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ABSTRACT 

The in-plane homogenized elasto-plastic behavior of a hexagonal aluminum honeycomb core has 

been investigated using experiments and finite element analysis of an idealized representative 

volume element. In-plane uniaxial tension and compression experiments are carried out along the 

principal material and off-axis directions to obtain the homogenized elasto-plastic mechanical 

properties. The homogenized stress strain behavior was simulated using a representative volume 

element which employed a bilinear traction-separation law to capture the node bond failures. The 

experimentally validated model was utilized to generate in-plane yield and node bond failure 

envelopes for the bulk core. 

The experiments showed that the stress-strain responses of the hexagonal aluminum honeycomb 

core vary greatly depending on the loading direction. Due to the in-plane shear modulus being of 

the same magnitude as the Young’s modulus along the ribbon direction, the bulk core exhibits a 

unique off-axis behavior. The in-plane Young’s modulus is a maximum along a characteristic off-

axis direction (~40) in contrast to the behavior of common orthotropic materials. The finite 

element model proves that the behavior of the irregular hexagonal honeycomb core can be captured 

by using a representative volume element from an idealized core.  
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CHAPTER 1  

 INTRODUCTION  

Honeycomb structures are a sub-category of cellular solids whose properties are dependent on the 

shape and structure of the individual cells. There are different cellular shapes as well as materials 

pertaining to honeycomb structures. Honeycomb cores are manufactured using various cell 

configurations: Hexagonal core, Reinforced Hexagonal core, OX-Core, Flex-Core, Double-Flex 

etc [1]. Apart from providing the honeycomb core different mechanical properties, the different 

cell configurations affects the ease of bending the honeycomb core while minimizing the 

anticlastic effects. 

Based on the materials used for the core ribbons, honeycomb cores are classified as polymeric, 

metallic and ceramic [1]. The use of the type of material depends on the type of application. The 

ribbon material that the honeycomb is made of also determines its nature of deformation. For 

example, polymers such as rubber shows an elastomeric behavior, metallic materials show elastic-

plastic behavior and ceramics show elastic-brittle behavior. Some common materials that are used 

to manufacture honeycombs are aluminum, fiberglass, Nomex and Kevlar [2].  

Honeycomb cores are used to make sandwich panels which are then employed in load bearing 

components amongst other uses. Sandwich panels provide the benefit of having a high strength to 

weight ratio load bearing member [2]. They can be made as stiff as per design requirements. The 

use of sandwich panels in the aerospace industry is becoming more prevalent since it can provide 

optimized weight reduction.  
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A sandwich panel which is a heterogeneous structure comprising of two facesheets (of high 

modulus and strength) and a core which can be made out of honeycomb. Therefore, the mechanics 

of deformation of the honeycomb core needs to be understood. Before fabricating a sandwich 

panel, it is required to know the properties of the facesheets and the honeycomb core. In cases 

where the honeycomb core needs to be bent to a certain radius of curvature prior to bonding of the 

facesheets, it is important to identify the forming limits so as not to introduce damage in the core. 

After constructing a sandwich panel, the core is still prone to damage. The facesheets and the 

honeycomb core have different stiffnesses and thermal expansion properties. These differences in 

properties can cause damage to the honeycomb core after the sandwich panel is constructed and 

subjected to load bearing. By understanding the honeycomb’s mechanics of deformation, the load 

limits as applied to the sandwich structure can be defined.  

Honeycombs are widely used in the aerospace industry by utilizing them in sandwich panel 

structures. There are four main ways of manufacturing honeycomb cores, namely the corrugation 

method, expansion method, casting and extrusion processes [1].  The first two methods are 

described in more details below 

1.1  Honeycomb Core manufacturing process 

The two common methods of manufacturing honeycombs for aerospace applications are the 

corrugation and expansion processes. Those will be discussed in this section. In the corrugation 

process as shown in Figure 1, a flat sheet of material is passed through a gear press and is turned 

into corrugated sheets. Adhesive lines are printed onto the corrugated nodes and the sheets are 

stacked onto each other forming a block. Once the adhesive is cured, the block can be sliced into 

different thicknesses providing a honeycomb core of that particular thickness. Depending on the 
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type of material being used in this process, the corrugated core may be dipped into resin for 

further reinforcement (fiberglass/phenolic cores). 

In the expansion process as shown in Figure 2, glue lines are printed at certain distances apart on 

each sheet of material and are then stacked on top of each other. Once the required number of 

sheets have been compiled on top of each other, the adhesive is allowed to cure therefore 

forming a honeycomb before expansion block (HOBE). The HOBE can be expanded and then 

sliced at a desired thickness to provide a honeycomb core. Alternatively, the HOBE can be sliced 

to the desired honeycomb core thickness and then expanded. 

 

Figure 2: Illustration of Expansion process of honeycomb manufacturing [3] 

Figure 1: Illustration of corrugation process of honeycomb manufacturing [3] 
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Honeycomb cores can have cells of various geometries and sizes. An illustration of a hexagonal 

cellular geometry is shown in Figure 3. The hexagonal unit cell has four inclined single cell 

walls. The horizontal part of each cell is connected to another cell above and below it by an 

adhesive layer. The connected portion is referred to as a node bond region. Cells from some 

honeycomb cores also have a radius of curvature joining the single cell wall to the double cell 

wall. While the material that the cell walls are made out of have their own properties, they 

influence the overall response of the bulk honeycomb core during loading. The material 

properties of the bulk honeycomb core however, is obtained using a homogenization approach. 

In that case, specimens consisting of several cells are extracted and loaded along different 

directions and the responses are analyzed. The effective area that takes part in the loading 

process is considered and will be explained in more detail in Chapter 3.  

 

 

Figure 3: Illustration of a unit hexagonal cell 
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1.2  Sandwich Panel Overview 

A sandwich panel comprises of two facesheets which are made out of metal or composite material 

separated by a honeycomb core or foam [2] as shown in Figure 4. The core is secured to the 

facesheets using an adhesive layer. The distance between the facesheets and its thickness increases 

the moment of inertia of the sandwich panel, hence providing it with more flexural and torsional 

rigidity. The sandwich panel can be compared to an I-beam as shown in Figure 5. The facesheets 

or skin acts like the flanges, carrying the bending stresses. The honeycomb core performs the role 

of the web in an I-beam, increasing the moment of inertia by separating the facesheets and resisting 

the shear loads. Since the honeycomb core makes contact with the interior of the top and bottom 

facesheets, it produces a uniformly stiffened panel.  

The sandwich panel can be flat or curved to conform to the different geometries and curvatures of 

the overall structure. Additionally, the sandwich panel may also be tapered. In an aircraft, sandwich 

panels can be used in various places such as floor panels, engine nacelles, control surfaces, 

bulkheads, wing skin panel, etc. This introduction section provides an overview of the range of 

materials and cell configurations which can be used to manufacture honeycomb cores. It also 

shows how honeycombs are employed in making sandwich panels. While the choice of material 

and cell configuration is broad, this thesis will solely consider the hexagonal aluminum 5052-H39 

honeycomb core with nominal cell size of 1/8 inches. Specifically, the objective is to characterize 

the mechanical properties of the honeycomb core and model the response using a representative 

volume element (RVE) in a Finite Element Analysis software.  
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Figure 4: Fabrication process of a sandwich panel [4] 

Figure 5: Comparison between a sandwich panel and an I-beam [5] 
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CHAPTER 2  

 LITERATURE REVIEW 

Gibson and Ashby [6] have studied the mechanics of deformation of honeycombs comprising of 

perfect cells. They studied different cellular structure such as regular hexagons, square and 

triangular shapes. In their study, they developed analytical equations to extract the in-plane and 

out-of-plane elastic properties of the different honeycomb cores. These analytical formulas were 

derived depending on if the cellular structure was made out of an elastomer, an elasto-plastic 

material or a brittle material. However, they neglected the effects of the node bond adhesive and 

the radius of curvatures that are present in the hexagonal honeycomb core while developing the 

analytical equations.  

Papka and Kyriakides [7] discuss about the mechanics of deformation of the aluminum honeycomb 

during in-plane compression. Experiments are carried out on honeycomb made of similar base 

material but made of 3 different cell sizes. Simulations are carried out on an idealized 

representative volume element to match that of the experimental data and a comparison is made 

with the analytical equations from Gibson and Ashby. Uniaxial tensile experiments are also carried 

out on the base material which is similar to that used in the current honeycomb core. Hence the 

material properties are confirmed by the test data in this research. The effect of strain hardening 

on the base material is also investigated ad it was found that different amounts of strain hardening 

does have an effect on the in-plane elasto-plastic response of the honeycomb. The effect of a 

manufacturing defect is also taken into consideration. Two main imperfections are identified, 

namely the inaccuracy of printing of the bond lines and the over and under expansion of the core.  

Papka and Kyriakides [7] studied the deformation mechanisms of aluminum honeycombs under 

uniaxial quasi-static compression loading. Honeycomb specimens of nominal cell size of 3/8 
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inches and of three different cell thicknesses were analyzed. In-plane compression experiments 

were carried out along the ribbon direction and it was observed that the response can be classified 

into three regimes. Tensile experiments were also conducted on specimens of the aluminum 

material that was used to manufacture the expanded honeycomb core to characterize its mechanical 

properties. The same type of aluminum material is used in the honeycomb core under investigation 

in this thesis. Furthermore, the mechanics of the deformation of the honeycomb core under uniaxial 

compressive loading was investigated by performing numerical simulations on an idealized 

representative micro section of the honeycomb core. They have also investigated the effects of 

geometric non-linearity and plasticity on the initial buckling load of the honeycomb material. It 

was found that these considerations can significantly reduce the initial buckling load. They have 

also shown that the localized failure in compression is attributed to the subcritical post-buckling 

behavior of the unit cell. Following their experimental investigations, they conducted full scale 

numerical simulations on honeycomb specimens of finite size through the different stages of 

deformations as observed in experiments.  

Triantafyllidis and Schraad [8] investigated the theoretical prediction of the onset of failure in 

aluminum honeycombs under random macroscopic loadings. The motivation for this work is to 

address the issue of dependence of the mechanical behavior of the honeycomb on the macroscopic 

load orientation and specimen size. The in-plane compression state of the honeycomb is studied. 

The authors also investigated the failure surfaces at the onset of plasticity and at the maximum 

load carrying capacity. The effects of the cell size in comparison to the overall size of the 

honeycomb specimen is also investigated and it was observed that the failure surfaces do converge 

to that of the actual specimen size. Two different types of imperfections have also been analyzed, 

namely systematic imperfections and random geometric imperfections. In the former, the geometry 
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of the unit cell was altered while the periodicity of the cells was maintained. In the latter, the 

periodicity was destroyed. Their work is focused on the design of aluminum honeycombs. 

