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Abstract 

Cellular solids, which include foams and lattice structures, exhibit uniquely high 

specific structural and thermal properties due to their porous structures, as well as their 

topological and morphological features. These properties make them attractive for 

various weight-sensitive applications in aerospace, automotive, and biomedical fields. 

This work aims to accelerate the use of cellular solids in engineering applications by 

enhancing their properties through tailoring their topological and morphological 

features. Multiple approaches were used in this work to enhance the mechanical and 

thermal properties of cellular solids. The first approach focused on coating metallic 

aluminum foams with copper to improve their properties. This research path employed 

both numerical and experimental techniques, including finite element analysis (FEA), 

electrodeposition, scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), and uniaxial quasi-static compression. Results showed that 

coating aluminum foam with 4% relative density with copper significantly enhances its 

stiffness and thermal conductivity. Improvements reaching 138% and 196% in stiffness 

and thermal conductivity were realized, respectively. Analytical models predicting the 

macroscopic stiffness, yield, and thermal conductivity of coated metallic foams were 

derived. These models are applicable to material systems other than the copper and 

aluminum system investigated, generalizing this work to assist engineers in designing 

hybrid coated metallic foams from a wide range of constituents compatible with 

electrodeposition. The second approach involved enhancing the mechanical properties 

of lattice structures by modifying their topology with sinusoidal perturbations. 

Numerical simulations were conducted to analyze the effects of these perturbations on 

the modified honeycomb's response to out-of-plane, in-plane, transverse shear, flexural 

loadings, and low-velocity impacts. Results showed that the sinusoidal perturbations 

can shift the failure mode from elastic buckling to yielding, increasing the peak load 

capacity by up to 28.5% under concentrated out-of-plane loads. 

Keywords: Finite Element Analysis (FEA), Cellular Solids, Scanning Electron 

Microscopy (SEM), Energy dispersive X-ray spectroscopy (EDS), Electrodeposition, 

Functionally Graded Coating, Energy Absorption 
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Chapter 1: Introduction 

Cellular solids are materials that consist of a periodic cellular structure or a 

randomly porous structure. Gibson and Ashby [1] described cellular solids as materials 

composed of interconnected networks of solid struts or plates that form the cells' edges 

and faces. The network of solids or struts creates an assembly of prismatic or polyhedral 

cells with solid edges and faces packed periodically or randomly to fill space [2]. Based 

on the packing configuration, cellular solids are classified into lattices, foams, and 

Triply Periodic Minimal Surfaces (TPMS). A cellular structure is often characterized 

by its underlying repeating unit-cell shape and relative density [1]. Generally, cellular 

structures are divided into two groups: lattice-based or stochastic.  

Lattice structures are a class of cellular solids consisting of a periodic unit cell, 

often two-dimensional and extruded in the out-of-plane dimension. Due to their 

periodicity, lattice structures exhibit a high degree of symmetry and predictable 

properties that are appealing for various engineering applications. The most commonly 

used lattice unit-cells are square [3], Hexagonal [4], triangular [5], Re-entrant [6], and 

truss [7]. The variety of shapes used in lattice structures allows for tuning the 

mechanical or thermal properties based on specific applications. Recently, three-

dimensional lattice structures have been proposed. The most common type is TPMS 

structures. These consist of a periodic three-dimensional polyhedral unit cell that 

repeats in all directions. TPMS structures allow for realizing the lowest possible surface 

area occupying a given volume [8]. This property makes the structures appealing for 

applications favoring high surface area-to-volume ratios. Some of the most commonly 

used TPMS unit cells are the Gyroid [9], Diamond [10], and Schwarz [11]. 

Stochastic cellular solids, commonly known as foam structures, consist of a 

randomly distributed network of three-dimensional polyhedral cells. Unlike lattice 

structures, foams consist of an irregular distribution of pores. The irregularity of the 

foam structures can be characterized using various mathematical approaches such as 

the Voronoi tessellations [12]. The relative density of foams is generally much lower 

than that of lattice structures. Gibson and Ashby [1] have characterized foam structures 

to have a minimum porosity of 80%. A general classification tree of cellular solids is 

shown in Figure 1. 
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Figure 1: Classification tree of cellular solids 

 

Cellular solids deliver high stiffness and strength-to-weight ratios and offer 

excellent ability to mitigate impact energy. In addition, they are helpful in noise 

reduction and damping, and they have unique thermal properties due to their porous 

structure and high surface area. Accordingly, cellular solids are used in various 

applications across various industries. Most prominently, cellular solids are used as 

cores in sandwich structures used in aerospace [13], [14],  automotive [15], [16], marine 

[17], highway bridged [18]  and biomedical applications[19], [20], [21], [21], [22]. In 

addition, cellular solids are used in high-performance heat exchangers [23], [24]. 

The industrial relevance of cellular solids has motivated improving their 

properties to accelerate their adoption and optimize their performance. The move to 

optimize cellular solids' properties has also been motivated by the advancement of the 

manufacturing industry in which Machine learning, finite element analysis, computer-

aided design, and additive manufacturing have been integrated. This integration opened 

doors for tailoring the microscale [16] and macroscale [13] properties of cellular solids 

to meet the demand of specific applications. Multiple approaches have been followed 

to enhance the properties of cellular solids. These include utilizing special topologies 

such as TPMS topologies  [15] or optimizing cellular solids porosity [17]. Such 

techniques allowed for realizing improved stiffness and strength-to-weight ratios as 

well as high surface areas. However, tuning the porosity or topology of cellular solids 

to optimize their properties proved expensive and impractical, as fabricating most of 
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the proposed high-performance topologies (e.g., TMPS) requires utilizing expensive 

additive manufacturing (AM) techniques. Generally, when used in industrial 

applications, cellular solids are used in large amounts. Accordingly, there is a need to 

develop cellular solids with improved properties that can be mass-produced with the 

need to utilize additive manufacturing. This work aims to satisfy this requirement by 

developing cellular solids with enhanced properties that can be mass-produced using 

conventional manufacturing methods. In this dissertation, two approaches were taken 

to enhance the mechanical properties of cellular material. The first approach 

compromises developing hybrid coated metallic open-cell foams using 

electrodeposition, which will be conducted through numerical, experimental, and 

analytical setups. The second approach focuses on modifying the cellular topology of 

aluminum honeycombs by introducing sinusoidal perturbations with the aim of 

enhancing the energy absorption capabilities and out-of-plane compression 

applications.  
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Chapter 2: Literature Review 

This chapter provides a detailed background regarding cellular solids, their 

mechanical and thermal properties, and the parameters affecting their properties.  

2.1 Mechanical Properties 

Cellular solids are of great interest to numerous researchers due to their unique 

mechanical and thermal properties, which makes them appealing for various 

engineering applications. From a mechanical perspective, the main property governing 

the behavior of cellular solids is the relative density [1]. Relative density is the ratio of 

the density of the cellular material  (𝑝𝑝∗) to the density of its constituent material (𝑝𝑝). 

The relative density is inversely related to the porosity (𝜙𝜙) of the structure, where 𝜙𝜙 =

1 − 𝑝𝑝∗/𝑝𝑝. As the density of a cellular structure increases, the porosity decreases as more 

solid fills up the gaseous phase in the material. As previously discussed, foam structures 

can feature cells with different cell shapes and distributions, either regular or irregular. 

Nevertheless, their relative density typically remains low, at around 0.2. Topological 

modifications to cellular materials can be done by varying the cell shape [25] or cell 

size [26]. Based on different experimental and analytical solutions, the mechanical and 

thermal properties depend weakly on the cell size [1]. However, that is not the case for 

the cell shape, as different cell shapes exhibit different mechanical properties. 

2.1.1 Cell shape 

The regularity and distribution of the cells within the cellular core, regardless of 

the cell shape, affect the overall uniformity of the structure. If the cells are equal in all 

sizes, the core is isotropic. However, if the cells are elongated or flattened, the structure 

is anisotropic, and the mechanical behavior is sensitive to the loading direction [27]. 

Moreover, a three-dimensional cell shape compared to a two-dimensional cell also 

affects the mechanical properties. Figure 2 shows the different cell shapes that are often 

used in 2D and 3D cellular solids. While it should be noted that the depicted cell shapes 

are frequently used, the cells are not representative of an exhaustive list, as new cell 

shapes continue to emerge with the aim of optimizing the mechanical and thermal 

properties of cellular solids. The variety of cell shapes allows for more geometrical 

variables that can be tuned to achieve the required properties. Each unit cell’s relative 

density can be calculated based on the geometric properties of the unit cell. 
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Figure 2: A1) Honeycomb A2) Re-entrant A3) Square A4) Triangular B1) Voronoi B2) Gyroid B3) 
Schwarz B4) Diamond 

 

For example, Gibson and Ashby [1] have analytically approximated the relative 

density of a regular honeycomb unit cell with ℎ = 𝑙𝑙 and 𝜃𝜃 = 30 as 

𝜌𝜌∗

𝜌𝜌
= 𝑡𝑡/𝑙𝑙(ℎ/𝑙𝑙+2)

2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(ℎ/𝑙𝑙+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) = 2
√3

𝑡𝑡
𝑙𝑙
            (1)

  

where t is the cell wall thickness, l is the strut length, h is the height of a unit cell, and 

𝜃𝜃 is the angle between the struts. Similarly, the analytical relative density for other unit 

cells can be determined based on their geometrical features.  

The macro-scale properties of a cellular solid are influenced not only by its cell 

shape and relative density but also by the mechanical and thermal behavior of its 

constituent material. These materials can include metals [28], polymers [29], ceramics 

[30], glasses [31], or even composites [32]. 

2.1.2 In-plane mechanical properties 

Two-dimensional cellular solids such as honeycombs have two distinct 

direction-dependent behaviors: in-plane and out-of-plane. The out-of-plane direction is 

aligned with the extrusion direction and is usually much stiffer and stronger than the 

in-plane direction. However, the in-plane direction usually delivers specific energy 

absorption.  2D cellular solids are able to absorb and dissipate energy effectively in 

their in-plane direction. When a 2D cellular solid is subjected to an in-plane 
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compressive load, the response of the solid passes through three phases: linear elastic, 

non-linear plastic, and densification. During the linear elastic phase, the cell walls are 

subjected to elastic bending. Once the strains exceed a critical limit, deformation in cell 

walls becomes plastic. Both plastic yielding and buckling can occur, depending on the 

nature of the cell wall material as well as the topological features of the unit cell. As 

cells collapse and cell walls start to touch each other, the stiffness of the structure 

increases rapidly, marking the start of the densification stage. Due to the nature of 

cellular solids, the densification stage occurs as the pores within the unit cells begin 

closing, and the structure starts absorbing energy. The stiffness of the structure rapidly 

increases once all the cell walls are completely collapsed. At this stage, the cellular 

structure no longer has any pores and thus acts as a thin plate. Figure 3 shows the stress-

strain behavior of classical 2D cellular solids (e.g., honeycomb structure) under in-

plane compression [1]. 

 

 

Figure 3: Stress vs. strain diagram of in-plane uni-axial compression of a honeycomb structure  

 

The three phases of deformation are governed by the relative density, which is 

in direct relationship with the length of the struts 𝑙𝑙 and the cell wall thickness 𝑡𝑡. As the 

cell walls become thicker, consequently increasing the relative density, the overall 

performance of the cellular structure is enhanced with the drawback of increasing the 

weight. From Figure 3, the elastic stiffness, plateau stress, and densification strain are 

significantly increasing as the relative density increases. The plastic region can include 
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buckling, yielding, or brittle fracture, depending on the constituent material. The in-

plane tensile behavior is slightly different than that of the compression. The linear 

elastic region is equivalent for both behaviors with the same modulus. However, in the 

plastic region, the cell walls do not undergo buckling behavior; instead, the cell walls 

rotate towards the tensile axis, which causes the overall stiffness to increase. In the case 

of a brittle constituent material, the cell walls tend to fail abruptly in tension without 

minimal non-linear deformations. 

For in-plane compression and tension behavior, the standard beam theory can 

be applied to calculate the elastic modulus of the material. Figure 4 shows a unit cell of 

a honeycomb subjected to uniaxial compression. 

 

 

Figure 4: Honeycomb unit-cell under uni-axial compression 

 

The height ℎ and length 𝑙𝑙 are often equal to each other for a standard hexagonal 

honeycomb, which renders the inplane behavior isotropic since the cells are equal and 

symmetric in both directions. During mass manufacturing of metallic honeycombs, the 

cell walls are often piled on top of each other to create the cellular structure, which 

makes the vertical overlapping cell walls have a double thickness compared to the 

inclined struts. However, to calculate the Elastic modulus analytically, a uniform 

thickness is assumed for the unit cell. The total length of the unit cell is calculated to 

be 2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 in the x-direction and ℎ + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 in the y-direction. As the load is applied to 
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the unit cell, the struts are subjected to local deformations 𝛿𝛿. The stress applied to the 

unit cell in the x-direction, 𝜎𝜎1, can be calculated as 

𝜎𝜎1 = 𝑃𝑃
𝐴𝐴

= 𝑃𝑃
(ℎ+𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)𝑏𝑏

    (2) 

where 𝑏𝑏 is the in-depth thickness of the unit cell in the z-direction. Similarly, the strain 

on the unit cell is the deformation of the unit cell in the x-direction divided by the total 

length of the strut in the x-direction. 

𝜖𝜖1 = 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

     (3) 

Thus, the elastic modulus can be calculated as 

𝐸𝐸 = 𝜎𝜎1
𝜖𝜖1

=
𝐹𝐹

(ℎ+𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)𝑏𝑏
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

    (4) 

The deflection of a honeycomb unit cell is calculated as [1]  

𝛿𝛿 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙3

12𝐸𝐸𝑠𝑠𝐼𝐼
    (5)

  

where 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the applied load in the direction of the inclined strut, 𝐸𝐸𝑠𝑠 is the Young’s 

Modulus of the solid constituent material, and 𝐼𝐼 is the second moment of inertia of a 

cell wall. If the wall is assumed to have a rectangular cross-section, then 𝐼𝐼 = 𝑏𝑏𝑡𝑡3/12. 

