APPENDIX

A significant effort has been made in to developing a MATLAB code [33] that can be used to read
data (.dat files from MTS system) or texts (.txt files from RTSS camera) and instantly plot diagrams
of Force [kN] — Displacement [mm] or Force [kN] — Axial Strain [%], depending on the type of the
data file given. This code is developed for loading — unloading tests of one or more cycles and
fatigue tests. Comments are self-explanatory:

clear

close all

clc

%% INPUT

filename='"'; % name of file you want to plot (must contain the ".dat" or ".txt" format at the
end)

peak=; % peak value of loading in [kN]

cycles=; % number of cycles

fontsize=; % desired size of all text (11 is the default)
mult=; % desired multiplier of default figure width and height (larger means bigger figures)
dpi=; % dpi controls the image quality (larger means higher resolution and bigger size)

o°

length of window fot smoothing. small (large) values -> less (more) smoothing
set "smooth level=[]" for default length of window
smooth level=1000;

o°

oe

"prom" controls the sensitivity of finding maximum and minimum peaks in the data
when greater smoothing is used, "prom" should be small (~.1)

for noisy non-smoothed data, "prom" should be large (~1)

usually, when an error occurs, changing this variable will fix the error

also, change this variable if the number of peaks found is not correct

prom=.3;

o o oP

oe

oo
o

if contains(filename, '.dat'")
exp_data=import exp data dat(filename);

X=abs (exp data(:,1)-exp data(l,1));
Y=abs (exp data(:,2));

x_label='Displacement [mm]';
y label='Force [kN]';

elseif contains(filename, '.txt')
exp_data=import exp data txt(filename);

X=abs (exp data(:,1));
Y=abs (exp_data(:,2));

o

smooths data, control the degree of smoothing by defining the
% "smooth level" variable. Enter "doc smoothdata" for details.
X=smoothdata (X, 'gaussian',smooth level);
Y=smoothdata (Y, 'gaussian', smooth level);

x label='Axial Strain [\%]';
y_label='Force [kN]';

else

error ('Make sure that the filename ends in ".dat" or ".txt"')
end
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x=1:1length (X) ;

1 max=islocalmax (Y, 'MinProminence',prom);
i max=find (1l max);

1 min=islocalmin(Y, 'MinProminence', prom) ;
i min=find (1l min);
i min=[1;i min;length(Y)];

ind=zeros(1l,2*length (i max)+1);
ind(2:2:end-1)=1 max;
ind(l:2:end)=1i min;

fig=figure;
hold on
m=0;
for k=1l:length(ind)-1
if logical (rem(k,2))
color=[0 0.4470 0.7410];

m=m+1;
disp(['Coordinates of peak #',num2str(m),': x=',num2str (X(ind(k+1))),"' [mm],
y=',num2str (Y (ind(k+1)))," [kN]']);
else
color=[0.8500 0.3250 0.0980];

end

plot (X (ind (k) :ind(k+1)),Y (ind (k) :ind (k+1)), 'Color',color);
end
fig.Position=[50 50 560*mult 420*mult];

grid on
grid minor

xlabel (x_label, 'Interpreter', 'latex', 'FontSize', fontsize);
ylabel (y_label, 'Interpreter', 'latex', 'FontSize', fontsize);

%ylim ([0 peak+.1]);

ax=gca;
ax.FontSize=fontsize;

legend('Loading', 'Unloading’', 'Interpreter', 'latex', 'FontSize', fontsize, 'location', 'northwest"');
title (['Loading-Unloading @',num2str (peak*1000), 'N peak force (',num2str(cycles),'

cycle(s))'l,'Interpreter’', 'latex', 'FontSize', fontsize);

%% Calculate the loop area and slope of loading curve

if contains(filename,'.dat') && cycles==
% —--loop area-—-
disp('Press any key to continue');
pause

corner_point=input('\n Enter corner point in [mm] \n'); % "corner point" holds the
displacement value in [mm] where force starts to increase significantly,

% it defines the left boundary of the polygon whose area is the work in [J]
area_ind=X>=corner_point;
area=polyarea (X (area ind),Y (area ind));
fprintf (['\n The area of the loop is ',num2str(area),' Joule \n\n']);

o

--loading curve slope--

"end point" holds the rightmost displacement value in [mm] used to calculate the
slope of the loading curve. The slope of the loading curve is

calculated as the slope of the best-fit line on data between

"corner point" and "end point" on the loading curve

end point=input ('\n Enter end point in [mm] \n');

o° o oo

o

load_ind=(corner point<=X) & (X<=end point);
load ind(ind(2)+1l:end)=0;
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fit data=fit(X(load ind),Y(load ind), 'polyl');
slope=atan (fit data.pl);
slope d=atand(fit data.pl);

fprintf (['\n The slope of the loading curve is: ',num2str(slope),’

', num2str (slope d),' [deg] \n\n'l);

end
print (fig, extractBefore (filename, '."'), '-dpng', ['-r',num2str(dpi) 1)
print (fig, extractBefore (filename, '."'), '-dsvg');

% check that everything looks ok
plot (X (area ind),Y(area ind),'o");
plot (fit data);

[rad] =

function exp_data=import exp data dat (filename)

%% Setup the Import Options and import the data

opts = delimitedTextImportOptions ("NumVariables", 2);
% Specify range and delimiter
opts.Datalines = [6, Inf];
opts.Delimiter = "\t";

% Specify column names and types

opts.VariableNames = ["AxialDisplacement", "AxialForce'"];
opts.VariableTypes = ["double", "double"];

% Specify file level properties
opts.ImportErrorRule = "omitrow";
opts.MissingRule = "omitrow'";
opts.ExtraColumnsRule = "ignore";
opts.EmptyLineRule = "read";

% Import the data

exp data = readtable(filename, opts);

%% Convert to output type
exp data = tableZarray(exp data);

oe

% Clear temporary variables
clear opts

function exp data=import exp data txt (filename)

%% Setup the Import Options and import the data
opts = delimitedTextImportOptions ("NumVariables", 18);

% Specify range and delimiter
opts.DatalLines = [2, Inf];

opts.Delimiter = ",";

% Specify column names and types

opts.VariableNames = ["Varl", "var2", "var3", "var4", "var5", "varée", "Var7", "PeakStrainin",
"Vvar9", "varlO", "varll", "varl2", "vVarl3", "Varl4", "aiOLoadInstron", "Varle", "Varl7",
"Varl8"];

opts.SelectedVariableNames = ["PeakStrainin", "ailOLoadInstron"];

opts.VariableTypes = ["string", "string", "string", "string", "string", "string", "string",
"double", "string", "string", "string", "string", "string", "string", "double", "string",

"string", "string"]:;

o

% Specify file level properties
opts.ImportErrorRule = "omitrow";
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opts.MissingRule = "omitrow";
opts.ExtraColumnsRule = "ignore";
opts.EmptyLineRule = "read";

% Specify variable properties

opts = setvaropts(opts, ["Varl", "var2", "var3", "var4", "Varb",
"Varll", "varl2", "varl3", "varl4", "varle", "varl7", "varl8"],
opts = setvaropts (opts, ["Varl", "Vvar2", "var3", "Var4", "Varb",
"Varll"™, "varl2", "varl3", "varl4", "varle", "varl7", "varl8"],
% Import the data

exp data = readtable(filename, opts);

%% Convert to output type

exp _data = table2array(exp data);

%% Clear temporary variables

clear opts

"Vare", "Var7",
"WhitespaceRule",
"varé", "var7",
"EmptyFieldRule",

"Var9", "varlo",
"preserve");
"Var9", "varlO",
"auto");
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