Yang and Qiao [9] analyzed the crushing behavior of aluminum honeycombs of two different cell 

sizes under out-of-plane and in-plane modes by an experimental and numerical approach. They 

also performed a study on the effects of the strain rate on the crushing stress of the material. In 

addition to crushing of the entire specimen, they also analyzed the partial crushing of the specimen 

by using a cylindrical indenter. They concluded that the constitutive properties of the honeycomb 

cores under out-of-plane crushing can be approximated by an elastic perfectly plastic material up 

to the point of densification of the core during the loading process. The effects of hardening in the 

material has to be accounted for in the partial crushing of the core and in the in-plane deformations.  

Their experimental results indicate that the out-of-plane crushing stress is directly related to the 

relative density of the core material. They found out that local band formations and micro-buckling 

are the major characteristics of the in-plane crushing response. 

Goswami [10] analyzed the analytical expressions for the effective elastic properties of hexagonal 

honeycomb cores. The dimensions of the various geometrical components of a unit cell in 

hexagonal cores have been accounted for in the expressions to calculate the effective elastic 

properties such that the expressions are applicable to a wider range of hexagonal cores. In contrast 

to Gibson and Ashby [6] who considered the bending of the beam approach using cantilever bean 

theory, Goswami considered all the components of strain energy of a beam in deriving the 

expressions. The results obtained from his expressions have been compared to the results obtained 

from other analytical approaches and experimental data and shows good correlation. 
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Zhen et al [11] have performed in-plane uniaxial and biaxial compressive numerical analyzes on 

aluminum honeycombs of three different cell configurations including the regular hexagonal shape 

to investigate the response and deformation modes. They observed that some compressive 

responses in the uniaxial cases were also found in the biaxial cases. During their investigation on 

the specific energy dissipation, they found out that the honeycomb consisting of hexagonal cells 

had the best performance.  

Ajdari et al [12] analyzed the effects of missing cell walls and randomly filled cells on the elasto-

plastic behavior of hexagonal and Voronoi honeycombs. They found out that for both honeycombs, 

the yield strength decreases by over 60% if 10% of the cells walls are omitted. They also concluded 

that randomly filled cells do not have a significant impact on the mechanical properties of the 

honeycombs. They validated their FEA models by using closed form solutions from the unit cell 

model extracted from a perfect hexagonal honeycomb core to obtain the stiffnesses and yield 

strengths.  They initially modeled the aluminum material as elastic-perfectly plastic and found out 

that the yield strength of the hexagonal honeycomb core was on average 10% below the theoretical 

yield strength. In addition, they also investigated the effects of strain hardening of the aluminum 

material on the yield strength of the honeycomb core. They observed that the yield strength 

increased linearly with an increase in hardening slope of the cell wall material. 

Other work have been done to investigate the effects of the node bond adhesive fillet on the 

uniaxial in-plane responses of a Fiberglass/Phenolic resin honeycomb core having hexagonal cells 

[13]. The mechanical responses of a fiberglass/phenolic honeycomb core under uniaxial in-plane 

deformations have been studied via experiments and numerical simulations [14].  In-plane 

responses of commercial hexagonal honeycomb cores under large deformations have been 

investigated using an analytical approach [15]. Shahverdi et al [16] developed an anisotropic 
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hyper-elastic constitutive model of the fiberglass/phenolic hexagonal honeycomb under large in-

plane deformations. 

2.1 Problem Statement 

In the aircraft industry, sandwich panels are often required to be flat or curved to fit the complex 

geometries of an aircraft. To make a curved sandwich panel, the aluminum honeycomb core needs 

to be formed first. The mechanics governing the deformation of metallic cores is plasticity. Since 

aluminum is a metal, it must undergo plastic deformation to be bent permanently to a pre-

determined radius of curvature. The honeycomb core is bent using a tooling. When the tooling 

closes, the honeycomb core is bent to take the shape of the tooling. Upon being bent to that specific 

tooling radius, the aluminum material yields. Upon unloading (opening of the tooling), the 

aluminum honeycomb core has some amount of spring-back before holding onto a permanent 

radius of curvature. It is important to understand how the amount of spring-back varies with the 

applied strain so that the desired radius of curvature of a honeycomb core is obtained. Therefore, 

a sound understanding of the elasto-plastic behavior of the aluminum hexagonal core is required. 

The yield behavior of the aluminum core is determined by a yield envelope which will be discussed 

in detail in Chapter 4. 

The hexagonal aluminum core also contains node bond regions that are glued using an adhesive. 

Apart from the elasto-plastic behavior of the core, it is important to understand the stress and strain 

levels that the honeycomb core can experience without inducing damage to the node bonds. Those 

levels are determined by node bond failure curves. The first curve defines the onset of node bond 

failure. That is when the adhesive begins to peel. The second curve indicates the limits for total 
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node bond failure. This is when the entire adhesive region fails. The node bond failure curves will 

be discussed in detail in Chapter 4. 

In this thesis, the aluminum core that will be studied is the HexWeb CR-III-1/8-5052-8.1N 

hexagonal aluminum core [17] with a nominal density of 8.1 lb/ft3 and a nominal cell size of 0.125 

inches. The thickness of the honeycomb is 1 inch. The base material that is used for the honeycomb 

core is aluminum 5052-H39 [17]. The type of adhesive used in the manufacturing process is 

however unknown.   

From an experimental point of view, many of the previous research involving aluminum 

honeycomb cores focus on out-of-plane deformations. This research focuses on the responses of 

the aluminum core under in-plane loading. 

The aluminum honeycomb core is anisotropic. The in-plane mechanical properties vary as per the 

loading directions. It is of interest to predict the elastic mechanical properties along the various 

possible loading angles and use experimental data to validate the prediction.  

Finite element models will be constructed and their responses will be validated by comparing them 

to that of the experimental data. The models will be subjected to uniaxial, bi-axial as well as shear 

loading.  
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CHAPTER 3  

 EXPERIMENTAL WORK 

In this chapter, the experiments that have been carried out on the aluminum honeycomb core is 

discussed. The geometry of the cellular structure is characterized. Experiments are then conducted 

to characterize the mechanical properties of the aluminum alloy used to manufacture the 

honeycomb core. Experiments are also conducted to extract the properties of the adhesive in the 

honeycomb core. Tension and compression tests are conducted in a monotonic and cyclic manner 

on specimens extracted from the bulk honeycomb core.  

 

3.1  Description of the Aluminum Honeycomb Core 

The hexagonal aluminum honeycomb core used in the present study is manufactured by Hexcel 

Corporation. The base (ribbon) material is aluminum 5052-H39. The properties of the node 

adhesive are proprietary. The aluminum honeycomb core has a nominal density of 8.1 pounds per 

cubic foot and a nominal cell size of 1/8 inches [17]. The unit cell is idealized to be a regular 

hexagon. Upon inspection of the actual honeycomb sheets, imperfections in the cell geometries 

can be observed. Some inclined single cell walls are shorter than others. Those could potentially 

be due to a manufacturing artifact or poor quality control. 
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3.2  Characterizing the cellular geometry 

Image analysis were conducted by Ivanov [18] to characterize the cellular geometry of the 

hexagonal aluminum honeycomb core. To obtain an average of the cellular geometry, specimens 

were extracted from several bulk honeycomb sheet and were potted in an ULTRA-3000 epoxy 

resin at room temperature [19]. The potted specimens were then polished using a grinder with 

different grit papers. A DinoLite Premier [20] microscope was used to capture the image at a 

magnification of x60. Image analysis performed using AmScope x64 [21], 3.7 software provided 

an average cell geometry as shown below in Figure 6. A micrometer with spherical tips was used 

to measure the thickness of the cell walls and the adhesive layer. The cell below is that of an 

irregular hexagon.  

 

 

 

 

 

 

 

 

 

Figure 6: An average irregular hexagonal cell from the honeycomb core 
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3.3  Characterization of Cell Wall material 

The aluminum hexagonal honeycomb has aluminum 5052-H39 as its base (ribbon) material. To 

measure the mechanical properties of the metal sheet that was used in the manufacturing process, 

experiments were conducted on specimens extracted from a sheet of aluminum foil that was 

supplied by Hexcel Corporation [17] upon request.  

Two types of tests were performed to provide the mechanical properties of the aluminum material: 

monotonic tension tests and cyclic bending tests. Due to being thin, the tension test specimen does 

not undergo an adequate amount of plastic deformation. Hence, to determine the amount of axial 

strain that the material can withstand, cyclic bending tests are performed on a specimen deformed 

into a semi-circle shape. 

3.3.1 Test specimen preparation 

The aluminum foil has a thickness of 0.0032 inches. Three tension test specimens and four cyclic 

bending specimens were extracted from the sheet of aluminum foil along the rolling direction as 

illustrated in Figure 7 and 8 with similar shape and dimensions. For the tension test specimens, 

sand paper is bonded over a length of two inches at the ends (hatched region in the figure) to 

increase friction between the specimen and the grips. 

3.3.2 Tension Testing of foil 

The tension tests were carried out on a 5 kip capacity MTS electromechanical machine. The load 

cell had a maximum force measuring capacity of 5000 lbf. Pneumatic grips were used to grip the 

specimens and the gripping pressure was about 30 psi. The tension testing was conducted under 

displacement control at a nominal speed of 0.05 in/minute. The longitudinal and lateral strains in 
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the specimen was measured using a 120 ohms strain gage that was bonded on the surface of each 

specimen. The force, displacement and strain data were recorded at a rate of 2 Hz until the 

specimen failed. 

The stress and strain response of the aluminum foil are shown in Figure 9.  As shown in the figure, 

the specimens were unable to undergo significant plastic deformation post onset of yielding. The 

test data was analyzed to obtain the elastic properties and the yield strength. The mechanical 

properties extracted from the tests are summarized in Table 1. The results from these tests show 

that the aluminum foil does not undergo an adequate amount of stain as the 5052-H39 aluminum 

material is expected to undergo.  

 

 

Figure 7: Illustration of Tension test specimens extracted from Aluminum foil 

Figure 8: Illustration of cyclic bending aluminum test specimen 
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Figure 9: Stress-strain response of aluminum foil under tension 

 

Table 1: Mechanical properties of aluminum foil obtained from tension 

tests 
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3.3.3 Loop bending tests on Foil 

The failure strains observed from the tension tests were inconsistent with the ability of the foil to 

be folded upon itself quite easily. This implied that the material was capable of significant plastic 

deformation than what was observed in the tension tests.  To obtain measure of the plastic 

capability of the material, thin strips of the material were bent into semi-circular loops. 