Substituting the deflection equation in the Young’s Modulus equation, 

𝐸𝐸 = 𝑃𝑃
ℎ+𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

∗ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛2𝜃𝜃𝑙𝑙3

∗ 12𝐸𝐸𝑠𝑠𝑏𝑏𝑡𝑡3

12
   (6) 

this can be simplified into 

𝐸𝐸
𝐸𝐸𝑠𝑠

= �𝑡𝑡
𝑙𝑙
�
3 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(ℎ/𝑙𝑙+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)𝑠𝑠𝑠𝑠𝑛𝑛2𝜃𝜃
   (7)

  

the in-plane Young’s modulus is a function of the constituent’s material’s Young’s 

modulus 𝐸𝐸𝑠𝑠, the relative density of the honeycomb core (𝑡𝑡/𝑙𝑙)3 and the cell geometry ℎ, 

𝑙𝑙, and 𝜃𝜃. The in-plane properties are similar in both the x and y directions, given that 

the honeycomb is a regular shape where ℎ = 𝑙𝑙. Similarly, the inplane elastic modulus 

can be calculated for different periodic cell shapes. However, for a Voronoi foam-based 
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structure, the response would depend on the randomness of the foam. Based on Gibson 

and Ashby’s derivation [1], the normalized elastic modulus for open-cell and closed-

cell foams, respectively, are 

       𝐸𝐸
𝐸𝐸𝑠𝑠

= 𝐶𝐶1 �
𝜌𝜌∗

𝜌𝜌𝑠𝑠
�
2
     (8) 

𝐸𝐸
𝐸𝐸𝑠𝑠

= 𝐶𝐶2𝜙𝜙2 �𝜌𝜌
∗

𝜌𝜌𝑠𝑠
�
2

+ 𝐶𝐶3(1 − 𝜙𝜙) 𝜌𝜌
∗

𝜌𝜌𝑠𝑠
   (9)

  

where 𝐶𝐶1,𝐶𝐶2 and 𝐶𝐶3 are constants based on the geometrical features of the random 

distribution of the cells. 

2.1.3 Compressive strength: cell collapse 

The collapse of honeycomb unit cells, or any other cellular shape, can occur due 

to elastic bucking or plastic yielding [33]. Elastic buckling in cellular solids occurs 

when the struts of the unit cell undergo axial or bending loads, where if the load exceeds 

the critical buckling load, the structure undergoes sudden deformation or buckling. 

Plastic yielding implies that the deformation occurring in the cell walls exceeds the 

plastic yield strength; thus, local deformations occur, and as the load increases, the 

number of cells undergoing plastic deformation increases. Figure 5 shows the plastic-

yielding deformation behavior of an aluminum honeycomb under in-plane compressive 

strength [34]. As the load increases initially in Figure 5a, the aluminum honeycomb 

undergoes elastic deformation. As the load incrementally increases, some of the cell 

walls begin to yield, which causes local deformation, as illustrated in Figure 5b. As the 

load increases, the cell walls continue to yield and end up collapsing, as shown in Figure 

5c and Figure 5d. As for elastic buckling, Figure 6 shows the elastic buckling modes, 

in which a honeycomb unit cell that is loaded in the y-direction undergoes elastic 

deformations. It is important to note that if the loading direction is changed to the x-

direction, the force act perpendicular to the longer dimension of the unit-cell, causing 

the cell walls to simply bend. 
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Figure 5: Deformation mechanism due to the plastic collapse of aluminum honeycomb (a) Symmetric 
Deformation of cell walls (b) Center row collapse due to shear failure caused by nonlinear 

deformations (c) Symmetric deformation leading to densification of cell walls (d) Unsymmetrical 
collapse that is followed by shear collapse [35] 

  
The structure bends in the x-direction, as opposed to buckling in the y-direction, as the 

walls act as simply supported beams and are loaded in the transverse direction [1]. 

 

 

Figure 6: a) Traditional honeycomb unit-cell b) elastic buckling of honeycomb unit-cell loaded in the 
y-direction [1] 
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2.1.3.1 Elastic buckling 

As shown in Figure 6, it is evident that the buckling behavior of the cell walls is 

similar to that of the Euler buckling load [35], [36]. The critical Euler buckling load, 

which is often used as column buckling [37], is given by 

𝑃𝑃𝑐𝑐𝑐𝑐 = 𝑛𝑛2𝜋𝜋2𝐸𝐸𝑠𝑠𝐼𝐼
ℎ2

                       (10) 

where 𝑛𝑛 is an end-constraint that depends on the boundary conditions of the column. 

The end constraints 𝑛𝑛 for the cell walls depend on the stiffness of the adjacent inclined 

struts. As shown in Figure 6, the joints at which the struts are connected rotate as the 

vertical cell walls undergo elastic buckling. Therefore, the rotational stiffness of the 

vertical and the inclined struts is the determining factor of the end-constraint factor 𝑛𝑛. 

The constraint factor can be calculated using experimental means [38] or analytical 

means [1]. Accordingly, the elastic buckling stress can be calculated as 

𝜎𝜎𝑒𝑒𝑒𝑒 = 𝑃𝑃𝑐𝑐𝑐𝑐
2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

= 𝑛𝑛2𝜋𝜋2𝐸𝐸𝑠𝑠
ℎ22𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑏𝑏𝑡𝑡3

12
                        (11) 

this is rearranged into the final form of 

𝜎𝜎𝑒𝑒𝑒𝑒
𝐸𝐸𝑠𝑠

= 𝑛𝑛2𝜋𝜋2

24
(𝑡𝑡/𝑙𝑙)3

(ℎ/𝑙𝑙)2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
                                   (12) 

Based on the analytical analysis that has been conducted by Gibson and Ashby 

[1], in which they have used elastic line analysis to compute the end constraints, the 

elastic buckling stress for a regular honeycomb is 

𝜎𝜎𝑒𝑒𝑒𝑒
𝐸𝐸𝑠𝑠

= 0.22(𝑡𝑡/𝑙𝑙)3                       (13) 

The previous analysis can be modified to fit unit cells with different geometrical 

features, such as the unit cells of the rectangular, re-entrant, or even the random Voronoi 

foam structure. 

2.1.3.2 Plastic yielding 

After the elastic critical load is reached, the cell walls tend to yield plastically, 

which means that the cell walls can no longer revert to their original shape. During 

plastic buckling, the stiffness of the cell walls tends to deteriorate, which causes a 

decrease in the load-bearing capacity and overall stability of the structures. For a 

honeycomb structure, the cell walls begin to buckle as they reach their respective plastic 
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bending moment. The plastic buckling stress is equivalent to the plateau stress in which 

the cell walls collapse. Once the stress in the cell walls reaches the yield stress of the 

constituent material, yielding begins, and the cell walls start to collapse plastically. The 

end joints of the struts tend to yield initially, and as the force increases, the yielding 

propagates to the rest of the strut. As the entire cross-section of the strut yields, it forms 

a "plastic hinge" in which the section is able to rotate like a pin joint [39]. The internal 

plastic moment that forms at the plastic hinges (once the entire cross-section has 

yielded) is 

𝑀𝑀𝑝𝑝 = 𝜎𝜎𝑦𝑦𝑦𝑦 �
𝑏𝑏𝑏𝑏
2
� 𝑡𝑡
2

= 𝜎𝜎𝑦𝑦𝑦𝑦
𝑏𝑏𝑡𝑡2

4
             (14) 

where the term 𝜎𝜎𝑦𝑦𝑦𝑦 �
𝑏𝑏𝑏𝑏
2
� is the load due to the applied stresses and 𝑡𝑡

2
 is the effective 

length between the force and the plastic hinge [1]. From the summation of moments on 

one of the joints, the applied moment can be expressed as 

𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
2

             (15) 

As discussed earlier, plastic hinges develop once the entire cross-section has 

yielded, and this occurs when the applied moment is equivalent to the internal plastic 

moments [39]. The Force 𝐹𝐹 in the previous equation can be re-written in terms of 

stresses so that the final plastic stress 𝜎𝜎𝑝𝑝𝑝𝑝 can be calculated. 

𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 = �𝜎𝜎𝑝𝑝𝑝𝑝�(ℎ + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) �𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
2
� = 𝑀𝑀𝑝𝑝 = 𝜎𝜎𝑦𝑦𝑦𝑦

𝑏𝑏𝑡𝑡2

4
 

 (16) 

Rearranging the equation, the plastic collapse stress is given as [1] 

𝜎𝜎𝑝𝑝𝑝𝑝
𝜎𝜎𝑦𝑦𝑦𝑦

= (𝑡𝑡/𝑙𝑙)2 1
2(ℎ/𝑙𝑙+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

            (17) 

Similar to the derived modulus and elastic buckling stress, the plastic collapse 

stress is dependent on the material, relative density (𝑡𝑡/𝑙𝑙) and the geometric features of 

the unit cell. For a regular honeycomb, where ℎ = 𝑙𝑙 and 𝜃𝜃 = 30, the plastic collapse 

stress can be calculated as 

𝜎𝜎𝑝𝑝𝑝𝑝
𝜎𝜎𝑦𝑦𝑦𝑦

= 2
3
�𝑡𝑡
𝑙𝑙
�
2
             (18) 



26 
 

The shown procedure can be followed to derive the plastic collapse stresses for 

various other cell shapes with different geometric features. The collapse of the unit cell 

is dependent on either the plastic yielding or the elastic buckling strength, depending 

on which stress is lower. In order to determine the critical relative density that is 

required for a cellular honeycomb structure to buckle elastically, the two equations are 

equated to each other. Similarly, following the same approach, Zhang et al. [40] 

calculated the critical relative density to predict the failure modes for additively 

manufactured octagonal honeycombs [41] for nanoporous foam structures. As the 

critical relative density is calculated, researchers can predict the failure modes, whether 

it is due to elastic buckling or plastic yielding, with respect to the relative density of the 

structure. For honeycomb topology, the critical relative density is calculated below. 

(𝐸𝐸𝑠𝑠) 𝑛𝑛
2𝜋𝜋2

24
(𝑡𝑡/𝑙𝑙)3

(ℎ/𝑙𝑙)2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
= 𝜎𝜎𝑦𝑦𝑦𝑦(𝑡𝑡/𝑙𝑙)2

2𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃
            (19)

  

Rearranging the equation and keeping (𝑡𝑡/𝑙𝑙) on one side results in 

(𝑡𝑡/𝑙𝑙)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 12
𝑛𝑛2𝜋𝜋2

(ℎ/𝑙𝑙)2

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜎𝜎𝑦𝑦𝑦𝑦
𝐸𝐸𝑠𝑠

            (20) 

If the relative density is above the critical relative density, the honeycomb structure 

ought to elastically buckle prior to yielding. In contrast, if the relative density is higher 

than the critical relative density, the structure undergoes plastic yielding. So, for a 

regular hexagonal honeycomb, where ℎ = 𝑙𝑙 and 𝜃𝜃 = 30, the critical relative density 

can be reduced to 

(𝑡𝑡/𝑙𝑙)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 3 𝜎𝜎𝑦𝑦𝑦𝑦
𝐸𝐸𝑠𝑠

             (21) 

Based on the solid material that a regular hexagonal honeycomb is made from, 

the in-plane failures can be predicted. For metals, the ratio of yield stress to Young’s 

modulus is very low, which means that the structure is more likely to yield rather than 

elastically buckle in the in-plane direction unless the relative density is extremely low 

(0.5% and lower). However, for regular polymeric honeycombs, the ratio of yield stress 

to Young’s modulus is higher, which means that in regular polymeric honeycombs, 

structures are more likely to buckle elastically than yield when loaded in the in-plane 

direction. 
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2.1.4 Out-of-plane properties 

The out-of-plane mechanical behavior of cellular solids is crucial to study as they 

are directly related to the energy absorption capabilities of the cellular structure. The 

out-of-plane properties imply that the structure is being loaded in a direction 

perpendicular to the plane of material or structure, the z-direction. One prominent 

engineering application where the study of out-of-plane properties of cellular solids is 

essential is their use in sandwich panels [5], [7], [42].  

The reason for that is sandwich panels with cellular cores tend to have a high 

stiffness-to-weight ratio and are able to absorb high energies relative to their weight. 

The use of cellular sandwich panels extends to different fields, such as aerospace [13], 

automotive [43], marine [44], and construction industry [45]. When loaded in the z-

direction, any cellular shape tends to experience buckling or crushing behavior, and 

often the stiffness and plateau stresses that were calculated in the previous section for 

the in-plane behavior are much higher. This is because axial and bending deformations 

are involved. Figure 7 shows the out-of-plane direction for a honeycomb unit cell. It is 

evident from the figure that the deformation occurring in the out-of-plane direction is 

different than that of the in-plane. Therefore, the mechanical behavior is different. The 

Young’s modulus in the z-direction is derived in a similar fashion to that in the in-plane 

direction. Young’s modulus in the z-direction is [1].  

 

 

Figure 7: Out-of-plane loading directions on a honeycomb unit-cell 
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𝐸𝐸
𝐸𝐸𝑠𝑠

= �𝑡𝑡
𝑙𝑙
� (ℎ/𝑙𝑙)+2
2(ℎ/𝑙𝑙+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

             (22) 

Compared to the in-plane elastic modulus, the relative density, or the ratio of 

the wall thickness to the inclined length, is to the power of 3 in Equation (7), whereas 

the elastic modulus in the z-direction is only to the power of one. Therefore, the 

mechanical properties are significantly different depending on the loading direction. 

Thus, when comparing x and y-direction loadings to the z-direction, the honeycomb 

unit cell is anisotropic. 

2.1.4.1 Elastic buckling 

To estimate the elastic buckling, authors have treated the cell walls of cellular 

materials as plates [1], [46], [47] and calculated the final elastic buckling stress as the 

sum of all the buckling stresses on all the plates. For the in-plane direction, the buckling 

of the cell walls is determined by assuming that the buckling behavior follows the Euler 

load buckling. The critical buckling load for a plate is given in Equation (23) [48]: 

𝑃𝑃𝑐𝑐𝑐𝑐 = 𝐾𝐾𝐸𝐸𝑠𝑠𝑡𝑡3

(1−𝑣𝑣𝑠𝑠)ℎ
               (23) 

where K is an end-constraint factor that is dependent on the boundary conditions, 𝑡𝑡 is 

the thickness of the plate, and 𝑣𝑣𝑠𝑠 is the Poisson’s ratio of the plate’s solid material. 

Similar to the in-plane direction, the end constraint Factor K is dependent on the 

stiffness of the adjacent cell walls. The value K is approximated based on the 

geometrical features of the unit cell. For example, for a square honeycomb, [47] has 

approximated K from experimental tests to be around 4 for square honeycombs, 

whereas [1] has estimated K to be 6.2 for 𝑏𝑏 > 3𝑙𝑙 if the plate joints are assumed to be 

fully fixed and K to be 2 if the cell walls are free to rotate. Assuming a commercial 

honeycomb unit-cell with cell walls with thickness 𝑡𝑡 on the inclined walls and double 

thickness on the overlapping walls 2𝑡𝑡, the elastic buckling stress can be calculated using 

the following governing Equation (24) [49],  

∂4𝑤𝑤
∂𝑥𝑥

+ 2 ∂4𝑤𝑤
∂𝑦𝑦2 ∂𝑧𝑧2

+ ∂𝑤𝑤4

∂𝑧𝑧4
= − 𝜌𝜌

𝐷𝐷
∂𝑤𝑤2

∂𝑧𝑧2
             (24) 

where 𝑤𝑤 is the displacement function that is assumed to follow a sinusoidal path of 

buckling, which is predetermined based on experience and experimental analysis. The 

displacement function is a function of 𝑦𝑦 and 𝑧𝑧. 𝑝𝑝 is the applied pressure on the width of 
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the unit cell, 𝐷𝐷 is the flexural stiffness of the walls. This flexural stiffness is assumed 

to be that of a plate, which was described by Equation (25) as 𝐷𝐷 = 𝐸𝐸𝑡𝑡3/12(1 − 𝑣𝑣𝑠𝑠2). 

Applying this approach to a commercial honeycomb requires making several 

assumptions [49]. The upper and lower cell walls are assumed to be simply supported, 

the joint between the unit cells remains straight during initial elastic buckling, and the 

function of the adjacent walls is to carry loads in addition to the load that is carried by 

the main cell walls. Finally, the inclined walls with a thickness 𝑡𝑡, are assumed to 

maintain the same loading capacity until the collapse of the thicker 2𝑡𝑡 vertical walls. 

The displacement function in which the cell walls buckle is assumed to follow the 

sinusoidal function in Equation (25) 

𝑤𝑤 = 𝑓𝑓(𝑦𝑦)𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚
𝑏𝑏

             (25) 

the ODE defined earlier can be solved to obtain Equation (26) 

𝜎𝜎𝑧𝑧 = ℎ𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐+2𝑙𝑙𝑙𝑙′𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
2𝑙𝑙(ℎ+𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

            (26)

  

where 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the elastic buckling load for the vertical cell walls and 𝑃𝑃′𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the elastic 

buckling load for the inclined cell walls.  

2.1.4.2 Plastic yielding 

If the applied loads are higher than that of the yield stress of the solid 𝜎𝜎𝑦𝑦𝑦𝑦, then 

the structural core would fail by axial yielding rather than buckling. According to 

Gibson and Ashby plastic collapse formulation [1], in out-of-plane compression, 

metallic honeycombs tend to buckle plastically. Figure 8 shows the deformation shape 

of a honeycomb unit cell prior to buckling. 

From Figure 8, it is evident that there are folds that occur while the unit cell is 

being compressed, and as the load gradually increases, the number of folds increases 

[50]. To approximate the plastic collapse stress, the cell walls are assumed to have the 

folding behavior illustrated in Figure 8, and the stress is calculated for a single cell wall. 

As the cell walls are compressed in the out-of-plane direction, the cell walls tend to 

buckle, forming a plastic hinge similar to that in the in-plane direction. 
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Figure 8: Plastic buckling of honeycomb unit-cell [51] 

Figure 9 is an illustration of how one cell wall progresses from no buckling to forming 

the plastic hinge. Finally, the cell wall rotates around the plastic hinge and becomes 

fully folded [1]. As the load 𝑃𝑃 is applied on the cell wall, it buckles and forms a plastic 

hinge. 

 

 

Figure 9: Schematic showing the buckling and folding effect in the out-of-plane direction [1] 

  

The internal and external work calculations are made to calculate approximately 

the out-of-plane plastic collapse stress. 𝜆𝜆/2 resembles half a wavelength of folding, so 

when a cell wall completely collapses, a full sine wavelength collapse is assumed. The 

folding angle, as illustrated in Figure 9, goes up to 180 degrees when it is fully folded. 

The plastic moment 𝑀𝑀𝑝𝑝 is considered to have the same value that it had previously in 

the in-plane calculations Equation (15). However, instead of multiplying by 𝑏𝑏, the depth 

of the honeycomb unit cell, it is now multiplied by the length of the cell wall that is 

associated with one cell.  

𝑀𝑀𝑝𝑝 = 𝜎𝜎𝑦𝑦𝑦𝑦𝑡𝑡2

4
(2𝑙𝑙 + ℎ)              (27) 
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This is because the depth of Figure 9 is the length of the cell wall rather than the 

z-direction depth. The internal and external work done on the cell wall are set equal, 

and the equation is solved to determine 𝜎𝜎𝑧𝑧𝑧𝑧, which is the plastic collapse stress in the 

z-direction. The internal plastic work done by the moment is 

𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑀𝑀𝑝𝑝𝜋𝜋               (28) 

And the external work done i by the external forces that are applied 𝑃𝑃 so, 

𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑃𝑃𝑃𝑃
2

               (29) 

where 𝜆𝜆 is half the wavelength of buckling, Converting the applied force in terms of 

𝜎𝜎𝑧𝑧𝑧𝑧, the applied force is multiplied by the area on which the force is applied 𝑃𝑃 =

𝜎𝜎𝑧𝑧𝑧𝑧(ℎ + 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)(2𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) 

𝜎𝜎𝑧𝑧𝑧𝑧 = 𝜋𝜋
4
𝜎𝜎𝑦𝑦𝑦𝑦(𝑡𝑡/𝑙𝑙)2 ℎ/𝑙𝑙+2

(ℎ/𝑙𝑙+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
            (30) 

The derived plastic collapse stress in the out-of-plane direction is documented by 

Ashby and Gibson [1]. The plastic collapse stress is also dependent on the relative 

density, which is similar to all of the mechanical properties that were discussed. 

Following the same procedure, the mechanical properties in the in-plane and out-of-

plane directions can be calculated for various cell shapes, and all the mechanical 

properties would still be dependent on the relative density where the difference would 

lie in the geometrical features as it could differ from a honeycomb unit-cell to other 

shapes. For random open-cell and closed-cell foams, the geometrical features would be 

difficult to consider in such calculations. Instead, geometrical constants are often used 

to approximate the mechanical or thermal properties of foams. 

2.2 Thermal Properties 

Cellular solids with low relative densities, such as foams, are attractive materials 

for thermal applications due to their low thermal conductivity, high surface area to 

volume ratio, and good insulation properties. Some of the applications in which the use 

of foams is dominant are thermal insulation [51], acoustic insulation [52], packaging 

[53], heat exchangers [54], thermal energy storage [55], or fire-retardant applications 

[56]. They are used for insulation applications as the porous media is excellent in 

preserving heat transfer, which reduces the overall energy consumption and maintains 
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temperatures for certain applications. Similarly, for acoustic applications, porous media 

is able to absorb sound waves and noise pollution. The only material that exhibits lower 

thermal conductivity is aerogels [1]. The low thermal conductivity of foam structures 

arises from the high-volume fraction of gas within the pores, and gases have a low 

thermal conductivity. Adding on, the small cell size of the pores suppresses convection 

and radiation through absorption and reflection of thermal energy [1]. 

2.2.1 Steady state heat conduction 

Steady-state conduction refers to a state in which the temperature remains 

constant with time, and the temperature gradient remains constant. It is crucial to study 

the steady-state conduction in foams as it fits the criteria for thermal applications. The 

transfer of heat in building material, or packaging applications, remains constant, and 

thus, the study of the steady state conduction in foams is important. Fourier’s law is a 

fundamental principle in the study of heat transfer. It states that the rate of heat transfer 

through a material is directly proportional to the temperature gradient, the change in 

temperature with respect to distance, and the cross-sectional area of the material. The 

Fourier’s heat transfer equation can be expressed as 

𝑞𝑞 = −𝜆𝜆∇𝑇𝑇              (31) 

Where 𝑞𝑞 is the heat flux, 𝜆𝜆 is the thermal conductivity, and ∇𝑇𝑇 is the temperature 

gradient in all three directions. This can be written in 1D as, 

𝑞𝑞 = −𝜆𝜆 ∂𝑇𝑇
∂𝑥𝑥

             (32) 

where 𝑥𝑥 is the distance at which the heat flux is flowing. In the context of cellular 

materials, such as open-cell foams, the study of steady-state thermal conduction is 

highly significant. The unique morphology of a Voronoi structure, which includes a 

high surface area to volume ratio as well as interconnected porosity, allows for tailoring 

the structure through parametric optimization to enhance the thermal properties. The 

metallic foam matrix, which is an interconnected web of cell walls, facilitates efficient 

heat conduction due to the high thermal conductivity of metal. In addition, the porous 

structure allows for the impregnation of various filling mediums, such as air, water, oil, 

or paraffin, each of which can affect the overall thermal conductivity of the foam. 
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The interconnected pores provide a pathway for the heat to be transferred through 

both the solid and the fluid phases of the structure, which results in a combined 

conductive behavior that can be tailored for specific industrial applications. 

Understanding the steady-state conduction in these materials aids in optimizing their 

design for applications such as heat exchangers, energy storage, or thermal management 

devices. The application of Fourier’s law, described in Equation (31), allows for the 

prediction of heat transfer and aids in the development of advanced materials. 

Furthermore, the topological features of a cellular structure, such as the relative 

density and cell size, significantly influence the thermal conductivity. Understanding 

the influence of topological features on thermal conductivity under steady-state 

conditions enables the development of analytical models that can predict thermal 

conductivity based on factors like relative density and cell size. 

2.2.2 Unsteady heat conduction 

If the temperature varies over time, then the heat conduction is a nonsteady state. 

Diffusivity becomes an important parameter to study in foam structures as it describes 

the rate at which heat energy is transferred through a material due to thermal diffusion. 

In unsteady state heat conduction, the temperature changes with respect to time, and so 

does the temperature gradient. Diffusivity is a material property that describes how 

quickly heat is conducted through a material as a function of time, which is related to 

the thermal conductivity, heat capacity, and density of the material. A material with 

high diffusivity will conduct more heat in a shorter time span than that of low 

diffusivity. In certain applications of heat transfer, such as heat exchangers, electronic 

devices, or any thermal management systems, it is important to understand how quickly 

heat is conducted through a material over time. The relationship between temperature, 

time, heat flow direction, and diffusivity is given as 

∂𝑇𝑇
∂𝑡𝑡

= 𝛼𝛼 ∂2𝑇𝑇
∂𝑥𝑥2

              (33) 

where 𝑇𝑇 is the temperature, 𝑡𝑡 is the time, and 𝛼𝛼 is the diffusivity, which can be directly 

related to the thermal conductivity and heat capacity of the constituent material of the 

solid by: 
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𝛼𝛼 = 𝜆𝜆
𝜌𝜌𝐶𝐶𝑝𝑝

          (34)

  

where 𝐶𝐶𝑝𝑝 is the specific heat capacity of the material, and when the heat capacity is 

multiplied by the density, it represents the volumetric heat capacity. The heat capacity 

can be defined as the heat energy that is required to raise the temperature of a unit 

volume of the material by one degree. There are several factors to consider when 

calculating the thermal conductivity of a foam structure. Such considerations include 

conduction through the solid 𝜆𝜆𝑠𝑠, conduction through the gas 𝜆𝜆𝑔𝑔, convection within the 

cells 𝜆𝜆𝑠𝑠, and heat transfer through radiation 𝜆𝜆𝑟𝑟 [1].Therefore, the final thermal 

conductivity of a foam structure, or any cellular structure, can be calculated as 

𝜆𝜆 = λ𝑠𝑠 + λ𝑔𝑔 + λ𝑐𝑐 + λr             (35) 

where the thermal conductivity of the foam is 𝜆𝜆, and it is the sum of all the contributions. 

The conduction through the solid is dependent on the relative density of the foam 

structure as well as the tortuosity, which can be expressed as  

𝜆𝜆𝑠𝑠 = 𝜂𝜂(𝜌𝜌∗/𝜌𝜌)               (36) 

where 𝜂𝜂 is an efficiency factor that is dependent on the tortuosity of the foam structure. 

Tortuosity refers to the degree of curvature or twisting in a path or channel and (𝜌𝜌∗/𝜌𝜌) 

is the relative density of the cellular material. It can be quantified as the ratio of the 

actual length of the pathway to the straight-line distance between the endpoints of the 

pathway. This ratio is often referred to as the tortuosity factor or the tortuosity index. 