The test setup is illustrated in Figure 10 and a schematic is shown in Figure 11. The specimen is 

placed onto the top plate and a short length of 0.25 inches at the ends is taped securely. The 

crosshead is lowered and the specimen is bent into a semi-circle shape of 1 inch diameter. The 

initial diameter was selected such that the maximum stresses based on the Euler-Bernoulli beam 

theory does not exceed the yield strength observed from tension testing. Then, 0.25 inches of 

bottom of the specimen is then taped to the fixed base. Due to the low flexural stiffness of the foil 

material, the loads required for bending was expected to be quite low. A load cell with a maximum 

measuring capacity of 1.1 lbf is used in the experiments. The experiment is performed under 

displacement control mode and the crosshead is set to move at a speed of 0.01 inches per minute. 

Four experiments were conducted and the load-unload crosshead displacement points for each 

experiment are shown in Table A.1 in Appendix A.  

Figure 10: Test setup of cyclic 

loading experiments on aluminum 

foil Figure 11: Illustration of bending experiment 
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The load-displacement data from the aluminum foil bending experiments is shown in Figure 12 

and 13. For tests 1 and 4, the specimen was bent to extreme levels to be able determine the amount 

of deformation the material can undergo without failure. In tests 2 and 3, the specimens were not 

bent to extreme levels but rather, the cycles were more finely chosen such that the yield point of 

the aluminum material is better defined.  

The load-displacement data is reduced to stress-strain data. This experiment is primarily performed 

to investigate the amount of strain that the aluminum 5052-H39 material can withstand before 

failure as well as the yield stress of the material. It is observed that the foil can be bent to very 

small radius of curvatures without undergoing any fracture.  

Euler-Bernoulli beam theory is used to obtain the stress and strain from the load and displacement 

data. Since after yielding, the stress-strain relationship is not linear, the equations are valid within 

the elastic regime. Table 2 shows a summary of the stresses and strains at yielding. Test 4 was the 

test in which the specimen was bent the most among all four test. The radius of curvature of the 

Figure 12: Load-unload data for test 1 and 4 
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foil at the maximum at the maximum crosshead displacement of 0.98 in was 0.0084 in. The axial 

strain corresponding to that radius of curvature is 18.9 %.  

The average yield stress in Table 2 is close to the yield stress of 42.3 ksi for the aluminum 5052-

H39 material described in Papka and Kyriakides [7]. This data will be used to construct an effective 

stress-strain curve for FEA simulations and will be discussed in Chapter 4. 

 

 

Test # Yield Stress (Ksi) Yield Strain 

1 43.96 0.0041

2 45.7 0.0042

3 43.99 0.0041

4 45.7 0.0042

Average 44.84 0.0042

Standard deviation 0.86 0.0001

Table 2: Aluminum foil bending experimental results 

Figure 12: Load-unload data for test 2 and 3 
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3.4  Fracture Tests 

Fracture tests were carried out to determine the force-displacement behavior of the node adhesive 

material used in the aluminum honeycomb core.  

3.4.1 Test specimen preparation 

A row of cells was extracted from the aluminum honeycomb core as shown in Figure 14. Some 

portion of the cell walls were flattened so that they can be gripped as shown in Figure 15. 

 

Figure 14: Fracture Test specimen 



22 
 

A 5 kip MTS electro-mechanical testing machine was used to apply a tensile load on the specimens 

as shown in Figure 15. Mechanical wedge grips which were used to grip the specimens which were 

then pulled apart until the node bond region comprising of the adhesive layer was peeled open. 

The force and displacement data were recorded. 

 The force-displacement data from the experiments in which the adhesive region was peeled open 

is shown in Figure 16. A total of three adhesive regions were pulled apart. It is observed that the 

initial portion of the data consisted of a combination of cell wall bending and introduction of stress 

within the adhesive region up to a peak force is reached. Beyond the peak force, the adhesive 

region starts to peel open and the force fades out to an almost steady level. 

 

Figure 15: Peeling of adhesive experiment 
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3.5  Bulk core tests 

The previous experiments performed up to this stage provides information about the cell geometry, 

the properties of the aluminum material and the adhesive used in the honeycomb manufacturing 

process. In this section, the characterization of the in-plane homogenized properties of the bulk 

core is discussed.  

Uniaxial tension and compression tests were conducted to study the homogenized elasto-plastic 

behavior of the core along different directions. Cyclic tests were then conducted along the different 

Figure 16: Force-displacement data from peeling the adhesive region 



24 
 

directions to gain an understanding on the effects of work hardening on the homogenized 

properties of the bulk core.  

The original honeycomb core sheet had a nominal planar dimension of 4 feet ×4 feet and has a 

thickness of 1 inch. The honeycomb core has two principal material directions, namely the 

transverse and ribbon directions. The ribbon direction is also referred to as the length direction and 

the transverse direction is referred to as the width direction as shown in Figure 17.  

 

 

 

 

Figure 17: Reference directions in honeycomb core 
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3.5.1  Identifying Off-axis angles 

The principal material directions are the ribbon and transverse direction respectively. It can be 

observed on the honeycomb core however, that there are two other directions which exhibit 

uniform cellular arrangement along which tensile and compressive experiments can be performed. 

They are referred to as off-axis directions since they are not along the principal material direction. 

To characterize these two off-axis directions, the ribbon direction is used as a reference from which 

angular measurements are made. A 5 megapixel camera is used to capture images of samples cut 

along these directions. A straight line is fit through the ribbon direction and a vertical line 

representing the loading direction intersect as shown in Figure 18 and 19. The angle between the 

intersecting lines is measured at various locations on the specimen.  An average of the two 

additional angles are summarized in Table 1.  
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In addition to the two off-axis angles mentioned in Table 3, another off-axis direction along which 

the in-plane homogenized mechanical properties was extracted was selected to be at an angle of 

40 degrees with respect to the ribbon direction. The reason of utilizing this additional off-axis 

angle will be discussed in Chapter 4 and 5. 

 

 

 

Figure 18: Angle measurements on 30 

degrees specimen 
Figure 19: Angle measurements on 60 

degrees specimen 

Table 3: Summary of off-axis angle measurement 
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3.5.2  Extraction and Preparation of Tension and Compression Test Specimens 

Let an angle “θ” be defined. The angle “θ” is equal to 0 degrees along the ribbon direction and 90 

degrees along the transverse direction. The specimen geometry for tests along the two principal 

directions as well as along the off-axis angles are summarized in Table 4 and 5 for tension and 

compression tests respectively. The number of specimens extracted for each tests is summarized 

in Table 6.  

 

 

 

 

 

 

Table 4: specimen geometry for tension tests 

Table 5: Specimen geometry for compression tests 

Table 6: Number of specimens extracted for each test 
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The boundaries of the specimens are marked by a tape on the bigger core. In order to extract off-

axis specimens, a template is cut out of paper and placed on the bigger core. The boundaries of the 

specimen are then identified and marked with a tape as shown in Figure 20. The specimens are cut 

out of the honeycomb core using a band saw or a sharp blade and two rows of cells are left around 

the external boundaries. The excess aluminum walls are sanded down until the marked boundary 

is reached as shown in Figure 21.  

 

 

 

Figure 20: Identification of off-axis specimens on a large honeycomb core 

Figure 21: Extracted Off-axis Tension specimens 
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To prevent node bond failures from occurring along the edge of the test specimen during the 

tension experiments, care is taken to not damage the node bonds at the edges hence maintaining 

its integrity. In order to ensure that the specimens are completely pristine before testing, care is 

taken to not deform the cells during the specimen preparation stage.  

Specimens that are loaded in tension and compression along the principal material directions 

direction can have the load introduced uniformly. In tension, the specimens have a uniform row of 

cells in which loading pins can be inserted. In compression, the contact region of the specimen and 

the platens allow for the distribution of load throughout specimen.  

The specimens tested in tension along the 30 degrees and 60 degrees direction have rows of cells 

which are adjacent to each other, hence pins can be inserted and the specimen can be pulled 

uniformly. For the specimen tested along the 40 degrees direction, there are no adjacent cells in 

which pins can be inserted for uniform load introduction. Therefore, one inch of the specimen is 

potted in an epoxy resin at the top and bottom surfaces as shown in Figure 22. Four holes are then 

drilled along a straight line at the center of the potted ends on a milling machine as shown in Figure 

23. Larger pins are then used for load introduction. In some of the specimens that are tested along 

the 30 and 60 degrees directions, the ends are potted and prepared as for the 40 degree direction 

For the compression experiments on the off-axis specimens, the top and bottom surfaces are not 

completely smooth from the sanding process. To allow for a uniform load introduction from where 

the specimen is pristine, the first and last two rows of the off-axis compression specimens are 

potted in an epoxy resin as shown in Figure 24. It is ensured that the potted end surfaces are parallel 

to each other as shown in Figure 25 so that the specimen is compressed uniformly. 
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Figure 22: Potting the ends of a 40 degree Tension specimen 

Figure 23: Drilling holes in the center of the potted end 
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Figure 24: Two rows being potted at the bottom surface of a 30 

degree compression specimen 

Figure 25: Top view of the specimen being potted while ensuring the surfaces are 

parallel 
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3.5.3  Measurement of extracted specimens 

The dimension of the specimens are measured before testing to obtain their actual size. The 

measured dimensions for the specimens tested along the principal directions are shown in Figure 

26 and 27 below are recorded and one average cell width is added to match the geometry of the 

homogenized model.  

 

 

 

 

 

 

 

3.5.3  Tension Test 

Uniaxial monotonic and cyclic tests were conducted on the extracted tension specimens. The 

monotonic tests were performed to extract the in-plane homogenized properties such as the yield 

strengths and Young’s modulus. The cyclic tests were conducted to gain an understanding on the 

change of these aforementioned mechanical properties when the specimen undergoes plastic 

deformation.  

 

Figure 26: Ribbon direction test Figure 27: Transverse direction test 
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3.5.3.1 Tension Test Setup 

The tension experiments are performed using a 5 kip MTS electromechanical machine. The 

maximum load cell measuring capacity is 5000 lbf. The tests are conducted using displacement 

control and the nominal test speed is 0.05 in/minute. The load and displacement from the crosshead 

are registered by the machine and used for data reduction. The load is normalized by the 

homogenized cross-sectional area to obtain engineering stress. The engineering strain is obtained 

by normalizing the crosshead displacement by the gage length of the test specimen. 