Similarly, the conduction through the gas in foams can be expressed as 

𝜆𝜆𝑔𝑔 = 𝜆𝜆𝑔𝑔(1 − 𝜌𝜌∗/𝜌𝜌)              (37) 

where 𝜆𝜆𝑔𝑔 is the conductivity of the gas and (1 − 𝜌𝜌∗/𝜌𝜌) is the volume of the gas or the 

porosity of the sample. Most of the contribution to the thermal conductivity of the foam 

is dependent on the conduction through gas. Thus, the relative density is a crucial factor 

in determining the needed thermal conductivity for specific applications. 

2.3 Tailoring Thermal and Mechanical Properties of Cellular Solids 

The thermal and mechanical properties of cellular solids can be enhanced in 

several ways. Based on Section 2.1 and Section 2.2, different factors affect the 
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properties, with the dominant factor being the relative density. In this section, three 

different approaches will be discussed to enhance the mechanical and thermal 

properties of cellular solids: Tailoring the topological features of the cell shape, adding 

lightweight filler material in the voids of the cells, and applying different coating 

materials for various cell shapes and relative densities. 

2.3.1 Coating of cellular solids 

Various factors influence the resulting properties of open-cell foams, including 

the constituent material, relative density, strut thickness, and pore size. This allows for 

a wide range of properties that can be optimized and tailored to specific engineering 

applications. Two main approaches have been used to realize metallic open-cell foams 

with improved or tailored properties. The first approach used constituent materials with 

higher specific properties (e.g., stiffness, strength, and thermal conductivity). This 

approach required developing manufacturing technologies capable of creating open-

cell metallic foams with controlled porosities from a wide range of materials (e.g., 

aluminum [57], copper [58], titanium [59], and magnesium [60]). 

Accordingly, multiple manufacturing approaches were developed (e.g., casting, 

powder metallurgy) [1], [61], [62]. However, for metallic foams, casting became the 

most prominent and delivered, compared to cost, the best properties. The second 

approach, which was motivated by the advent of finite element and computer-aided 

design tools as well as computer-assisted tomography, explored the potential for tuning 

the properties of metallic open-cell foams by tuning their topological and 

morphological features. Thus, effects of cell size and its distribution [63], [64], [65], 

[66], cell irregularities [67], [68], ligaments geometry [69] and defects [70], [71] on the 

structural properties (e.g., stiffness [63], [72], yield strength [73], [74], densification 

strain [75], strain rate sensitivity [67], [76], and toughness [77]) and thermal properties 

(e.g., thermal conductivity [78]) of open-cell foams were investigated. These efforts 

showed that the optimal structural and thermal specific properties of metallic open-cell 

foams are achieved by minimizing open-cell foams' structural (i.e., topology and 

morphology) heterogeneities and defects, motivating establishing better control on their 

fabrication processes (e.g., controlling the distribution and growth of the gaseous phase 

introduced during casting [1]). The aforementioned two approaches were, in general, 

focused on the objective of increasing their specific stiffness, strength, and toughness 
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as well as the thermal conductivity of open-cell foams. However, despite the relative 

success in developing open-cell foams with improved structural and thermal properties, 

the approaches had limitations, as they produced foams whose properties were 

inherently dependent on their constituent materials.  

This limited the range of foam properties that can be achieved and hindered the 

potential for realizing tuned or application-tailored properties. In addition, enhancing 

metallic foams properties through reducing heterogeneities and defects is limited by an 

upper bound (i.e., when a defect-free and uniformly distributed open-cell foam structure 

is realized). Recently, a different approach to enhance and tune the properties of 

metallic open-cell foams has been proposed. In this approach, which draws on the 

established history of tailoring materials’ properties using coatings, thin metallic 

coatings (e.g., copper and nickel) are electrodeposited on metallic open-cell foams to 

reinforce them and improve their structural and thermal properties.  

For instance, Ni-W was electrodeposited on aluminum foams to increase their 

specific strength and energy absorption capacity [79]. Similarly, Cu [80], [81], [82] and 

Ni [82], [83] were electrodeposited on aluminum foams to increase their strength, 

plateau stress, and impact energy mitigation capacity. Improved strength and energy 

absorption capacity of the coated foams are related to an increase in their ligaments' 

flexural stiffness and flexural load-carrying capacity [84]. Coating metallic open-cell 

foams to produce hybrid foams has substantial advantages and potential. First, it is 

relatively simple as it is based on electrodeposition, which is a well-known and 

straightforward process. Second, it is a cost-effective approach to tailor metallic open-

cell foams properties since it allows for augmenting the properties of commercially 

available open-cell foams with additional functionality (i.e., coating properties). For 

instance, depositing nickel coatings on open-cell aluminum foams allows them to 

exhibit better corrosion resistance, higher hardness, ferromagnetic abilities, and 

catalytic properties [79]. These properties are not readily deliverable by aluminum 

foams.  

Accordingly, coating metallic open-cell foams allows for realizing a wide range 

of application-tailored properties that cannot be delivered by a foam made from a single 

metallic constituent. According to the pioneering efforts that experimentally developed 

hybrid metallic open-cell foams, both coating material and coating thickness play 
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instrumental roles in determining the overall properties of hybrid foams [79]. However, 

the thickness effect and its interaction with porosity levels, though known as important, 

is not well investigated. Most experimental efforts utilized few thickness values in their 

experimental work and did not systematically investigate the thickness effect over a 

wide range of foam porosities. In addition, correlations relating coating properties and 

thickness to the macroscopic properties of hybrid foams of different porosities are 

lacking.  

These correlations are needed to facilitate designing hybrid foams, particularly as 

they would allow for determining the coating thickness and porosity required to provide 

a desired property. Subsequently, the required thickness can be obtained by controlling 

the current and bath time during the electrodeposition process. Few applications have 

already started to utilize open-cell foams in a multifunctional capacity (i.e., utilizing 

their structural and thermal properties simultaneously). Examples of the latter include 

micro-heat exchangers [85] and thermal management solutions in lithium-ion battery 

packs [86]. 

Tunable properties of metallic foams represent a crucial feature of their 

applicability across various engineering domains, where customized materials tailored 

for specific applications are desired to meet performance criteria. The relative density 

of the structure, defined as the ratio of the foam’s density to the density of the solid 

material, is a primary determinant of its mechanical strength and stiffness. Stochastic 

foams’ morphological features that directly influence their relative density include cell 

shape [69], size [66], and cell wall thickness [87]. Apart from tuning stochastic foams 

by altering their relative density, recent efforts have been made through the application 

of coating through different techniques (i.e., electrodeposition [82], PVD [88], CVD 

[89]). Coating metallic foams has been deemed effective due to the high surface area to 

volume ratio within low relative density foams [90]. A minimal quantity of coating can 

cover a larger area, ensuring enhanced mechanical performance without the need for 

excessive material. This efficiency not only reduces material costs but also minimizes 

the additional weight associated with coating, maintaining the lightweight characteristic 

of the foam. In recent efforts, nickel-coated aluminum foam was tested under static and 

dynamic compressive loadings, where the energy absorption was found to increase by 

a factor of 9 under quasi-static loading and 4.5 under dynamic loading [91].  
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Similarly, authors have tested different coating materials, such as the combination 

of Nickel and Copper on aluminum foam, and found that they led to enhanced stiffness, 

yield strength, and energy absorption capabilities [82]. The use of Finite Element 

Analysis (FEA) is dominant in this field, as tuning morphological and topological 

features of cellular cores can be achieved with the aid of Computer Aided Design 

(CAD) [92] and Computer Assisted Tomography [93]. To further enhance energy 

absorption capabilities effectively, researchers have focused on developing functionally 

graded coatings on metallic foams. Functionally graded nickel-coated aluminum foam 

was developed using electrodeposition. It exhibited diverse compressive stress-strain 

responses [94]. Specifically, the functionally graded samples showed promising 

capability to absorb energy at a wide range of impact velocities [94]. 

Electrodeposition constitutes the dominant foam coating technique in the 

industry. Its cost-effectiveness, ease of scalability, and tuning made it favored by the 

industry. In complex porous geometries, it is easy to manipulate the electrodeposition 

parameters to achieve varying coating thicknesses and gradients. In a recent study by 

Shajari et al. [95], the authors have investigated the effect of heat treatment on the 

macrostructure, microstructure, and mechanical properties of nickel-coated open-cell 

silver foams that were produced by electrodeposition. The samples were subjected to a 

heat treatment at 410°C for one hour in an argon atmosphere. The mechanical properties 

of the foam were evaluated by uniaxial compression testing, while its microstructure 

and morphological features were assessed using Scanning Electron Microscopy (SEM). 

The samples were subjected to a direct current of 1.7A for various electrodeposition 

times, namely 4,6,8,10, and 12 hours. The electrodeposition process resulted in a 

homogeneous microstructure, where large conglomerates were formed at nodes due to 

flow leakage, and higher deposition time resulted in thicker nickel layers with improved 

coating uniformity. The heat treatment enhanced the mechanical properties, specifically 

the yield strength, which increased from 1.03MPa to 1.76MPa. The plateau stress was 

also enhanced, and the energy absorption increased from 0.91 mJ/mm3 to 3.45 mJ/mm3. 

In different electrodeposition studies, researchers have produced a range of 

coating thicknesses by changing the electroplating setup, acidic concentration, 

deposition time, induced voltage, and current. In one of the recent studies, Grill et al. 

[96] studied the factors that affected the homogeneity of the coating with 

electrodeposition and developed a model that can predict the optimal process 



39 
 

parameters for coating open cell foams. A full factorial design of experiments was used 

to study the influence of the electrodeposition parameters on the coating thickness 

homogeneity. The Nernst-Planck equation, which includes convection, diffusion, 

migration, and reaction terms, was used to model the electrodeposition process. The 

findings of the study, from an experimental perspective, showed that the coating 

thickness varies across the foam and that higher densities and velocities led to less 

uniform coatings. The simulation results overestimated the coating homogeneity for 

high coating rates and high current densities. The current density and duty cycle had 

the highest effects on the coating thickness homogeneity. 

Additional studies have focused on improving or optimizing the electrodeposition 

of foams. For instance, in a study by Sengupta et al. [97], the authors focused on 

optimizing the electrodeposition process through the dynamic hydrogen bubble 

template method. The setup used attempted to coat nickel foams with copper using 

baths comprising different compositions and varying concentrations of NiCl2 and 

NiSO4. The effect of pH was studied for a variety of ranges from 1 to 7, in which both 

chloride and sulfate baths were used. Additionally, the applied voltage varied from 3 to 

9V, and the deposition time ranged from 2 to 600 s. This electrodeposition time is 

relatively low compared to other studies. SEM and XRD analysis were employed to 

assess the coating quality, as well as the morphological features of the deposits, crystal 

structure, and residual stress evolution over time. The results showed that the optimal 

bath composition to achieve uniform honeycomb-like structures with regular-sized 

pores was 0.1M NiCl2 and 1M of NH4Cl.  

The higher concentrations resulted in planar deposits without distinct pore 

formation. The initial deposits showed compact films with no pores, which were 

evaluated between 2 and 10 seconds. At 30 seconds, the isolated pores began to appear, 

and between minutes 1 and 3, the honeycomb structures started forming due to pore 

coalescence. The uniformity of the coating was achieved at minute 5, which the authors 

noted as the critical time for structural development; higher deposition times resulted 

in the formation of larger pores, which is mainly due to hydrogen bubble coalescence.  

As for the applied voltage effects, the authors noted that at low voltages (3V to 

5V), planar or dendritic nickel networks have formed, and the pore formation began at 

6V. To achieve honeycomb structure deposits, the authors concluded that high voltages, 
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specifically between 7V and 9V, are optimal. A notable difference was present when 

the bath solution varied between chloride and sulfate. The planar depositions occurred 

at pH 1 in the chloride baths, and at higher concentrations (pH 2 to 6), the pore diameter 

increased. While the sulfate bath had similar trends, the overall pore size was smaller 

at higher concentrations. 

2.3.2 Tailoring topology in cell shapes 

Tailoring the topology of cell shapes of cellular solids has been motivated mainly 

by realizing better-performing sandwich structures. Cellular solids are often used as 

cores in sandwich structures due to their high stiffness and strength-to-weight ratios as 

well as their ability to mitigate impact energy. A composite sandwich panel structure is 

comprised of two parallel, thin, stiff sheets that are adhesively bonded, often using 

epoxy [13], silicon [98], or polyurethane [99], to a lightweight cellular core in the 

middle. The cellular core increases the second moment of inertia of the sandwich 

structure without compromising its weight. The two thin sheets carry tensile or 

compressive loads, whereas the core carries transverse shear loads. The high energy 

absorption of a sandwich panel is a result of the highly nonlinear plastic deformation 

that occurs when the cell walls of the core collapse progressively under compressive or 

impact loadings. Tailoring such mechanical properties to specific engineering 

applications has attracted the efforts of researchers [100].  

Numerous studies were initially conducted to understand the deformation 

mechanisms and mechanical response due to dynamic loading on cellular sandwich 

panels. Li et al. [101] studied the deformation mechanisms and debonding effects of 

blast impact on aluminum honeycomb sandwich panels by experimental and numerical 

methods. Hou et al. [102] focused on understanding inertia effects on aluminum 

honeycomb sandwich panels under impact loadings. Asprone et al. [103] utilized FEA 

to simulate the buckling behavior and characteristics of aluminum honeycombs.  

Optimizing the design of cellular sandwich panels is highly dependent on 

developing cellular solids with higher stiffness and strength-to-weight ratios and a 

higher ability to mitigate impact energy.  Some efforts focused on using high-

performance composite sheets and core constituent materials [104], [105].  Other efforts 

emphasized improving cores’ properties by modifying their relative density, cell size, 

wall thickness, or cell shape. Safarabadi et al. [105] studied the effect of foam-filling 
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Nomex honeycombs with glass-epoxy face sheets on the buckling strength and energy 

absorption of the material. This study was conducted with the aid of FEA and 

investigated the elastic and viscoelastic material behavior. Similarly, topological 

features were altered to achieve higher buckling strength in honeycombs. For instance, 

Miller et al. [106] conducted experimental and numerical compression tests on hexa-

chiral and tetra-chiral honeycombs. Zhong et al. [107] investigated the global and local 

response in a hybrid honeycomb in which cell shapes varied within the sandwich panel. 

Tailoring the cell shapes significantly enhanced the buckling strength of the sandwich 

panels. 
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Chapter 3: Research Significance and Literature Gaps 

Multiple techniques have been used to enhance the mechanical and thermal 

properties of cellular solids. Each of these techniques has limitations. This work aims 

to address these limitations. The most commonly used technique to enhance or tune the 

properties of cellular solids is to modify their topology. Topological modification of 

cellular solid unit cells has been shown to be effective in enhancing these properties. 

However, the viability and manufacturability of proposed unit cells are often 

constrained by costly manufacturing methods such as additive manufacturing. To 

overcome this challenge, this work investigates the potential for improving the 

mechanical properties of cellular solids by imposing sinusoidal perturbation on them. 

These perturbations are designed to be compatible with cellular solids' conventional 

manufacturing methods. Thus, the introduced perturbations would not require the use 

of expensive additive manufacturing techniques. The approach is applied to honeycomb 

structures, which are commercially available and widely used in the aerospace industry.  

Adding metallic coatings to cellular solids to form hybrid foam composites is 

another technique that was utilized to create hybrid foams with tailored mechanical and 

thermal properties. However, all efforts in this regard have been experimentally or 

numerically driven. So far, analytical models that can relate the hybrid coated foam 

properties to the properties of their constituent materials, porosity, and thickness of the 

coating have not been developed. These models are necessary to assist designers and 

engineers in developing customized coated foams to meet the needs of pre-determined 

applications and properties. This work aims to develop analytical models that can 

accurately predict the structural and thermal properties of coated cellular solids.  
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Chapter 4: Research Questions and Objectives 

The main objectives of this dissertation are: 

1. Enhance the mechanical and thermal properties of cellular solids by modifying 

their topological features through superposing periodic sinusoidal patterns. 

2. Develop hybrid coated cellular foams with tailored and enhanced mechanical 

and thermal properties. 

3. Develop analytical models capable of predicting the mechanical and thermal 

properties of hybrid coated cellular foams.  

Based on the set research questions, this dissertation is divided into three different 

sections that aim to tailor the mechanical and thermal properties by imposing sinusoidal 

periodic patterns and applying metallic coatings. 
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Chapter 5: Workplan 

The first research objective is achieved by conducting the following tasks: 

1. Develop an automated algorithm to impose sinusoidal perturbations on the cell 

walls of honeycombs. 

2. Investigate the effect of sinusoidal perturbations on the buckling and post-

buckling behavior of perturbed honeycombs. 

3. Investigate the effect of sinusoidal perturbations on the in-plane and out-of-

plane behavior of perturbed honeycombs. 

4. Conduct parametric studies to find the optimum sinusoidal frequency and 

amplitude. 

5. Develop analytical models to approximate the in-plane and out-of-plane 

mechanical properties. 

The second and third objectives are achieved by conducting the following tasks: 

1. Develop CAD models of foam structures utilizing Voronoi Tessellations with 

controlled cell wall thickness, relative density, and pore size. 

2. Develop finite element models of the CAD models using ABAQUS software. 

The finite element models are used to investigate the structural and thermal 

responses of the coated foams. 

3. Verify the numerical results using experiments in which electrodeposition is 

used to coat aluminum foams and honeycombs.  

4. Develop an analytical model based on the obtained results to create a 

generalized model for metallic coatings for cellular solids. 
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Chapter 6: Methodology 
6.1 Altering Topological Features of Honeycombs by Introducing Sinusoidal 
Perturbations 

6.1.1 Core geometry and properties of superposed perturbations 

To increase sandwich structures’ resilience to low-velocity impacts, this work 

aims to improve their honeycomb cores’ resistance to damage under out-of-plane loads 

by superposing periodic sinusoidal perturbations on their cell walls. The periodic 

perturbations applied are illustrated in Figure 10. 

 

 

Figure 10: Schematics of a sandwich structure with a honeycomb core, showing the core geometry 
before and after the superposition of the periodic sinusoidal perturbations 

 

These perturbations were proposed to tailor honeycomb cores’ acoustic properties 

[108], [109]. However, they are used here to increase cell walls’ second moment of 

inertia and, in turn, their resistance to buckling or bending failure under out-of-plane 

loads. The superposed perturbations satisfy two constraints: they do not substantially 

increase the walls’ lengths or relocate the walls’ intersections (vertices) of the parent 

core. The first constraint prevents increasing the core mass substantially, and the second 

keeps the modified cores compatible with the simple manufacturing methods used to 
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create honeycomb cores (e.g., corrugation and bonding techniques [110]). The 

superposed sinusoidal perturbations are governed by  

𝑢𝑢(𝑥𝑥) = A 𝑠𝑠𝑠𝑠𝑠𝑠 �
𝑛𝑛𝑛𝑛𝑛𝑛
𝐿𝐿
�                                (38) 

 

where A is the amplitude, n is the number of waves per cell wall, and L is the cell wall 

length. Perturbations are superposed on each wall by applying the displacement 

function 𝑢𝑢(𝑥𝑥), as seen in Figure 10. The direction of 𝑢𝑢(𝑥𝑥) is perpendicular to the 

longitudinal direction of the wall. The modified shape of the wall is governed by the 

amplitude (A) and frequency (n). Figure 11 shows the cell walls after superposing a 

perturbation with a frequency of one wave per wall. The amplitude and frequency 

parameters are varied in this work to investigate their effect. The amplitudes used are 

0.15, 0.2, 0.25, and 0.3 mm, and the frequencies used are 1, 2, 3 and 4 waves per wall.  

The different amplitudes and frequencies result in 16 cases. The cross-sectional 

geometries of these cases are shown in Figure 11. The vertically aligned walls have 

double the thickness of the inclined ones, as the parent honeycomb core (i.e., 

perturbations are superposed on) is assumed to be made by corrugation and bonding 

techniques. The parent honeycomb is a conventional aluminum honeycomb core.   

Its cell wall length, thickness, and out-of-plane height are 5.285 mm, 0.1 mm, and 

15 mm, respectively. The superposed perturbations do not affect cell wall thickness and 

out-of-plane height but increase cell wall length moderately. The effect of perturbations 

on cell wall length is presented in Table 1. 

The highest increase in length is 11.8% and is associated with the highest 

perturbation frequency and amplitude values used. However, for all the cases, except 

at (A=0.3, n=4), (A=0.25, n=4), and (A=0.25, n=3), the increase in cell wall length is 

less than 6%, which is ignorable. Tracking the effect of the superposed perturbations 

on cell wall length is important, as it affects the core’s relative density. Since the 

superposed perturbations are periodic and do not affect the location of the parent core’s 

vertices, the relative density of the perturbed cores is directionally proportional to their 

cell wall length. For instance, increasing the cell wall length by 10% increases the 

relative density by 10%.  
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Figure 11: Cross-section geometry of the perturbed honeycomb cores, showing the effect of 
perturbation amplitude and frequency 

 

Table 1: Length of the perturbed cell wall as a function of frequency and amplitude 

 Cell wall length (mm) 

Frequency (n) A=0.15 A=0.2 A=0.25 A=0.3 

1 5.296 5.304 5.315 5.328 

2 5.327 5.356 5.400 5.450 

3 5.379 5.450 5.539 5.645 

4 5.450 5.572 5.725 5.904 

 

The perturbations introduced to the traditional honeycomb struts cause an increase in 

the relative density of the unit cell. For a regular honeycomb with double thickness on 

vertical walls, equal horizontal and inclined struts with 𝜃𝜃 = 30, the relative density is 

[111], 
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𝜌𝜌∗

𝜌𝜌𝑠𝑠
=
𝑡𝑡
𝑙𝑙

8
3√3

 
                                                       (39) 

The goal is to estimate the relative density of a perturbed honeycomb, considering 

the geometrical parameters, frequency, and amplitude. The arclength method is 

employed initially to approximate the perturbed lengths, considering different 

frequencies and amplitudes. The final perturbed length is expressed as, 

𝑙𝑙𝑝𝑝 = 𝑛𝑛(0.0948 + 1(𝑙𝑙/𝑛𝑛) + 0.2068𝑎𝑎)                          (40) 

Using this perturbed length, the relative density of the perturbed honeycombs, for ℎ =

𝑙𝑙 and 𝜃𝜃 = 30, can be calculated to be, 

𝜌𝜌∗

𝜌𝜌𝑠𝑠
= �𝑡𝑡

𝑙𝑙
� �0.146 �𝑛𝑛

𝑙𝑙
� + 0.318 �𝑎𝑎𝑎𝑎

𝑙𝑙
� + 8

3√3
�                     (41) 

In the absence of any perturbations on the honeycomb (𝑛𝑛 = 0,𝑎𝑎 = 0), the relative 

density simplifies to the previously derived relative density of double-thickness 

honeycombs, as represented in Equation (38). Figure 12 shows the exact relative 

densities derived from the CAD models of the perturbed honeycombs against the 

approximated relative density shown in Equation (38). 

The differences between the estimated relative densities and the exact relative density 

are due to errors that occurred during the approximations of the sinusoidal curves. 

These curves were calculated using the arc length method, with the highest reported 

relative error being 3.64. As illustrated in Figure 12, the relative density demonstrates 

an upward trend as both the amplitude and frequency increase. However, the increase 

in frequency has a more significant impact on the relative density compared to the 

amplitude. The largest observed rise in relative density is 0.39%, which corresponds to 

a substantial 13.21% increase relative to the initial value. 
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Figure 12: Relative density as a function of frequency and amplitude 

  
6.1.2 Uniaxial in-plane and out-of-plane compression 

When a sandwich structure is subjected to low-velocity impact, its core is 

subjected to localized out-of-plane forces transmitted through its composite sheets. The 

location and size of the core area subjected to localized forces can vary significantly 

depending on the impacting subject size, location of impact, and properties of the 

composite sheet. Moreover, the number of cell walls sharing the localized load could 

vary considerably depending on the site and size of the impact area. To overcome the 

randomness associated with the localized loadings generated by low-velocity impact, 

four loading scenarios are considered. These scenarios are not exhaustive of all possible 

loading scenarios but give insights into out-of-plane loadings resulting from impact 

with objects of different sizes. The four out-of-plane loadings loading scenarios are 

shown in Figure 13.  

They represent very small (i.e., sub-cell) to moderate impact areas (i.e., multiple 

cells). The sub-cell category is represented by two scenarios: localized loading on one 

cell wall and three cell walls. The category with impacts spanning more than one cell 

is represented by two scenarios: localized loading on one cell and three entire cells. 

Enhancing honeycomb cores’ out-of-plane strength under the four loading scenarios 

ensures improving their strength under all other localized loading scenarios.  
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Figure 13: Impact scenarios analyzed, showing the portion of the core subjected to loading in each 

scenario 

  

 The finite element software ABAQUS is used to analyze the response of the 

perturbed honeycomb cores under the four localized loading scenarios. Riks solver is 

used as the cores are anticipated to fail due to elastic and plastic buckling modes. Riks 

solver allows capturing the post-buckling softening behavior and efficiently solves 

nonlinear problems. Finite element models representing the perturbed honeycomb cores 

have 8×8 cells. Their walls are discretized using 4 node shell elements with hourglass 

control and reduced integration (S4R). A finite element model is created for each of the 

16 perturbed conditions and one model for the parent honeycomb. Accordingly, the 

four loading scenarios are applied to 17 models. The cell walls of the 17 honeycombs 

are assumed to be made from 6061-T6 aluminum alloy. The Johnson-Cook model was 

used to describe the behavior of the aluminum alloy. Table 2 presents the used Johnson-

Cook model parameters [112], [113], [114]. 

  
Table 2: Johnson-Cook model parameters 

Material 𝝆𝝆 (kg/m3) E(MPa) µ A(MPa) B(MPa) n 

Al6061-

T6 

2700 72,600 0.33 324.1 113.18 0.42 
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The models assume a sandwich structure configuration, and therefore, they limit 

the lateral motion of the cores’ top and bottom edges. Accordingly, the translational 

and rotational degrees of freedom of the nodes at the cores’ bottom edges are fixed. In 

addition, the translational, except along the impact direction, and rotational degrees of 

freedom of the nodes at the cores’ top edges are fixed. A uniform distributed loading 

of 1 N.mm is applied on the top edges of the loaded cell walls. The boundary conditions 

are schematically represented in Figure 13. A linear buckling perturbation step is used 

before the Riks analysis step to determine the first 10 linear elastic eigenmodes. The 10 

modes are superposed on the walls to represent small manufacturing-induced 

imperfections. These small imperfections are needed to trigger buckling. The modes 

are scaled by 0.1% to keep the imperfections very small. Subsequently, a Riks analysis 

step with ABAQUS’s default settings is used to determine the cores nonlinear response. 

The two-step analysis, i.e., linear buckling followed by Riks, is widely used to analyze 

structures post-buckling or nonlinear collapse [115].  

The effect of the superposed periodic perturbations on the in-plane compressive 

behavior is also assessed to ensure that they do not result in adverse effects. The in-

plane behavior is investigated by subjecting a model comprising 8×8 perturbed 

honeycomb cells to a uniaxial compressive load, as seen in Figure 14. This particular 

number of cells is used as it results in cell size-independent behavior [92]. The core’s 

top and bottom sides are coupled to rigid surfaces to eliminate localized deformation at 

the loaded boundaries [63]. The rigid surface on one side is fully fixed, and the opposite 

rigid surface is prescribed a compressive displacement. The translating side is allowed 

only to move along the y-direction shown in Figure 14. Cell geometry, material, and 

element type are identical to those used in the out-of-plane models. Nonlinear analysis 

is performed on the models to determine the in-plane force-displacement response of 

the perturbed cores. 