Due to the cellular structure of the hexagonal aluminum honeycomb core, loading pins are used to 

pull the specimen as shown in Figure 28 and 29. The pins are 3/32 inches in diameter and are 1.5 

inches long. The tension test fixture consists of a set of two blocks serving as an upper and lower 

“grip”. Each block consists of a pair of metal plates is separated by a distance of 1.5 inches using 

a rectangular aluminum block as shown in Figure 29. 

 The loading pins are introduced in every cell in the second row above and below the bottom and 

top edge respectively in order to introduce the load effectively in the test specimen. In this case, 

the outermost cells on the side edges are also taking part in the loading process. The specimen is 

placed in the test fixture and the loading pins are introduced in the appropriate cells. To ensure that 

the specimen is centered in the test fixture and aligned with the loading axis of the MTS machine, 

a plumb line is used. 
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Figure 28: Tension Test Fixture 

Figure 29: Schematic of Tension test fixture 
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To obtain an accurate strain measurement, image analysis is used by capturing images of the 

deformation of the test specimens during testing. This provides a better representation of strains in 

the specimen rather than relying on the crosshead displacement alone as the latter includes micro 

deformations of the test fixtures. To capture images at different time intervals during the 

experiments, a 5 megapixels camera with telecentric lens is used. It is ensured that the lens is 

parallel to the front surface of the specimens such that the camera captures proper in-plane cellular 

deformation.  The camera captures the center region of the test specimen.  

 

Before starting the experiments, some cells in the middle of the specimen were marked with a 

permanent marker as shown in Figure 30. The region of interest is sufficiently small such that the 

change in the selected gage lengths throughout the entire testing process can be captured and 

Figure 30: Description of gage lengths 
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analyzed. The region of interest depicted by the red grid moves upwards during the tension 

experiment. The horizontal and vertical lengths between those cells are then measured during the 

image analysis process. The middle of the specimen was selected because it is away from the edges 

and is in a uniaxial state of stress. The initial vertical and horizontal distances between the 

reference cells are used as the gage lengths and widths respectively. 

A calibration image is taken after placing a scale on the front surface of the specimen. This is used 

to calibrate the image analysis software called “Infinity Analyze.” The scale has a known length 

and the telecentric lens has a known magnification of 0.059. These parameters are the inputs to the 

software such that the distances between two points on any image from the test can be measured 

accurately.  

Images are taken at approximately every 0.05 inches displacement increment after the specimen 

yielded since the change in load is minimal. With each image taken, there is an associated load 

and crosshead displacement that can be extracted from the test data recorded by the MTS machine. 

The reference cells are used to capture the cellular displacements during loading. From the vertical 

and horizontal displacements, the strains in the ribbon and transverse directions are calculated 

accordingly. 

Apart from image analysis, some experiments were performed by using the Digital Image 

Correlation (DIC), commonly known as ARAMIS to track the deformation. This allows for the 

deformation to be captured more accurately and the displacement of points is readily obtained after 

the experiment. The lens used for DIC are 12.5 mm and the tracking points are 1.5 mm in diameter. 

All experiments performed were displacement controlled. The rate at which the crosshead moves 

defines the testing speed which was set to 0.05 inches per minute. For the cyclic loading, the test 
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method is set up such that the crosshead moves up until the load cell detects a force of 8 lbf. The 

crosshead then moves down until the load cell registers a force of 1 lbf. This constitutes one load-

unload cycle. The cycle is repeated 10 times with an incremental loading force of 8 lbf proceeding 

the previous cycle.  

3.5.4  Compression Test 

Uniaxial monotonic and cyclic tests are performed on the extracted compression specimens. 

3.5.4.1 Compression Test Setup 

For the compression tests, a pair of platens is used as shown in Figure 30. Both platens are ensured 

to be level and a small amount of grease is applied to the contact region on the top and bottom 

surfaces to reduce friction hence allowing for free expansion of the test specimen under 

compressive loads.  

Figure 31: Compression test fixture 



38 
 

Compression tests in the ribbon direction are performed by placing pins between the platens and 

the specimen as shown in Figure 32. The top and bottom edges consisting of double cell walls 

which are partially sanded down prevents free expansion at the surfaces which are in contact with 

the platens. The pins enable the distribution of the load uniformly throughout the specimen as well 

as allow free expansion. For a compression test in the transverse direction, the specimen surfaces 

which are in contact with the top and bottom platens are sanded down until smooth so as to enable 

the aluminum surfaces to slide freely as shown in Figure 33.  

The deformation of the specimens during the tests were captured using images analysis and Digital 

Image Correlation as described in the previous section for tension tests. The cyclic loading tests 

for compression were also performed as per the method used in the tension cyclic loading.  

 

 

Figure 32: Ribbon direction 

compression test schematic 
Figure 33: Transverse direction 

compression test  
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3.5.5  Tension and Compression Tests Results 

In this section, the results from the monotonic and cyclic tension and compression tests are 

presented. 

3.5.5.1 Monotonic test results 

The test results from the monotonic tension and compression tests along the various loading 

directions are summarized in Figures 34 through 38. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: Summary of all monotonic tests along the transverse direction 
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Figure 35: Summary of all monotonic tests along the ribbon direction 

Figure 36: Summary of all monotonic tests along the 30 degree loading direction 
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Figure 37: Summary of all monotonic tests along the 40 degree loading direction 

Figure 38: Summary of all monotonic tests along the 60 degree loading direction 



42 
 

The yield stress is defined as the stress level at which the stress-strain relations are no longer linear. 

The engineering yield stresses, Young’s moduli, poisson’s ratios and strains at yield for each of 

the simple tension and compression experiments are listed in Tables B.1 through B.4 in Appendix 

B. All of the stress-strain curves for tensile and compressive loading along each of the loading 

directions are plotted in Figures 34 through 38. It can be observed that the stress and strain 

relationship is linear before yielding occurs in both tension and compression. Hence, a straight line 

fit through the elastic regime of the tension and compression curves provides an average Young’s 

modulus for both the tensile and compressive behavior as shown in Figures 39 and 40 respectively. 

The same is true for the strain relationships along the transverse and ribbon directions for tensile 

and compressive experiments as long as the strains are within the elastic regime. Figures C.3 and 

C.4 in Appendix C shows the strain relationships. Table 7 and 8 shows a summary of the average 

yield stresses and strains along the different loading directions in tension and compression 

respectively. Table 9 shows a summary of the Young’s moduli and poisson’s ratio along all the 

loading directions. 
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Figure 39: Linear relations in elastic region of Transverse direction loading 

Figure 40: Linear relations in elastic region of Ribbon direction loading 
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Table 7: Summary of the yield stress and strain along the various loading directions 

in tension 

Table 8: Summary of the yield stress and strain along the various loading directions in 

compression 

Table 9: Summary of average mechanical properties along various loading directions 
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3.5.5.2  Cyclic test results 

These experiments aid in better determining the yield points and provide an understanding on the 

change in material properties with increasing amount of plastic strains. Figures 41 and 42 show 

the cyclic loading tests along the ribbon and transverse directions respectively. 

For each test, the load-unload cycles are separated. The loading and unloading slopes are calculated 

for each cycle and the total, elastic and plastic strains are identified. It can be observed that the 

loading and unloading slopes have a slight hysteresis. This effect is ignored while computing the 

loading (OA) and unloading slopes (CB). The slopes are calculated as shown in Figure 43 by fitting 

a line through points OA and CB respectively. Figures 44 through 48 show the loading and 

unloading slopes along the various loading directions with increasing amount of plastic strains. 

 

 

 

 

 

 

 

 

 

Figure 41: Ribbon direction cyclic loading 
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Figure 42: Transverse direction cyclic loading 

Figure 43: Description of loading and unloading slopes 
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Figure 44: Ribbon direction loading and unloading slopes with increasing amount of plastic strain 

Figure 45: Loading and unloading slopes with increasing amount of plastic strains along 30 

degree direction 



48 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 46: Loading and unloading slopes with increasing amount of plastic strains along 40 

degree direction 

Figure 47: Loading and unloading slopes with increasing amount of plastic strains along 60 

degree direction 
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It can be observed that the unloading slopes are always higher than the loading slopes. This is 

because the honeycomb core is made out of aluminum that undergoes work hardening. Also, the 

shape of the slopes with increasing amounts of plastic strains can be linear or non-linear depending 

on the loading direction.   

Figure 48: Transverse direction loading and unloading slopes with increasing amount of plastic 

strain 
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3.5.6  Tension and Compression Tests on a pre-deformed specimen 

A tension test specimen with dimensions as shown in Table 10 was extracted from the core along 

the ribbon and transverse direction respectively. The specimens were then loaded to the stress level 

in tension as shown in Table 11 to plastically deform them and then unloaded. From the pre-

deformed specimens, one tension and one compression test specimen along both the ribbon and 

transverse directions are then extracted from each of the pre-deformed specimens. Monotonic 

tension and compression tests are then conducted to obtain the yield strengths. 

 

 

 

 

3.5.6.1  Tension Test Setup 

The tension test setup is similar to that used in Section 3.5.3. The 5 kip MTS machine is used and 

the test speed is set at 0.05 in/min. Figure 49 shows the tension test setup which is similar to that 

used to conduct previous tensile experiments. 

Table 10: Dimensions of tension test specimens 

Table 11: Stress levels at which the specimens were loaded 
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Figure 49: Tension Test on a larger specimen 

 

Figure 50: Pre-deformed large specimens 
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Figure 50 shows the larger tension test specimens after they have been deformed. Tension and 

compression test specimens are then extracted from each of the two pre-deformed specimens 

with dimensions as shown in Tables 4 and 5 in Section 3.5.2. Monotonic tensile and compressive 

experiments are then performed as discussed in Section 3.5.3 and Section 3.5.4. 

3.5.6.1  Test Results 

The stress-strain responses from the pre-deformed specimens along the ribbon and transverse 

directions are shown in Figures 51 and 52 respectively. The yield stresses for the undeformed and 

pre-deformed specimens along the principal directions are shown in Table 12. 

 

  

Figure 51: Comparison of stress-strain response along ribbon direction 
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Table 12: Summary of yield stresses 

 

 

 

 

 

Test Specimen 

Types 

Yield Stress (psi) 

Ribbon 

Tension 

Ribbon 

Compression 

Transverse 

Tension 

Transverse 

Compression 

Undeformed 13.4 -24.2 22.9 -11.1 

Pre-Deformed 

Ribbon Tension 
30 -29.9 11.6 -11.6 

Pre-Deformed 

Transverse Tension 
6 -17.3 37.9 -11.2 

Figure 52: Comparison of stress-strain response along transverse direction 
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CHAPTER 4  

 NUMERICAL SIMULATIONS 

Uniaxial tensile and compressive experiments were carried out on specimens extracted from a 

honeycomb core. It is of interest to understand the behavior of the honeycomb core subjected to 

combinations of tension and compression forces. Such a study can be facilitated by making use of 

numerical simulations. The finite element software used to perform analysis is MSC Marc Mentat 

2018 version [22]. 

In general, a honeycomb core is under a combined state of stress including tension, compression 

and shear during core forming. A feature of interest is the yield envelope and node bond failure 

envelope. Those will dictate the onset of plastic deformation and the onset of delamination of the 

node bond respectively. In order to generate these envelopes, different combinations of in-plane 

stresses and strains must be applied to the honeycomb core.  

As discussed in Chapter 3, from image analysis, an average irregular hexagonal cell was 

constructed. For the simulations that are conducted in this chapter, this irregular hexagonal cell is 

idealized further. The irregular hexagonal cell has cell walls of different lengths and double cell 

walls that are inclined. In the idealization process, the tilt angle on the double cell walls are ignored. 

Also, all the inclined single cell walls are assumed to have the same length which is an average of 

the two different lengths of the single cell walls in the irregular hexagonal cell. Figure 53 shows 

the idealized irregular hexagonal cell. It can be observed that the lengths of the horizontal and 

inclined cell walls are different.  
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Figure 53: Idealized irregular hexagonal cell 
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The representative volume elements (RVEs) are extracted from the idealized unit cells and will be 

discussed in further detail in the respective subsections in this chapter. 

The objective of the simulation is to make use of an RVE to generate the yield envelope and node 

bond failure curves. Also, a different RVE is used to extract the shear modulus. However, before 

those simulations are performed, the adhesive property must be calibrated.  The properties of the 

adhesive used to bond the aluminum sheets to each other during the honeycomb core 

manufacturing process is proprietary data. These properties are needed to be properly defined in 

MSC Marc so that results obtained from the simulation are valid and correlates with that of 

experimental data. Hence, the first step is to perform a simulation of the adhesive peel experiment. 

4.1  Calibration Model  

A calibration model having the dimensions shown in Figure 54 is made in MSC Marc [22] to 

simulate the adhesive fracture experiment. The purpose of this model is to calibrate the cohesive 

parameters that will be used in the subsequent simulations using the corresponding RVEs. This 

model accounts for the expansion process of the honeycomb core.as shown in Figure 55. It is then 

subjected to further loading. 

The aluminum foil and the adhesive layer are both modelled as deformable bodies and a glue 

contact interaction is used as a constraint for their interaction. The element types and the number 

of elements used for the aluminum foil and the adhesive layer are summarized in Table 13.  

Figure 54: Pre-expanded calibration model 
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The aluminum material was modelled using 4-noded quadrilateral bi-linear thick shell elements 

[23]. The number of integration points were chosen so that the stress distribution within the 

aluminum material was captured effectively. The adhesive layer was modelled using linear 3D 

interface elements [23]. This type of element captures normal stresses and displacements and 

indicate the extent of damage upon absorbing a certain amount of energy. The adhesive properties 

were adjusted until the force-displacement data from the simulation had a reasonable correlation 

with that of the experimental data. 

Figure 55: Post-expanded Calibration model 
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Table 13: Summary of element types, number of elements and thicknesses used for each material 
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4.1.1  Cohesive Zone Model 

The adhesive zone was constructed using interface elements and a bilinear cohesive zone model 

[23] was applied. Such a model requires the maximum traction (tc), the maximum opening 

displacement (Vm), critical opening displacement (Vc) and the cohesive energy (Gc) of the 

individual interface elements. The bilinear model looks as shown in Figure 56 below obtained 

from MSC Marc Volume A [24]. 

 

The area under the graph in Figure 55 is the total cohesive energy of the interface elements. The 

critical opening displacement is the displacement beyond which the element does not regain its 

original size. To achieve the critical opening displacement, a maximum traction value has to be 

reached. “F” is defined as the ratio of the maximum opening displacement to the critical opening 

displacement.  

Starting with an estimated cohesive energy and maximum traction value, the simulation is 

performed and the force-displacement data is extracted and compared with that of the experimental 

Figure 56: Illustration of bi-linear cohesive model 
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data obtained from the adhesive fracture experiments. Adjustments are made to the parameters 

such as the cohesive energy and maximum traction and the simulations are performed until 

sufficient correlation exists with that of the experimental data of uniaxial tension and compression 

test along the principal material directions as well as the force-displacement data from the adhesive 

fracture experiments as shown in Figure 57.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57: Comparison between experimental and simulation results of calibration 

process 

Table 14: Cohesive zone parameters that yielded best results 
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The values shown in Table 14 are the ones that obtained best results with that of experimental data. 

In the calibration model, the original thickness of the adhesive is used and the cohesive zone 

parameters shown in Table 14 are applicable for that thickness. If half of the thickness is used in 

an RVE, then half of the cohesive energy will be applied. It follows that the critical and maximum 

opening displacements are automatically scaled down by two as shown in Table 15. 

 

 

 

 

4.2.2  Defining the aluminum foil properties 

As discussed in Chapter 3, experiments were performed on thin rectangular strips of aluminum 

5052-H39 extracted from a sheet obtained from Hexcel Corporation. The results obtained 

correlated with the results from the literature (Papka and Kyriakides [7]). The yield strength and 

an effective stress-strain diagram is constructed and used in the FEA model. Table 16 summarizes 

the aluminum foil properties used in the FEA analysis. The kinematic hardening law is used for 

the aluminum material. The effective stress and increment of plastic strain diagram used for 

analysis after the aluminum material has yielded is shown in Figure 58. 

 

 

 

Table 15: Cohesive zone parameters of quarter model RVE 
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Table 16: Aluminum foil properties used in FEA analysis 

Figure 58: Aluminum foil Effective stress vs plastic strain  
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4.2  Yield Envelope 

A honeycomb core is bent into cylindrical and spherical shapes and needs to have some permanent 

deformation to achieve the final and desired curvatures at the end of the core forming process. 

There is also some amount of spring-back which is due to the elastic strains during core forming. 

To be able to accurately predict the onset of yielding under a uniaxial or multiaxial state of stress, 

having a yield envelope is necessary. If the combination of stresses is within the boundary of the 

yield envelope, the deformations of the honeycomb core is still recoverable. And if the 

combination of stresses falls outside the envelope, then the honeycomb core has yielded and has 

accumulated some amount of plastic deformation.   

Construction of a Representative Volume Element 

 

The yield envelope is generated from a 3-D representative volume element (RVE) extracted from 

the idealized unit cell as shown in Figure 59. The RVE comprises of a single aluminum cell wall 

and two adhesive zones having half the thickness of the original adhesive in the actual honeycomb. 

Figure 59: Extraction of an RVE from an idealized unit cell 
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Four-noded quad type 75 elements [23] were used to model the aluminum region. Eight-noded hex 

type 188 elements [23] were used to model the adhesive region. Shell elements and interface 

elements were used for the aluminum and adhesive region respectively. The bilinear cohesive zone 

model was selected for the interface elements and the properties used were those obtained from 

the calibration simulation.  

The mesh size of the adhesive region and the aluminum single cell wall were approximately the 

same as the mesh size in the calibration model so as to capture the stress distribution in the same 

amount. In order to capture stresses within the aluminum element, 21 layers was added through 

the thickness. The goal of having an RVE is to be able to capture the geometric deformation as 

close as possible to that of the actual honeycomb cells. In addition, the RVE must be able to capture 

the resulting stresses and strains accurately.  

The actual honeycomb core is manufactured by the expansion process during which the aluminum 

material yields to convert the stack of aluminum sheets into an expanded core consisting of 

hexagonal cellular structure. Hence, the expanded honeycomb core has residual stresses. It is also 

assumed that the adhesive region close to the curvatures in the hexagonal cell has a certain amount 

of damage since it prevents two sheets of aluminum from separating.  

To account for residual stresses in the aluminum material and in the adhesive region, the expansion 

process simulating the manufacturing of the honeycomb is performed first. Starting with a 

horizontal strip of aluminum foil with the adhesive (half thickness) on each end as shown in Figure 

60, an expansion force is applied at a master node as illustrated in Figure 61.  
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The expansion process consists of two parts. A force is applied gradually at the master node until 

it reaches a maximum value. Then the force is gradually unloaded completely. The force is 

sufficiently large to cause yielding of the aluminum material, hence inducing plastic deformation 

and spring-back upon unloading. The geometry of the post-expanded model is checked to see if it 

matches that of a quarter model RVE. The expansion force is adjusted until the correct geometry 

is achieved.  

 

Figure 60: Horizontal strip of aluminum with adhesive of half the original thickness 
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At the end of the expansion process, there are residual stresses in the adhesive region and 

aluminum foil. Figure 62 illustrates the region of the adhesive layer along which residual stresses 

were observed. The residual stresses in the adhesive region after the original RVE has been 

expanded is shown in Figure 63. Figure 64 shows the position of the different layers through the 

thickness of the aluminum foil. The residual stresses in the aluminum foil at the end of the 

expansion process is shown in Figure 65. Because the aluminum material at the curvatures of the 

quarter model RVE has yielded, the residual stresses exists in the material upon complete 

unloading. 

 

Figure 61: Illustration of expansion process to obtain quarter model 

 

 

Figure 62: Adhesive layer illustration 
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The path followed by the nodes in the adhesive region is shown in Figure 66. It is observed that 

the nodes follow a linear path until the maximum traction is reached. Beyond the critical opening 

displacement, the traction force drops linearly. When the applied force is unloaded during the 

expansion process, it can be observed that the direction of the path changes and a residual traction 

remains within the element. When the RVE is loaded again along the same direction, the traction 

increases to up to the previous traction value at which the RVE was unloaded. Upon reaching that 

traction value, the traction decreases again until the maximum opening displacement is reached 

and the element is deleted. This follows the bilinear cohesive zone model that was applied to the 

adhesive region. 
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Figure 63: Stress distribution in Adhesive layer at the end of expansion process 

Figure 64: Illustration of different layers of stress throughout the thickness of the aluminum foil 
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Figure 65: Residual stresses in different layers of the aluminum foil at the end of the expansion 

process 

Figure 66: Illustration of bilinear cohesive zone model followed by a node 
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The RVE is subjected to combinations of stresses along the transverse and ribbon direction as 

shown in Figure 67. The areas normal to the transverse and ribbon directions are different. Hence, 

depending on the desired applied stresses along the principal directions, the forces are calculated 

accordingly.  