Mesh sensitivity analysis is used to determine the element size needed to ensure 

mesh size independence. Analysis shows that the out-of-plane loading is the most 

sensitive to element size. An element size of 0.25 mm is found sufficient to ensure mesh 

size independence in the out-of-plane loading simulations. In comparison, an element 

size of 0.5 mm is found sufficient to ensure mesh size independence in the in-plane 

compressive loading simulations.  
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Figure 14: Schematics showing the in-plane compressive loading 

  

6.1.3 Pure bending and transverse shear loading 

FEA, with the aid of the commercially available finite element package 

ABAQUS Static General, was used to investigate the transverse shear and bending 

behavior of the modified honeycomb cores. The cores were modeled in a sandwich 

panel configuration. The model comprised a honeycomb core and two face sheets. The 

cores and the face sheets were made from the same constituent material, Aluminum 

6061-T6 with a Young's Modulus of 72 GPa and Poisson's ratio of 0.33. The panels 

were discretized by linear quadrilateral 4-node double-curved thick shell elements with 

hourglass-control. A mesh sensitivity analysis was conducted to ensure the accuracy of 

the developed mesh. It showed that an element size of 0.22 mm is sufficient to realize 

mesh-size independence.  

To analyze the effect of sinusoidal perturbations on the flexural response, an 8×8 

sandwich panel was subjected to pure moment loads. A nonlinear static solver was used. 

The left side of the panel was fully fixed (i.e., not allowed to rotate or translate in all 

directions), whereas on the other end, the panel was subjected to rotation. The loading 

scheme is shown in Figure 15. A rigid wall is imposed on the sides of the panel where 

boundary conditions were imposed. The rigid wall prevents local deformation at the 

loaded edges. 
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Figure 15: Boundary conditions applied to induce pure flexural loading 
 

The objective of the aforementioned loading, pure bending, is to characterize the 

bending stiffness as a function of frequency and amplitude. The finite element software 

calculated the moment applied at the right end to induce the imposed rotation. The 

applied moment was plotted against the imposed rotation, and the resulting plot was 

used to calculate the flexural stiffness of the modified lattice. 

To characterize the transverse shear response, a transverse displacement was 

applied on one end while the other end of the model was fully restrained. ABAQUS's 

nonlinear static solver was used to analyze the model. The side at which the transverse 

load is applied was restrained to move upward only. ABAQUS was used to compute 

the transverse force required to induce the imposed transverse displacement. The panel 

used in the model comprised 8×1 cells. A small number of cells is used across the load 

transfer direction to ensure that the loading mimics a short beam and to induce a loading 

scenario dominated by transverse stresses. The loading scenario is illustrated in Figure 

16. 

Two rigid plates were attached to the ends subjected to the transverse load 

boundary conditions. The plates minimize the localized deformation in the incomplete 

cells at the boundaries. The transverse force computed by ABAQUS and the transverse 

displacements imposed were plotted against each other and used to determine the 

transverse shear response of the perturbed lattices. In the simulations, 8 cells are used 

in flexure and transverse shear loading, as studies focusing on investigating the size 
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effects in cellular solids have shown that 8 cells are sufficient to represent the bulk 

behavior of honeycombs  [92]. As a result, an 8×8 panel was chosen for the pure 

bending simulations and an 8×1 panel for the transverse shear simulations. 

 

 

Figure 16: Transverse shear boundary loading conditions 

 

6.1.4 Three-point bending  

Numerical simulations utilized ABAQUS's explicit solver as it can automatically 

and effectively model the contacts between the rollers and the sandwich structure. To 

ensure convergence and reduce the computational cost, a finer mesh is applied at areas 

of contact and large deformation gradients. Based on mesh sensitivity analysis, it was 

determined that a 0.5 mm element size is required for areas subjected to impact or 

exhibiting large deformation gradients. In contrast, a 1mm element size is sufficient to 

model the rest of the beam. Four node shell elements (S4R) are used to model both the 

thin aluminum sheets and the walls of the honeycomb core. On the other hand, four-

node rigid elements (R3D4) are used to model the rollers.  

Although the sandwich structures' sheets and honeycomb core are assumed to be 

made from the same aluminum alloy, experimental evidence shows that they might 

exhibit different mechanical properties [116]. The latter relates to the different 
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manufacturing technologies used to fabricate each of them. An experimental 

assessment of a sandwich structure whose sheets and traditional honeycomb core are 

made from AL5052 showed a difference between the properties exhibited by the sheets 

and those of the core [116]. Table 3 shows the material properties in which the sheets 

exhibited an elastic-perfect plastic response. On the other hand, the core material 

exhibited a hardening plastic response that can be described by the Johnson-Cook 

model. Material properties shown in Table 3 are used to model the sheets and the walls 

of the perturbed cores in this work. The material properties for the three-point bending 

test for the sinusoidal honeycomb core are different than those used in the uniaxial 

compression, bending, and shear tests, which ensure that the model is validated with 

experimental results.  

To simplify the modeling process, the sheets are assumed to be perfectly bonded 

to the core. Thus, the finite element model does not consider the adhesive layer that 

typically bonds the sheets to the core. This assumption might not be accurate at very 

large deformations or in situations involving large cyclic loading. However, under 3-

point bend loading, the load under the loading roller is compressive, and debonding 

between the sheets and core is not usually observed in experiments [116]. Thus, 

modeling the adhesive sheet is not required, and the sheets can be considered fully 

bonded to the core. Adding on, the aluminum core and sheets are assumed to have 

isotropic material properties, and the perturbed waves are assumed not to have any 

imperfections, which could be a result of the manufacturing process. 

Table 3: Three-point bending material properties 

Material ρ(kg/m3) E(MPa) µ A(MPa) B(MPa) n m 

Al5052-

Core 

2680 73,000 0.33 148 345 0.18 0.859 

    Yield Strength (MPa) 

Al5052-

Sheets 

2680 53,500 0.33 114 - - - 

 

The interactions between the rollers and the sheets of the sandwich structure are 

modeled using surface-to-surface interactions, which assumes the friction coefficient 

between the rollers and sheets to be 0.2. The boundary conditions used to simulate the 
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3-point bend test are shown in Figure 17. The two lower rollers are constrained in all 

directions, while the top roller is allowed to move along the vertical direction only.  

 

 

Figure 17: Three-point bending boundary conditions 

  

A displacement rate of 50mm/s is applied on the top roller to load the sandwich 

structure. This rate is used in this work as it was used to load sandwich structures similar 

to the ones used in this work but with traditional cores [116]. Having a benchmark 

allows for evaluating the effect of applying perturbations to the cores of sandwich 

structures.  

6.1.5 Validation of the finite element models 

The ability of the finite element models to capture the honeycomb cores’ behavior 

under out-of-plane loading conditions is verified by comparing the buckling strength 

determined using finite element models with that obtained analytically [49] for the 

parent unperturbed honeycomb. The comparison, shown in Figure 18a, demonstrates 

the excellent agreement between the finite element and analytical results, underscoring 

the accuracy of the finite element models. The finite element results employed in the 

comparison correspond to the third loading condition, namely the loading of a single 

cell.  

This loading closely aligns with the implicit assumptions incorporated into the 

analytical model, which was derived using a hexagonal unit cell. Similarly, the accuracy 

of the in-plane finite element models is verified by modeling an aluminum honeycomb 

characterized experimentally in the literature [117]. Figure 18b compares the finite 

element predicted response with the experimental results and demonstrates their 
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excellent agreement. The finite element models used in the comparison utilized the cell 

size and material properties of the honeycomb core used in the experiments [117].  

 

 
 

 

Figure 18: Validation of the out-of-plane and in-plane finite element models, showing a) a comparison 
between the finite element predicted buckling strength and the analytical one [50] and b) a comparison 

between the finite element predicted compressive stress-strain response and the experimentally 
determined [117] 

 

6.2 Application of Metallic Coating on Metallic Foams 

This work will utilize finite element analysis (FEA) and representative unit cell 

approach to analyze the behavior of hybrid coated open-cell foams with a wide range 

of porosities. The commercial finite element software ABAQUS is used throughout this 

work as it proved effective in modeling the response of cellular solids in general (e.g., 

[63], [118]). ABAQUS has a rich library of elements and constitutive models that 

allows it to model the physical behavior (i.e., elastic and plastic deformations as well 

as heat conduction) considered in this study effectively. The following details the 

process used to create and analyze the foam models. 

Additionally, experimental tests were conducted on functionally copper-coated 

aluminum foams. The porosities, pore size, and cell thickness are no longer studied in 

the experimental part; instead, the electrodeposition time is varied to achieve a 

functionally graded coating thickness. Characterization techniques, including  SEM and 

energy-dispersive X-ray Spectroscopy (EDS), are used to gain a comprehensive 

understanding of the morphological features of the coated and uncoated samples. 

Additionally, the Vickers Hardness test is conducted on the uncoated samples to assess 

the microhardness of the cell walls. Quasi-static compression tests are conducted on the 

coated and uncoated samples to determine the effectiveness of the copper coating. This 
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is done by evaluating Young’s modulus, plateau stress, densification strain, and energy 

absorption capabilities. 

6.2.1 Finite element modeling Voronoi foam structures 

Voronoi tessellations are used in this work to represent the geometry of open-cell 

foams as they can effectively represent the underlying physical processes (i.e., 

nucleation, growth, and coalescence of gas bubbles) driving the formation of the inner 

structure of open-cell foams during casting [119]. Voronoi tessellations have been 

frequently used to represent open-cell foams [63], particularly in conjunction with FEA, 

as they can capture the stochastic and geometric features of open-cell foams accurately. 

Generating the Voronoi-based geometry is performed using the commercial software 

nTopology from nTopology, NY. To create the Voronoi-based geometry, seed points 

are created first. An average limiting distance of 3 mm is enforced between the nearest 

neighbors. This distance represents the average spacing between two adjacent 

nucleation points and represents the average cell size in the final Voronoi structure. An 

average spacing of 3 mm is chosen as many commercially available open-cell 

aluminum foams have an average cell size of about 3 mm [120], [121]. Upon creating 

the seed points, the nToplogy software creates the Voronoi tessellation automatically. 

The resulting Voronoi geometry is represented by lines, as seen in Figure 19. These 

lines are subsequently assigned thickness and converted to solid struts. The thickness 

assigned is calculated based on the desired porosity, which is defined as the ratio of the 

volume of the porous phase to the volume of the cube occupied by the solid phase. 

 Figure 19 shows the process of generating a Voronoi open-cell foam representing 

a sample: creating seed points, generating Voronoi tessellation (line representation), 

and assigning thickness to the lines. The size of Voronoi-based samples, such as the 

one shown in Figure 19, should be selected carefully to ensure that the behavior of the 

Voronoi sample is representative of that of an infinitely large sample. When this 

condition is satisfied, the Voronoi sample can be referred to as a representative volume 

element. For the condition to be satisfied, the Voronoi sample should include enough 

cells to eliminate free boundary effects and obtain size-independent results. Using 

representative cells is important as large Voronoi samples can be computationally 

prohibitively expensive. 
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Figure 19: The process of creating a Voronoi tessellation, showing seed points (left), Voronoi line 
representation (middle), and final Voronoi tessellation with solid ligaments (right) 

  

According to the literature, using a cubic sample with a cube length-to-cell size 

ratio of 8 is sufficient to realize size-independent elastic and yield behaviors for 

Voronoi-based foams and open-cell foams [121]. As an additional verification measure, 

the effect of sample size on their stiffness was investigated in this work. Accordingly, 

cubic Voronoi foam samples with sizes that translate to length (a) to average cell size 

(d) ratios of 4, 6, 8, 10, 12, and 14 were modeled, and their elastic modulus was 

determined. These samples, which used aluminum as a constituent material and did not 

include a coating, had an average cell size of 3 mm, a porosity of 80%, and accounted 

for the effect of randomness during nucleation. For the latter, at each a/d ratio, 4 samples 

were created.  

Each had its random seed points and thus Voronoi geometry. The elastic moduli 

of the Voronoi samples with different a/d ratios are shown in Figure 20. Error bars in 

Figure 20 represent the effect of the randomness of seed points. Error bars represent the 

deviation of the maximum and minimum obtained moduli from the mean at a given a/d 

ratio. Results in Figure 20, particularly when considering the spread represented by 

error bars, confirm that an a/d ratio of 8 is sufficient to realize relatively size-

independent behavior. 

The abovementioned approach for creating Voronoi foams is used to create 

Voronoi samples with 5 relative densities (20%, 15%, 10%, 7%, 4%). Multiple 

porosities are considered to investigate the effect of porosity on the response of the 

hybrid copper-coated aluminum foams. 
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Figure 20: Effect of cell size and seed point randomness on the elastic modulus 

 

The same seed points are used to create the Voronoi samples with different 

porosities to eliminate randomness effects. Created Voronoi foam samples have an 

average cell size (d) of 3 mm and a cubic length (a) of 24 mm, thus satisfying the 

condition of a/d=8 

6.2.2 Finite element modeling – static tests 

The solid struts of the Voronoi foam samples are meshed using tetrahedral 4-node 

linear elements. Voronoi foam samples are converted to hybrid copper-coated foams 

by adding a shell-element-based coating layer, as shown in Figure 21. This layer is 

created using ABAQUS’s shell offset mesh tool command which creates a layer of shell 

element on the outer surfaces of solid features. Shell elements representing the coatings 

are assumed to be fully bonded to the tetrahedral elements representing the aluminum 

substrate underneath them. Triangular 3-node linear elements are used to model the 

shell-elements-based coatings. 