To determine yielding, cyclic loading (load-unload) simulations are performed on the RVE. In 

these simulations, the combinations of forces are applied along the principal material directions in 

incremental proportions simultaneously. The amount of plastic deformation along the ribbon and 

transverse direction is checked at the end of every load-unload cycle. Yielding occurs at the stress 

level which results in approximately 0.2% of plastic deformation along any of the principal 

material directions.  

The stresses of different proportions are illustrated in Figure 68.  A summary of the combination 

of forces is shown in Table D.1 in Appendix D. The yield strengths obtained from the uniaxial 

tensile and compressive experiments performed along the principal material directions are also 

plotted on the yield envelope for comparison as shown in the results section.   
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Figure 67: Illustration of applied forces along principal directions 

 

Figure 68: Illustrations of proportions of stresses 
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4.2.1  Yield Envelope Simulation Results 

The quarter model RVE is first subjected to uniaxial tension and compression forces along the 

principal directions and the results are compared with that of experimental data. The comparison 

of the engineering stress-strain response along the ribbon and transverse directions is shown in 

Figures 69 and 70 respectively. In addition, a comparison between the yield strengths along both 

principal directions in uniaxial tension and compression simulations are shown in Table 17. The 

comparison helps in gaining confidence in the RVE’s ability to correlate with the experimental 

data. 

 

The yield stresses obtained as explained in the earlier section are plotted on a graph whose abscissa 

and ordinate are the stresses along the ribbon and transverse directions as shown in Figure 70. It 

can be observed that an ellipse can be fitted to the points obtained from the simulation data. This 

ellipse defines the yield envelope. The RVE that accounts for the residual stress from the expansion 

process was used to generate the yield envelope. It can be observed in Figure 71, the yield envelope 

has an elongated shape which indicates that under some combination of bi-axial stresses a high 

amount of stress is required to yield the honeycomb core. 

 

Table 17: Yield strength comparison between FEA and experiments 
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Figure 69: Comparison between FEA and experimental results 

along ribbon direction 

 

Figure 70: Comparison between FEA and experimental 

results along transverse direction 
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Figure 71: Yield Envelope generated from simulations 
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4.3   Node Bond Failure Curve 

The structural integrity of the node bond region of a honeycomb core is important because it 

determines the overall structural integrity of the honeycomb core. During the core forming process, 

the honeycomb core is bent such that upon removal of the applied load, the plastic deformation 

produces a core having a desired curvature. Since the applied load produces both elastic and plastic 

deformation, the core is sometimes heavily strained depending on the desired curvature of the 

deformed core. If node bond failure were to occur during the core forming process, the core cannot 

be used for the fabrication of sandwich panels therefore resulting in wastage of materials and labor. 

Node bond failures happen under tension since the bending of the cell walls causes the adhesive 

region to peel. A node bond failure curve in terms of principal strains will determine the limits at 

which a combination of applied strains start to induce node bond failure. 

The RVE model used to generate the yield envelope is used here. Instead of stresses however, 

strains along the ribbon and transverse directions are applied at different proportions as shown in 

Figure 72. Since the lengths along the transverse and ribbon directions are different, the desired 

applied strains are calculated accordingly. 

The applied displacements are summarized in Table D.2 in Appendix D. The RVE accounts for 

the residual stresses by simulating the expansion process. As the adhesive region is stretched 

during the expansion process, the cohesive zone elements undergo damage. When the element is 

fully damaged, it gets de-activated and is excluded from the finite element analysis computations. 

The onset of node bond failure is defined as the de-activation of the first cohesive zone element 

after the expansion process is complete as shown in Figure 73. Total node bond failure is defined 
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as the de-activation of all the cohesive zone elements in one strip of the adhesive region as shown 

in Figure 74. 

It is important to note that the de-activation of one cohesive zone element is a very small change 

in length since the size of the latter is small. Upon de-activation of the first cohesive zone element, 

the adhesive length is reduced by 0.0003 in. The onset of node bond failure curve is shown in the 

result section. 

 

 

 

 

Figure 72: Illustration of applied displacements on the RVE 
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Figure 73: Illustration of damaged cohesive zone elements 

Figure 74: Illustration of total node bond failure during one bi-axial simulation test 
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4.3.1   Node Bond Failure Curve Simulation Results 

The onset of node bond failure and total failure curves are shown in Figure 75. It is observed that 

at small strain levels (< 5%), the relationship between the strains along the two principal material 

directions are linear as shown in Figure 75. 

 

 

 

Figure 75: Onset of failure and total failure curves 
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Figure 76: Linear relations at small strain levels 
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4.4  Shear Model 

An RVE is extracted as shown in Figure 77. The objective of the RVE is to simulate the in-plane 

simple shear experiments to extract the in-plane shear modulus. Unlike the RVE used in the tension 

and compression simulations which is a quarter model of the idealized unit cell, the RVE used in 

the shear model is the constructed differently as illustrated in Figure 77. The choice of the RVE is 

such that it simplifies the applied boundary conditions.  

The model accounts for the effects of residual stresses and damage to part of the adhesive region 

like that in the actual honeycomb core by performing the simulation in two steps. The simulation 

begins with the expansion process on two strips of aluminum ribbon partially glued together as 

shown in Figure 78. After the expansion process is complete, the RVE is then subjected to simple 

shear loading as shown in Figure 79. This model consists of 228 aluminum elements and 91 

adhesive elements. This RVE utilizes the full thickness of the adhesive and the corresponding 

properties are applied as discussed previously. All the nodes on the top face of the model are tied 

Figure 77: Extracting an RVE from the idealized honeycomb core for shear simulations 
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to a master node via an RBE2 link which constraints the 1st, 2nd and 6th degrees of freedom. This 

allows the top face to rotate correctly during the in-plane shear simulations.  

 

A shearing force is applied on the master node on the RVE as shown in Figure 78 and the force-

displacement data is extracted. The force-displacement data is reduced to engineering shear stress-

strain data. Figure 80 illustrates the process of data reduction. The engineering shear strain is the 

change in angle θ in radians which can be calculated using the geometry of the homogenized shear 

model. The engineering shear stress is the shearing force divided by the shearing area (W*T). 

 

 

Figure 78: Constructing an RVE to simulate simple shear by accounting for residual stresses 
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Figure 79: Shear simulation on an RVE 

 

Figure 80: Undeformed and deformed homogenized shear model 
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4.4.1       Shear Model Results 

Simulations performed in shear loading involved two RVEs. The first one accounted for residual 

stresses by performing the expansion process and the second one does not account for any residual 

stresses. The results from both RVE’s are plotted and a comparison is made between the 

engineering shear stress and shear strain data as shown in Figure 80. It can be observed that the 

RVE that accounts for the residual stresses shows a stiffer response than the RVE with no residual 

stress as shown in Table 18.  

 

Figure 81: Comparison between the responses of two RVEs used for the shear 

simulation 
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4.5  Off axis Simulations 

The off-axis simulations are conducted to compare the numerical simulation solutions with that of 

experimental data. From the experiments, it was observed that there is a significant amount of 

shear in the cells of the honeycomb during loading. Hence, the model used for such simulations 

must also consider shear deformations in addition to tension and compression. Such a model needs 

to consist of a block of cells unlike the RVEs used in the previous cases since a collection of cells 

can capture the deformation under tension, compression and shear as accurately as possible.  

The off-axis angle is measured positive counter-clockwise from the ribbon direction as discussed 

in Chapter 3. The models for the off-axis simulations are extracted from as shown in Figure 81 

and shown in Figures 83 through 85. Due to the loading angles being different, each RVE is unique 

depending on the loading direction. The three off-axis simulation angles are: 30, 40 and 60 degrees 

as the experiments were conducted along those directions. Simple tension simulations are 

performed, and the results are compared with that of the experimental data.  

 

 

 

 

Table 18: Comparison of results between the two RVEs 
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Figure 82: Extraction of Model for Off-Axis Simulation 

Figure 83: 30 degree off-axis model 
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Figure 84: 40 degree off-axis model 

Figure 85: 60 degree off-axis model 
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4.5.1  Off-axis Simulations Results 

The results from the tensile loading along the various directions on the off-axis models are shown 

in Figures 86, 87 and 88. It can be observed that the responses of the FEA models differ from that 

obtained from the experiments. This difference can be attributed to the fact that the residual stresses 

have not been accounted for in the off-axis FEA models. Accounting for residual stresses would 

imply that the expansion process has to first be simulated which is not practical in this case. In 

addition, the cell blocks for FE modelling have been extracted from a core consisting of idealized 

average cells unlike the real core which consists of cells with irregular geometries. 

 

 

Figure 86: True Stress-strain response from 30 degree model 
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Figure 87: True Stress-strain response from 40 degree model 
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Figure 88: True Stress-strain response from 60 degree model 

 



90 
 

4.6  Cyclic loading Simulations 

4.6.1  Uniaxial tension and compression along principal material directions 

The quarter model RVE used in the yield envelope and node bond failure curve is subjected to 

uniaxial load-unload cycles along the principal directions in both tension and compression. The 

objective is to extract and analyze the changes in the mechanical properties such as Young’s 

moduli, poisson’s ratio and yield strength.  

The RVE is subjected to 10 cyclic load-unload along each principle direction. Each cycle is 

separated and the loading and unloading slopes are calculated and the yield strengths are identified. 

The slight hysteresis on the loading and unloading slopes is ignored and a line fit is used to 

calculate the slopes. The strains in each cycle are also analyzed and categorized into elastic and 

plastic strains.  

A quantity Φp is defined as shown below.  

Φp =
1 + εw

p

1 + εl
p  

The ratio defines a single quantity that captures the amount of plastic strains in both the ribbon and 

transverse directions. For example, tensile loading in the ribbon direction produces an positive 

amount of plastic strain in the ribbon direction and a negative amount of plastic strain in the 

transverse direction. Hence, Φp will be a number less than 1. If the deformations are purely elastic, 

then Φp will always be equal to 1. The changes in mechanical properties during the load-unload 

cycles will be analyzed with reference to Φp. 
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 4.6.1.1  Simulation Results 

The stress-strain responses from the uniaxial load-unload simulations along the principal directions 

are shown in Figures 89 and 90. 

 

 

 

 

 

Figure 89: Ribbon direction stress-strain response 

 



92 
 

The changes in yield stresses and poisson’s ratio with varying amounts of Φp are shown in Figures 

91 and 92 respectively. 

 

 

 

 

 

 

 

 

Figure 90: Transverse direction stress-strain 

response 

Figure 91: Changes in yield stresses during same direction load-unload 
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4.6.2  Uniaxial Pre-deforming along one principal direction and reloading in the other 

principal direction 

The objective of this simulation is to analyze the changes in Young’s modulus on an RVE that has 

been pre-deformed. The quarter model RVE is subjected to a pre-deforming tensile force along 

one of the principal directions to deform it plastically and then completely unloaded. The Φp is 

calculated at the end of the unloading process. The geometry of the deformed RVE is measured 

and it is then reloaded in tension and compression along the other principal direction.  

For each principal direction, four different tensile pre-deforming forces are applied resulting in a 

total of eight different Φp. The changes in Young’s moduli are analyzed with reference to the Φp.  

 

Figure 92: Changes in Poisson's ratio during same direction load-unload 
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4.6.2.1   Simulation Results 

The changes in Young’s modulus from simulation of the pre-deformed RVE which was reloaded 

in tension and compression along the direction perpendicular to the original deforming direction 

is shown in Table 19. Figure 93 shows the comparison with the Young’s modulus obtained from 

the experiments. 

Table 19: Changes in Young’s Modulus along principal directions with various 

pre-deformed states 

Figure 93: Comparison between FEA and experimental data of changes in Young's 

Modulus with various pre-deformed states 
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4.7  Analyzing effects of radius of curvature on the stress-strain response 

The cell geometry used in the simulations are based on an idealized model as explained in the 

beginning of Chapter 4. The idealized geometry is derived from the random geometry of the 

individual cells of the aluminum honeycomb core. A study is performed to analyze the effects of 

the radius of curvature on the in-plane homogenized response of the aluminum honeycomb core. 

An RVE is constructed with no radius of curvature as shown in Figure 94. The adhesive region in 

this case has to be extended to produce a realistic RVE.  

The RVEs used for this study do not account for residual stresses. That would require the 

expansion process to be performed which will automatically result in a radius of curvature. 

 

  

Figure 94: Construction of an RVE with no radius of curvature 
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4.7.1  Simulation Results 

The uniaxial tension and compression simulations along the ribbon and transverse directions are 

performed and the stress-strain response is compared with FEA models with and without residual 

stresses as well as experimental data as shown in Figures 95 and 96. The FE models without 

residual stresses and with no radius of curvature shows a stiffer response in both tension and 

compression along both principal material directions. The difference in the response from the 

model with no radius of curvature however is more prominent along the transverse direction. 

Along that direction, the adhesive tends to de-activate after undergoing damage. Hence, the 

difference in the responses could be attributed to the fact that the length of the adhesive in an FE 

model is important in order to capture the response effectively.  

Figure 95: Ribbon direction comparison 
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4.8  Analyzing the effects of cells of various geometries on the stress-strain response 

The hexagonal aluminum honeycomb core consists of cells that are not perfectly hexagonal. 

Photographs of the cells that were taken and analyzed under a microscope enabled the construction 

of an average imperfect hexagonal cell using which an imperfect idealized unit cell was 

constructed. The imperfect idealized unit cell assumes that the double cell walls are horizontal. 

The dimensions of the imperfect idealized unit cell were then averaged to construct a perfect 

hexagonal unit cell. 

Figure 96: Transverse Direction Comparison 
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In the FEA analyzes, a quarter model representative volume element extracted from the perfect 

hexagonal unit cell was used to analyze uniaxial and biaxial tensile and compressive responses.  

A study is performed to analyze the effects of the irregularity of the cell dimensions on the tensile 

and compressive responses. In such a study, the imperfect idealized unit cell as shown in Figure 

96 below is broken down into two RVEs. 

Figure 97: Extracting RVE's of two different dimensions 
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RVE 1 and 2 are referred to as the Left Hand Side (LHS) and Right Hand Side (RHS) RVE 

respectively. From the Figure 97, it can be observed that the imperfect idealized unit cell has one 

axis of symmetry and two quarter model RVEs can be extracted from such a cell. The two RVE’s 

have different geometries. The geometry of the imperfect idealized unit cell, the length and the 

width of the LHS and RHS RVEs are calculated and illustrated in Figures 98 and 99. 

 

 

 

 

Figure 98: Dimensions of LHS RVE 
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The dimensions of the actual RVEs in FEA that were obtained after a sequence of iterations are 

not exactly the same as that obtained from the theoretical calculations. The dimensions of both 

RVEs are shown in Table 20 below. The theoretical dimensions have also been included for 

comparison. Both RVEs are then loaded along the ribbon and transverse direction in both tension 

and compression. 

 

 

 

 

Figure 99: Dimensions of RHS RVE 

Table 20: Comparison between expected geometry and geometry after iteration process 
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4.8.1      Simulation Results 

The stress-strain response obtained from both RVEs are plotted and compared with the stress-

strain response of that obtained from the RVE extracted from the perfect unit cell. Figures 100 and 

101 show the responses along the ribbon and the transverse direction respectively. It can be 

observed that the responses from the two FE models with different geometries deviate significantly 

from the response of the FE model constructed from the idealized cell geometry. Along the ribbon 

direction loading, the LHS RVE shows a softer response in both tension and compression. This 

can be attributed to the fact that the cross-sectional area normal to the ribbon direction loading is 

larger in the LHS RVE than in the RHS RVE. Hence the homogenized stress along the ribbon 

direction during loading is lower in the LHS RVE. The same principle applies for the stiffer 

response of the LHS RVE along the transverse direction loading.  

 

 

 

 

 

 

 

 

 

Figure 100: Comparison of stress-strain response along the ribbon direction 
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Figure 101: Comparison of stress-strain response along the transverse direction 
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Chapter 5 

  Analysis and Discussion of Results 

This Chapter is about the analysis and discussion of the results obtained from experiments and 

simulations. Numerical simulation can be performed to extract data that are otherwise costly or 

difficult to obtain from experiments. The simulation models have their own limitations which are 

dictated by the assumptions made prior to their construction.  

The models used in the current simulations are based on an idealized irregular hexagonal unit cell 

which is obtained as previously explained. The differences in the stress-strain responses of the 

experimental and simulation results are attributed to the fact that an idealized model was used for 

the simulations. In addition, the properties of the adhesive was calibrated since the actual 

properties are proprietary information. 

It can be observed in Tables 7 and 8 that the yield stress in the ribbon direction is lower than that 

in the transverse direction in tension. And in compression, the yield stress in the ribbon direction 

is higher than in the transverse direction. Also, the stiffness or the Young’s modulus in the ribbon 

direction is approximately twice as the stiffness in the transverse direction. The in-plane shear 

modulus which is obtained from the simulation is higher than the in-plane Young’s modulus along 

the principle material direction.  

Unlike a homogenous block of aluminum which is the base material for the honeycomb core, the 

latter is anisotropic. It means the mechanical properties vary depending on the loading direction. 

Tensile and compressive experiments are conducted along the off-axis directions to obtain the 

mechanical properties along those directions. However, it is not practical to conduct experiments 

along every possible direction on the honeycomb core and since the simulations require a separate 
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model as well, another approach would be to model the honeycomb core as a uni-directional 

lamina.   

5.1  Transformation of In-plane homogenized elastic mechanical properties 

The approach for this analysis is to consider the hexagonal aluminum honeycomb core as an 

orthotropic material such as a uni-directional lamina with the ribbon direction being the 1-direction 

and the transverse direction being the 2-direction as shown in Figure 102. The material properties 

along those directions are known. The transformation equations 4.81 from “Engineering 

Mechanics of Composite Materials” [25] are used to transform the in-plane elastic homogenized 

mechanical properties.  

The loading direction is measured counter-clockwise from the ribbon direction (1-direction). 

Hence, a new coordinate system is defined on the lamina as shown in Figure 102. The x-axis is 

always the direction along which the loading is applied, and it is defined to be positive counter-

clockwise from the 1-direction. The Young’s moduli and poisson’s ratios along the principle 

directions and the in-plane shear modulus are required for the transformation and are summarized 

in Table 9 and 18 respectively.   

The known properties along the principal directions and the three off-axis angles are plotted on 

the curves corresponding to those material properties for a comparison.   
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Figure 102: Modeling the honeycomb core as a uni-directional lamina 

Figure 103: Defining a coordinate system for analysis 
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It can be observed that in Figure 104 and 105, the transformed elastic mechanical properties 

correlate well with the experimental data. Therefore, the results from the off-axis experiments are 

a good validation for the transformation of the in-plane elastic mechanical properties.  

The in-plane homogenized elastic properties such as the Young’s moduli and Poisson’s Ratios 

have been obtained by experiments. The good correlation between the transformed in-plane elastic 

properties and the experimental data indicates that the in-plane shear modulus obtained from the 

simulation is of an acceptable value since the latter is a required input to the transformation 

equations. 

An interesting observation is also that the shape of the transformed curves are different from that 

of a typical orthotropic material. In the latter, the Young’s modulus and Poisson’s ratio decreases 

continuously from a maximum at θ equal to 0 degrees to a minimum at θ equal to 90 degrees. And 

the in-plane shear modulus increases to a maximum at θ equal to 45 degrees. However, the opposite 

shape of the curves are observed in this case. This could be due to the fact that the shape of the 

curves are highly dependent on the inputs (Young’s Moduli along the two principal material 

directions, Major and minor Poisson’s Ratios and the In-plane shear modulus) of the 

transformation equations. In this case, unlike for an orthotropic material, the in-plane shear 

modulus of the aluminum honeycomb is higher than the in-plane Young’s modulus. 
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Figure 104 shows the variation in the Young’s modulus along the different loading directions. The 

Young’s modulus reaches a maximum value when the honeycomb core is uni-axially loaded at an 

angle of approximately 40° with respect to the ribbon direction.  

  

Figure 104: Transformation of In-plane Young’s modulus 
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Figure 105: Transformation of Poisson's ratio 

Figure 106: Transformation of In-plane shear 

modulus 
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Figure 108: Transformation of shear coupling coefficients along the y-direction 

Figure 107: Transformation of shear coupling coefficients along the x-direction 
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5.2  Mechanics of Deformation of the honeycomb  

The governing mechanics of the aluminum honeycomb core is plasticity. The deformation of the 

cells depends on the loading direction. Cellular behavior during loading along the principal 

directions are discussed in this section. Figures 109 and 116 are the stress-strain responses of 

hexagonal honeycomb core under uni-axial loading along the ribbon and transverse direction 

respectively.  