 



61 
 

 

Figure 21: Copper coated Voronoi foam and the final deformed shape 

 

Modeled hybrid-coated foams are comprised of a copper coating and an 

aluminum open-foam substrate. The Johnson-Cook model is used to represent the 

plastic behavior of the copper and aluminum phases. The material properties of copper 

and aluminum used in the models are listed in Table 4 [122]. 

A linear static coupled temperature-displacement analysis is used to determine 

the thermal conductivity of the unit cell samples. On the other hand, a non-linear static 

analysis is used to determine the sample’s elastic modulus and yield strength. A 

schematic illustrating the loading conditions used is shown in Figure 22. 

Table 4: Properties of copper and aluminum used in FEA models 

Material 𝛒𝛒(kg/mm3) E(MPa) 𝛍𝛍 Tm (K) A B n M k(W/mK) 

Al 2.70 ∗ 10−6 72,000 0.33 893.15 148 345 0.18

3 

0.85

9 

237.2 

Cu 8.96 ∗ 10−6 124,000 0.34 135 6 90 292 0.31 1.09 386 

 

To determine the heat conductivity of a particular sample, its top and bottom 

surfaces were subjected to the temperatures of 400 K and 273 K, respectively. 

Subsequently, the heat flux (q) at both the top and bottom surfaces is computed using 
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the finite element software. The heat flux (q) is used in conjunction with Fourier law 

𝑞𝑞 = −𝑘𝑘𝑘𝑘𝑘𝑘/𝐿𝐿 to compute the effective heat conduction coefficient (k).  

Here, 𝛥𝛥T is the temperature difference across the specimen boundaries, and L is 

the specimen length. The lateral faces of the samples are assumed to be insulated to 

render the problem at the homogenous level one dimensional. To determine the elastic 

modulus and yield strength, a displacement (along the y-axis) of 0.5 mm is prescribed 

to the nodes situated on the sample’s top surface, while the nodes on its bottom 

boundary are constrained (i.e., their y-direction displacement is fixed).  

The lateral surfaces of the foam sample are assumed to be traction-free. The 

reaction forces at the top boundary are computed using ABAQUS and used to calculate 

the nominal stress, while the displacement of the top nodes is used to compute the 

nominal strain. Subsequently, the nominal stress-strain curves are plotted and used to 

determine the sample modulus (slope of the linear phase) and yield strength (using the 

0.2% offset). 

A mesh sensitivity analysis was performed to ensure that the results were mesh 

size independent. This analysis was performed on non-coated Voronoi foam samples 

with 15% relative density. The mesh size was characterized using the average element 

length (l) to strut diameter (𝜙𝜙) ratio. Multiple l/𝜙𝜙 ratios were considered, namely 1.48, 

2.52, 3.6, and 5.04. The change in the elastic, yield, and effective heat conduction 

coefficient obtained using the 𝑙𝑙/𝜙𝜙 ratio of 5.04 are within 0.5% of their counterparts 

obtained using the 𝑙𝑙/𝜙𝜙 ratio of 3.6. Thus, an average element size to strut diameter of 

approximately 5 is used throughout this work. 
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Figure 22: Uni-axial compression and temperature boundary conditions applied 

 

6.2.3 Finite element modeling – dynamic tests 

Models of open-cell foams were generated using Voronoi tessellations. The 

analyzed foam was assumed to have a relative density of 0.15 (85% Porosity) and a 

pore size of 3 mm. These properties are chosen as they are consistent with the properties 

of the commercially available ALPORAS aluminum open-cell foams, similar to those 

in Sections 6.2.2 and 6.2.4. The Voronoi tessellations that were used in this study follow 

a similar process of modeling to that in Section 6.2.1.  

The Voronoi-based foam model occupied a cubic volume with a side length of 24 

mm. The cube dimensions are chosen to be big enough to represent the bulk behavior 

of the foam yet to be small enough to reduce the computational cost of the dynamic 

analysis. For a model to represent the bulk behavior of its parent foam, it has to include 

enough number of cells. This condition can be satisfied if the cube length to cell size 

ratio is 8 or higher, as illustrated in Figure 20.  

The size of the models in this work is consistent with the latter ratio. The cell 

walls of the open-foam model were assumed to be made of aluminum. The metallic 

coating applied on the aluminum cell was  assumed to be made of copper. The applied 

coatings had a range of thicknesses, namely 30 µm, 50 µm and 100 µm. The material 

properties of the aluminum and copper used in the models are shown in Table 4.  
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The plastic deformation of both aluminum and copper was modeled using 

Johnson Cooke’s model with the constants defined in Table 4. Contact between cell 

walls was modeled to capture densification upon the collapse of cell walls. The explicit 

ABAQUS solver is used as it is very efficient in detecting and resolving surface 

contacts in problems involving large deformations. The metallic coating was modeled 

using S3R shell elements, while the foam’s cell wall was modeled using C3D4 linear 

tetrahedral elements. The shell elements were assumed to be fully bonded to the 

tetrahedral elements of the cell walls.  

Upon conducting mesh sensitivity analysis, it was found that using a total of 

533,145 C3D4 Linear tetrahedral elements and 198,512 S3R linear triangular shell 

elements allows for realizing a mesh-independent solution. The high number of 

elements used increased the computational cost but was needed to ensure the accuracy 

of the results. To model wall to wall contact interaction, the dynamic explicit general 

contact interaction algorithm was used. Accordingly, a contact property was imposed 

on all cell walls.  

The interaction property assumed interacting surfaces to have frictionless 

tangential behavior. In addition, it assumed that the normal behavior between 

interacting surfaces was to follow the hard contact option in ABAQUS.  

Low impact velocity was imposed on the model by applying a vertical velocity 

of 5 m/s for 0.005 seconds to its top surface. This loading condition is equivalent to a 

strain rate of 200 s−1. The vertical displacements at the bottom surface of the model 

were constrained. A schematic representation of the model and the imposed boundary 

conditions is shown in Figure 23. 

 

 

Figure 23: A schematic representation of the open-cell foam, loading, and boundary conditions used in 
the finite element models 
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6.2.4 Uniaxial compression testing – functionally graded samples 

Open-cell aluminum foams were subjected to varying durations of 

electrodeposition to achieve different levels of coating thickness. The aluminum foams 

used in this study, sourced from Duocel® by ERG Material, exhibited an average 

porosity of 90% with a Pores Per Inch (PPI) of 10 and were composed of base material 

Al6101 T6. The geometric and material properties of the samples are outlined in this 

section. Figure 24 shows the workflow that has been adopted in this study.  

Electrodeposition was utilized to attain the desired coating thicknesses, followed 

by various characterization techniques. SEM was utilized for profiling the coating 

thickness along the length of the foam samples, and Vickers Hardness testing was 

conducted on the uncoated samples to assess the microhardness of the aluminum cell 

walls, which was then compared to the bulk hardness of the aluminum reported in the 

literature. Additionally, EDS was used to determine the compositional distribution of 

the aluminum foam. Electrodeposition was carried out on three samples for different 

durations— 3600 s, 5000 s, and 9000 s. To ensure consistency and repeatability, each 

sample was replicated four times, resulting in a total of 12 coated and 4 uncoated 

samples. These samples were subjected to quasi-static compression testing to evaluate 

their elastic modulus, plateau stress, and energy absorption capabilities.  

 

 

Figure 24: Static experimental tests on aluminum foam workflow 
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6.2.4.1 Aluminum foam properties 

A total of 16 samples were utilized in this study, each with slight variation in the 

geometrical properties due to the stochastic nature of the foam structure. Depending on 

the electrodeposition time, the added weight of copper varied for each sample. Table 5 

shows the geometrical properties of all the samples that were tested. 

The electrodeposition time was varied across 12 samples, which resulted in an 

increase in the coating thickness for the samples with higher electrodeposition time. 

Depending on the stochastic nature of the foam samples, the average coating thickness 

on the surface varied. Additionally, the slight variation in the surface area within each 

sample results in a difference in the added copper weight within the samples. 

6.2.4.2 Coating technique 

The coated samples were prepared with the aid of electrodeposition, specifically 

following the procedure designed by Wang et al. [15]. Initially, the foam specimens 

were subjected to a pre-treatment process in which the samples were rinsed with ethanol 

and deionized water in an ultrasonic cleaner for a total of 10 minutes. This is done to 

remove any contaminants and ensure a clean surface that is more effective in 

electrodeposition. This step is essential for ensuring a uniform coating layer and 

enhancing the adhesion of copper to the aluminum substrate. The specimens were 

subjected to electrodeposition using a 0.5 M solution of copper sulfate (CuSO4) in 250 

ml solution.  

The molarity of the copper sulfate was carefully determined through an iterative 

process to optimize the uniformity of the coating, coating adhesion, and effective 

deposition time. Throughout the deposition process, the electrolyte, anode, and cathode 

were maintained at a temperature of 65°C, and a magnetic stirrer was used in the 

solution at 180 rpm to minimize electrolyte concentration gradients. The 

electrodeposition process was carried out at approximately 0.3 mA/cm2 current density. 

The schematic and setup of this process are shown in Figure 25. 
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Table 5: Geometric properties of samples 

Sample Electroplating 

Time(s) 

Avg Coating 

Thickness 

(Surface)(𝝁𝝁m) 

Mass before 

plating (g) 

Mass after 

plating (g) 

Dimensions (length x 

width x height) 

Al-F1 0 0 0.4176 - 12.02x11.95x14.67 

Al-F2 0 0 0.4362 - 12.06x12.01x15.05 

Al-F3 0 0 0.4082 - 12.16x12.12x14.30 

Al/Cu-

F1(3600S) 

3600 37.36 0.4297 0.7386 12.21x12x15.35 

Al/Cu-

F2(3600S) 

3600 39.28 0.4426 0.7832 12.24x12.02x16.25 

Al/Cu-

F3(3600S) 

3600 39.01 0.4073 0.7182 12.26x12.15x14.55 

Al/Cu-

F4(3600S) 

3600 38.72 0.4321 0.7821 12.39x12.05x15.60 

Al/Cu-

F1(5000S) 

5000 55.09 0.4178 0.8542 13.33x12.16x16.25 

Al/Cu-

F2(5000S) 

5000 51.88 0.4081 0.8663 12.42x12.02x16.49 

Al/Cu-

F3(5000S) 

5000 48.9 0.4356 0.8542 11.95x12.18x15.50 

Al/Cu-

F4(5000S) 

5000 53.04 0.4240 0.8240 12.21x12.12x14.69 

Al/Cu-

F1(9000S) 

9000 59.88 0.4070 1.1053 12.47x12.25x14.92 

Al/Cu-

F2(9000S) 

9000 66.28 0.3996 1.059 12.36x12.46x14.51 

Al/Cu-

F3(9000S) 

9000 64.08 0.4391 0.9962 12.20x12.12x14.82 

Al/Cu-

F4(9000S) 

9000 62.57 0.4331 1.029 12.21x12.12x14.51 
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Figure 25: Electrodeposition schematic 

 

For the anode setup, a pure 99% copper plate was attached to a copper wire that 

was tied to the counter electrode, ensuring high purity of the deposited copper ions. The 

aluminum foam sample was connected to a copper wire, which was linked to the 

working electrode with a copper wire. To maintain consistency in the coating results, 

the distance between the cathode and anode was fixed at 25 mm for all samples. The 

final samples coated samples, one from each electrodeposition time, and the uncoated 

samples are shown in Figure 26. It is evident from the color of the samples that there is 

a variation in the coating thickness, which is due to the variation in the electrodeposition 

time. 

 

Figure 26: Samples from each coated and uncoated specimen 

 

Post-electrodeposition, the samples were rinsed with ionized water to remove any 

residual electrolyte, thereby preventing contamination and ensuring the integrity of the 
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copper coating. The rinsing is essential for maintaining the purity and quality of the 

coated surfaces, leading to a consistent experimental result. 

6.2.4.3 SEM and EDS 

SEM was utilized to characterize the coated and uncoated samples. For the coated 

samples, the surface was polished to expose the contact area between the coating and 

the substrate. During the electrodeposition process, the distribution of the coating 

thickness across the thickness of a foam structure inherently exhibits non-uniformity 

due to the limitations in the current distribution and electrolyte accessibility within the 

porous medium. At the surface of the foam, where the coating thickness was recorded 

and tabulated in Table 5, the coating thickness tends to be the highest because this area 

is mostly directly exposed to the electrolyte and receives the greatest density of the 

electrical current flow. The ions in the electrolyte have unimpeded access to the surface, 

which allows for a more concentrated and uniform deposition of the coating material. 

Figure 27 shows a wide channel image of coated and uncoated samples. 

 

(a)

 

(b) 

 
Figure 27: SEM wide channel images of (a) uncoated Al F3 (b) Al/Cu F2 (5000s) 

  

From the uncoated sample, it is evident that the strut thickness is much smaller 

than the coated sample. Additionally, there are little variations in the pore sizes, 
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showcasing a homogeneous distribution, which indicates a controlled foaming process 

despite the stochastic nature of the foam structure. The coated sample shown in Figure 

27b shows the uniformity of the coating layer on the struts. Looking deeper into the 

thickness from the taken image, the coating thickness starts to diminish slowly, which 

will be shown in further detail in other SEM images. To capture the pore sizes and the 

strut thicknesses, an SEM image was taken for the uncoated sample, see Figure 28. 

As shown in Figure 28, the uncoated samples have a strut thickness of 200 𝜇𝜇m, 

which is consistent across all uncoated samples. Examining the surface morphology of 

the sample, it is evident that there are various defects within the struts, highlighted 

within the red circles. Such irregularities and other possible cracks within the struts can 

directly affect the material properties. The presence of defects within the struts can also 

influence the coating process. For instance, pores such as the ones highlighted in red 

can lead to an uneven distribution of the coating thickness, thereby compromising the 

mechanical properties of the aluminum foam. 