5.2.1   Ribbon Direction Loading 

Figure 110 shows the cellular arrangement in a pristine ribbon tension specimen. At that stage, no 

loads were applied to the specimen. During tensile loading, the inclined cell walls start to bend 

and align with the direction of the load as shown in Figures 111 and 112. The angle between each 

adjacent inclined cell wall becomes narrower as the cell walls bend as shown in Figure 113. 

Eventually, the angle becomes so small that the deformation is attributed to the stretching of the 

aluminum cell walls rather than bending as shown in Figure 113 taken at stage C. At this point, 

the stress-strain response becomes very steep denoted at point C in Figure 109.  

During compression loading, the deformation of the cells tends to be more localized rather than 

showing a uniform pattern of deformation. As the honeycomb crushes, a diagonal band of double 

cell wall starts to form and the cells in the specimen deform in a disorderly manner as shown in 

Figure 115 taken at stage B’.  

5.2.2  Transverse Direction Loading 

Figure 117 shown the cellular arrangement in a pristine transverse tension specimen. On the 

honeycomb core, the bond lines have not been printed in a consistent manner, hence the shape of 
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the cells are not that of a regular hexagon as shown in Chapter 2. During the tensile loading, the 

inclined cell walls start to bend to align with the direction of the load as shown in Figure 119 at 

stage B. Since the cells are not perfect hexagons, the shorter inclined cell walls straighten up first. 

At that point, the longer inclined cell wall still has the ability to rotate and align with the loading 

direction but to do so, the adhesive region holding the shorter inclined cell walls has to peel open 

as shown in Figure 120 taken at stage C. As part of the adhesive region has opens up, the longer 

inclined cell wall keeps aligning with the loading direction. At some point, the adhesive region 

becomes so small and the double cell walls separate showing a sudden drop of the load. When this 

happens, the stresses get re-distributed and another adhesive region along the same row of cells 

snap. This progressive failure continues until the specimen is snapped in half.  

During compression loading, the deformation of the cells tends to be more uniform. The inclined 

cell walls bend to try to become perpendicular to the loading direction as shown in Figure 122 

taken at stage B’. By doing so, the specimen has to expand in the lateral direction. Since the top 

and bottom surfaces of the specimen make contact with the compression platens, friction at the 

contact surfaces prevent them from expanding freely. In addition, the specimens has shorter and 

longer inclined single cell walls. It can be observed in Figure 122 that a pattern begins to form 

diagonally in which the shorter inclined single cell walls collapse first in a band. Once this band 

collapses fully, another band follows until the specimen is fully compressed.   
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Figure 109: Uniaxial Stress-strain response along ribbon direction 
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Figure 110: Point O in ribbon stress-

strain response 

Figure 111: Point A - Tensile Yield Point 

in ribbon stress-strain response 

Figure 112: Point B in ribbon stress-

strain response 
Figure 113: Point C in ribbon 

stress-strain response 
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Figure 114: Point A' – Compressive yield 

point in ribbon stress-strain response 
Figure 115: Point B' in ribbon stress-strain 

response 
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Figure 116: Uniaxial Stress-strain response along transverse direction 
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Figure 117: Point O in transverse stress-strain 

response 

Figure 118: Point A - Tensile Yield Point in 

transverse stress-strain response 

Figure 119: Point B in transverse stress-strain 

response 

Figure 120: Point C in transverse stress-strain 

response 
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Figure 121: Point A' – Compressive yield 
point in transverse stress-strain response 

Figure 122: Point B' in transverse stress-strain 

response 
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5.3  Importance of radius of curvature on the stress-strain response  

It can be observed that in Figure 84 and 85 the effects of the RVE without any radius of curvature 

is significant when analyzing the stress-strain responses. In reality, a cellular arrangement in a 

hexagonal honeycomb core is not feasible since the latter is manufactured using the expansion 

process. That automatically will produce a radius of curvature.  

5.4  Importance of residual stresses in the RVE on the stress-strain responses 

When a honeycomb core is manufactured using the expansion process, yielding of the metallic 

material results in permanent deformation when the force producing the expansion is removed.  

The radius that connects the inclined cell wall to the horizontal cell wall is the part where the 

maximum deformation occurs. Since yielding of the aluminum material occurs gradually through 

the thickness of the material, some region within the aluminum material are not fully plasticized. 

After the expansion force has been removed, the elastic portion still wants to regain its original 

shape but the plasticized portion prevents it from doing so hence resulting in residual stresses. In 

order for the material to yield again, the residual stresses within the material have to be overcome.  

Figures 95 and 96 also show a comparison between the stress-strain responses along the ribbon 

and transverse direction obtained from two RVEs of similar dimensions as shown in Figure 59. 

One RVE accounts for the residual stresses by performing the expansion process while the other 

does not account for any expansion process. It can be observed that the stress-strain responses that 

were obtained from the RVE that accounted for the expansion process correlated better with the 

experimental data.  
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5.5  Effects of different cell geometries on the stress-strain responses 

Two RVEs are extracted from the irregular hexagonal cell as shown in Figure 97. The dimensions 

of the RVE are shown in Table 20. Figures 100 and 101 show the stress-strain responses of both 

RVEs along the ribbon and transverse direction. The stress-strain response obtained from the 

idealized RVE is also plotted for comparison. 

The tensile and compressive response is stiffer for the LHS RVE compared to the RHS RVE along 

the transverse direction loading. The tensile and compressive response is stiffer for the RHS RVE 

compared to the LHS RVE along the ribbon direction loading.  

In the ribbon direction loading, the stiffer response of the RHS RVE can be attributed to the fact 

that the cross-sectional area normal to the loading direction is smaller in the RHS RVE than in the 

LHS RVE hence resulting in higher stress levels. The same principle applies for the transverse 

direction loading with the LHS RVE.  

It can be concluded that the cell geometry does have an important role to play in capturing the 

proper stress-strain responses.  
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Chapter 6 

  CONCLUSION 

In this chapter, the key findings of this research will be discussed and suggestions for future work 

will be proposed.  

6.1  Research Summary 

This research focused on characterizing the in-plane homogenized mechanical properties of the 

hexagonal honeycomb core. The effects of work hardening on the in-plane homogenized properties 

have also been carried out. Experiments have also been conducted to obtain the mechanical 

properties of the aluminum foil used in the manufacturing process and the force-displacement 

response of the adhesive has also been extracted.  

A representative volume element (RVE) was extracted from an idealized irregular hexagonal cell 

to create a finite element model (FEM). The FEM model was validated with experimental data and 

was then used to simulate the response of the honeycomb core under uniaxial and biaxial loading 

to generate a yield envelope and node bond failure curves.  

A FEM shear model was developed using an RVE and the shear properties were extracted. Cell 

blocks were constructed in FEM along the three different off-axis angles and loaded uni-axially 

and the results were compared with that of experimental data.  

Cyclic loading along the principal material directions were simulated using the finite element 

model. In addition, the model was pre-deformed and then reloaded along the other principle 

material directions and the in-plane homogenized mechanical properties were then extracted. The 

results were compared to that obtained from experimental data. 
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The effects of the radius of curvature, residual stresses and cell geometry in the RVE were also 

investigated.  

6.2  Research Findings 

The key findings of this research are as follows: 

• The in-plane homogenized elasto-plastic mechanical properties of the bulk honeycomb 

core along the two principal material directions and three off-axis directions have been 

characterized experimentally and via finite element simulation.  

• The importance of having proper cell geometry and the effects of residual stresses in a 

finite element model has been shown.  

• It can be concluded that FEM can be developed using RVEs extracted from an idealized 

irregular hexagonal cell and that the simulation data correlated well with that of the 

experimental data. The minor discrepancies are attributed to the irregularities present in the 

real aluminum honeycomb core. 

6.3  Proposals for future research 

• The node bond failure curves generated from finite element simulations could be validated 

experimentally. 

• Plasticity flow rules could be investigated to theoretically predict the elasto-plastic 

deformations of the aluminum honeycomb core.  
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APPENDIX A 

TABLE A.1 

MAXIMUM DISPLACEMENT PER CYCLE FOR EACH TEST ON ALUMINUM FOIL 

BENDING EXPERIMENTS 
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APPENDIX B 

TABLE B.1 

MECHANICAL PROTPERTIES ALONG RIBBON DIRECTION EXTRACTED FROM 

TENSION EXPERIMENTS 

 

 

 

 

 

TABLE B.2 

MECHANICAL PROTPERTIES ALONG RIBBON DIRECTION EXTRACTED FROM 

COMPRESSION EXPERIMENTS 

 

 

 

 

TABLE B.3 

MECHANICAL PROTPERTIES ALONG TRANSVERSE DIRECTION EXTRACTED FROM 

TENSION EXPERIMENTS 

  Transverse Tension Test summary 

Ribbon Tension Test Summary 

 Ribbon Compression Test Summary 
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TABLE B.4 

MECHANICAL PROTPERTIES ALONG TRANSVERSE DIRECTION EXTRACTED FROM 

COMPRESSION EXPERIMENTS 

 

 

 

 

TABLE B.5 

MECHANICAL PROTPERTIES ALONG OFF-AXIS DIRECTION EXTRACTED FROM 

TENSION EXPERIMENTS 

 

TABLE B.6 

MECHANICAL PROTPERTIES ALONG OFF-AXIS DIRECTION EXTRACTED FROM 

COMPRESSION EXPERIMENTS 

 

 

 

 Mechanical properties of all off-axis tensile tests 

Table 2: Mechanical properties of all off-axis compression tests 

Transverse Compression Test Summary 



130 
 

APPENDIX C 

Individual stress-strain curves and strain relations along principal directions 

 

  

Figure C.2: Ribbon direction tests 

Figure C.1: Transverse direction tests 
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Figure C.3: Strain relation in Ribbon direction loading 

Figure C.4: Strain relations in Transverse direction loading 
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APPENDIX D 

TABLE D.1 

SUMMARY OF APPLIED FORCES ALONG THE PRINCIPLE DIRECTIONS ON THE 

QUARTER MODEL RVE TO GENERATE YIELD ENVELOPE 

  
Summary of applied forces on RVE to generate yield envelope 
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TABLE D.2 

SUMMARY OF APPLIED DISPLACEMENTS ALONG THE PRINCIPLE DIRECTIONS ON 

THE QUARTER MODEL RVE TO GENERATE ONSET OF NODE BOND FAILURE 

CURVE 

 

 

 

 Summary of the displacements applied to generate the Node Bond failure curves 