 

 

Figure 28: Strut thickness and defects in Al F3 

  

Additionally, if these defects are not adequately covered, it could lead to weak 

points within the strut, which could lead to localized buckling and global reduction in 
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the stiffness of the sample. Evidently, as shown in Figure 29, such defects can also lead 

to potential adhesion problems. 

The presence of defects in the substrate has led to adhesion problems in the copper 

coating that was applied, which potentially led to the peeling of the coated layer, 

thereby reducing the effectiveness and durability of the sample. 

Each sample was sectioned four times to assess the variations in coating thickness 

throughout its depth. Images were captured at specific depths of 0mm, 2mm, 6mm, and 

10mm within the average sample height of 14 mm. This methodical slicing and imaging 

at progressive intervals enabled a deeper understanding of how the coating thickness 

changes from the surface to the interior. Detailed thickness profiling helps in 

understanding the uniformity and penetration of the coating process, which is crucial 

for evaluating the coating's effectiveness and consistency. The thickness profiling for 

the lowest electrodeposition samples is shown in Figure 30. At 0 mm, surface coating, 

the coating thickness varies at the edges of the sample when compared to the middle of 

the sample. Evidently, in the middle of the sample at 0mm, the coating thickness is 

shown to be uniform along the struts at 39.12 𝜇𝜇m, whereas on the surface, the coating 

is higher at an average of 57.83 𝜇𝜇m. 

 

 

Figure 29: Peeled copper coated layer in Al F1 

After a deeper look into the foam structure, it is evident that the accessibility of 

the electrolyte diminishes, and the path of electric current becomes increasingly 
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obscured by the already deposited material. The case of diminishing coating thickness, 

thereby achieving a functionally graded coating through electrodeposition, is evident 

across all samples with different electrodeposition times. 

 

Section(mm) Middle Surface 

0 

  
2 

  
Figure 30: Thickness profiling through SEM images of 3600s Al/Cu specimen 
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6 

  
10 

  
 

Figure 30: Thickness profiling through SEM images of 3600s Al/Cu specimen (continued) 

 

EDS was used to determine the compositional distribution of the coated and 

uncoated samples. The highest coated sample was used to showcase the distribution of 

the copper content in the samples. Figure 31 shows the elemental compositional 

distribution of Al/Cu F4 that was electrodeposited for 9000 s. 

The EDS shows the elemental distribution by showing the characteristics of the 

X-ray peaks that the elements present. The x-axis shows the energy of the detected X-

rays, measured in kiloelectron volts (keV), where each element has a characteristic peak 

at a specific energy. The y-axis shows the counts per second per electron volt. The 

intensity of the detected X-rays is recorded, which is proportional to the amount of each 

element that is present in the sample. Specifically, for this sample, the highest peak was 
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recorded to be 1.5 keV, which signifies the high presence of aluminum in the foam 

sample.  

 

 

Figure 31: EDS map spectrum showing the elemental distribution of Al/Cu F4 - 9000s 

  

This is justified as the substrate of the foam sample is aluminum. The second-

highest peak, observed at around 0.9 keV and 8 keV, shows the presence of the copper 

coating in the sample. Smaller peaks are also evident in the compositional distribution 

where 0.5 keV of Oxygen indicates the presence of surface oxidation or defects. 

Additionally, there is also a small of around 0.15keV, indicating a minor presence of 

chlorine, suggesting that there remains small containments or residues from the coating 

process as the presence of the acid in the electrolyte can remain within the sample after 

the electrodeposition process is done. The legend in the figure shows the weight 

percentages and the standard deviations of each of the elements. It is evident that the 

highest element is the substrate element, aluminum, at 55.2%. Copper is the second 

highest weighted percentage, measured at 32.5%, which is a result of a total of 9000 s. 

The rest of the distribution is 10.9% oxygen and 1.4% chlorine. Similarly, this was done 

for the rest of the samples, and the elemental distribution for elements higher than 1% 

is recorded and shown in Table 6. 
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Table 6: Elemental distribution of coated samples with EDS 

 Elements 

Sample Aluminium (Al) Copper (Cu) Oxygen (O) Chlorine (Cl) 

Al Foam 93.7% 0% 6.3% 0% 

Al/Cu Foam 

3600s 

78% 12.8% 8.6% 0.6% 

Al/Cu Foam 

5000s 

66.6% 23.1% 9.5% 0.8% 

Al/Cu Foam 

9000s 

56.7% 31.8% 10.3% 1.2% 

The results are averaged over the different types of samples (coated and 

uncoated), with each of the electrodeposition times. The high electrodeposition time 

results in higher oxygen and chlorine distribution within the sample, as the presence of 

the sample for higher times in the electrolyte results in higher chlorine elements residue 

within the sample. Adding on, the electrodeposition time is directly proportional to the 

coating thickness and percentage of added copper, as evidenced by both the SEM and 

EDS. To further show the distribution of copper content on the aluminum substrate, 

showcasing the uniformity of the coating, the SEM image is captured and analyzed by 

EDS to show the elemental distribution on the cross-section of a strut. Figure 32  shows 

the cross-sectional SEM image of a strut from Al/Cu 5000s F3 that was subjected to 

EDS analysis to show the elemental distribution.  

The SEM and EDS images effectively illustrate the elemental distribution on the 

surface of a copper-coated aluminum foam. The EDS layered image combines the 

distributions of aluminum (red), copper (blue/cyan), and oxygen (green) with an 

electron image (gray) showing the overall morphology. The copper coating forms a 

relatively uniform layer over the aluminum substrate, prominently visible in the middle 

region of the image. The underlying aluminum is primarily located in the lower part of 

the image, where the copper layer is absent or thinner. 

Oxygen is concentrated around defects and edges of the copper coating, 

indicating regions more susceptible to oxidation due to exposure. These defects appear 

as irregularities or discontinuities in the copper layer, where the protective coating is 

compromised, allowing oxidation to occur. The presence of oxygen around these 
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defects suggests the formation of oxides, likely aluminum oxide or copper oxide, at 

these sites.  

 

 

Figure 32: SEM and EDS images of Al/Cu F4 - 5000s 

  

6.2.4.4 Vickers hardness 

The Vickers Hardness test is used to evaluate the mechanical properties of the 

foam's base material, particularly due to its capability to measure the microhardness of 

the base material. Inhomogeneities in the cell walls, defects, and micro-cracks can 

significantly affect the material’s ability to bear loads and resist deformation. Applying 

Vicker’s hardness test, the hardness number is obtained by calculating the indented 

surface area, which can reveal the influence of these defects on the foam. Figure 33 

shows the hardness test that was conducted on the uncoated aluminum sample. The 

process involves pressing a diamond pyramid indenter with a square base and an angle 

of 136° between the opposite faces on the surface of the material under 1.96 N. The 

indenter is typically held in place for a predetermined amount of time, after which the 

load is removed, and the impression left by the indenter is measured. 
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Figure 33: Vickers Hardness mounted sample setup 

 
A smooth and clean surface should be maintained when applying the Vickers test 

to an aluminum foam, as surface roughness and contamination can affect test results. 

The aluminum foam was mounted in a resin mold to stabilize the specimen. The foam 

was embedded in a resin matrix, providing a supportive backdrop that prevents the 

material from deforming or breaking under pressure, as shown in Figure 33. A total of 

eight indentations were taken, one of which is shown in Figure 34.  

The hardness number was calculated by, 

                                                       

𝐻𝐻𝐻𝐻 =
2𝐹𝐹 sin (𝜃𝜃2)

𝑑𝑑2
 

 

                                                                                                                

 

         (42) 

where F is the applied load in kilograms-force (kgf), 𝜃𝜃 is the angle between the opposite 

faces of the diamond pyramid (136° for Vickers), and d is the average length of the 

diagonals of the indentations. The average hardness number across all eight 

indentations was computed as 24.5. The average hardness number of Al6101 T6 is 

approximately 107 [123]. 

The low hardness value indicates a high concentration of defects within the struts, 

suggesting a reduction in the material’s overall yield stress. This reduction occurs 

because defects act as stress concentrators, facilitating the initiation and propagation of 
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micro-cracks under stress, thereby leading to the early onset of yielding on a global 

level. 

 

 

Figure 34: Vickers Hardness test on Al sample 

  
Additionally, the low hardness number is not only a result of the defects but also of the 

small dimensions of the struts, which influence the material properties. The reduced 

dimensions can lead to size-dependent characteristics, where thinner struts exhibit 

lower mechanical properties compared to thicker ones due to surface effects and 

microstructural constraints [87]. 

6.2.4.5 Quasi-static compression  

Both coated and uncoated aluminum foam samples were tested using quasi-static 

compression to determine their mechanical properties, namely their Young's modulus, 

plateau stress, and densification strain. The measured properties are used to assess the 

effect of the coatings. The quasi-static compression tests were conducted at a constant 

rate of 2 mm/min. 

Force-displacement plots were recorded from the compression tests and 

converted to stress-strain curves. Loaded surfaces of all samples were polished before 

performing the compression tests. This process ensured the removal of any surface 

irregularities that might produce unnecessary noise, specifically at the start of the 

loading process. Surface imperfections can lead to misleading high initial stiffness 

measurements by causing an uneven distribution of the applied load. By polishing the 
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surfaces, the contact between the testing machine and the sample is ensured to be 

uniform, thereby minimizing the external variables that can affect the accuracy of the 

test results. From the stress-strain curves, Young’s modulus and plateau stress were 

calculated. The plateau stress is determined at the point where the stress remains 

approximately equal while the strain is increasing. The densification strain is calculated 

at which point the plateau stress no longer remains relatively constant, specifically 

when it exceeds 100% of the initial onset of yielding that was recorded after the linear 

elastic phase. The densification strain can also be determined when the pores of the 

foam collapse completely. The energy absorption is calculated during the plateau phase 

(30-70% strain) and is compared to the energy absorbed during the last portion of the 

plateau phase (50-70% strain). The latter assists in evaluating the effectiveness of the 

coating at different stages of deformation. 
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Chapter 7: Results and Discussion 
7.1 Results: Application of Metallic Coating on Metallic Foams 

7.1.1 Numerical simulations on uniformly graded copper-coated 
aluminum foams – static and thermal 

The computational methodology discussed above is used to obtain the effective 

elastic modulus, yield strength, and thermal conductivity of 20 hybrid copper-coated 

aluminum foam models. The models were generated by coating aluminum foams 

having 5 different relative densities (20%, 15%, 10%, 7%, 4%) using 4 coating 

configurations (no coating, 30 µm, 50 µm, and 100 µm thick copper coatings). The 

elastic and thermal properties of the aluminum and copper used in the models are listed 

in Table 4. Obtained elastic, yield, and thermal conductivity results are shown and 

discussed in the following. 

7.1.1.1 Effective elastic, yield, and thermal conductivity experimental results  

The effective elastic modulus of the hybrid foam models corresponding to aluminum 

foam substrates with the relative densities of 20%, 15%, 10%, 7%, and 4% are shown 

in Figure 35. The axis of abscissas in Figure 35 uses the relative density of the substrate 

aluminum foam (uncoated foam) to simplify the comparison. However, it should be 

noted that the relative density of the hybrid foams would be different (i.e., higher) than 

that of their aluminum substrate foam. 

 

 

Figure 35: Effective elastic modulus of hybrid copper-coated foams, showing the effect of coating 
aluminum foam substrates having relative densities of 4, 7, 10, 15, and 20% with 30, 50, and 100 µm 

thick copper coatings 
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A strong positive correlation can be seen in Figure 35 between coating thickness 

and the stiffness of the hybrid foams, demonstrating the potential for increasing the 

stiffness of aluminum foams by coating them. The results show that the stiffness of 

copper-coated aluminum foams is more than two times that of uncoated aluminum 

foams in some cases. However, data in Figure 35 shows that the effectiveness of the 

applied coatings in increasing the stiffness of the hybrid foams is higher at lower 

relative densities. For instance, the stiffness of the hybrid foam with 30 µm thick 

coating is 47% and 23% higher than that of its aluminum substrate foam at 4% and 20% 

relative densities, respectively.  

Similarly, the stiffness of the hybrid foam with 100 µm thick coating is 138% and 

60% higher than that of its aluminum substrate foam at 4% and 20% relative densities, 

respectively. Coatings are more effective at lower relative densities as the surface area-

to-volume ratio, which mathematically correlates with the reciprocal of the ligament’s 

diameter, of the cylindrical ligaments comprising the substrate aluminum foam is 

higher at lower relative densities. Thus, the contribution of coatings to the overall 

stiffness response is higher at lower relative densities. With respect to coating thickness, 

thicker coatings result in higher stiffness values. For instance, at 4% and 20% relative 

densities, the increase in stiffness due to applying the 100 µm coating, as compared to 

the without coating case, is 2.93 and 2.52 times that caused by the 30 µm coating, 

respectively.  

These results demonstrate that applying a coating, which is not difficult for metals 

and can be realized through simple electro-deposition processes, can potentially be used 

to tailor the elastic modulus of commercially available aluminum or metallic foams in 

general. This, in principle, agrees with the conclusions drawn in the literature [82], [90]. 

However, following this path to tailor the properties of aluminum foams involves a 

downside that cannot be ignored. Adding copper coatings or metallic coatings, in 

general, increases the overall weight and relative density of hybrid-coated foams. For 

instance, in the analyzed models, applying the 30 µm coating to the aluminum foams 

with relative densities of 4% and 20% increased their weight by 66% and 30%, 

respectively. On the other hand, applying the 100 µm coating to the aluminum foams 

with relative densities of 4% and 20% increased their weight by 221% and 99%, 

respectively. Evidently, the increase in weight and relative density associated with 

applying coatings is significant and should be considered in the design process of coated 

hybrid foams. If the open-cell foam was coated with an additional aluminum layer 



82 
 

instead of the applied copper coating, the enhancement in Young’s Modulus would 

remain evident as the additional layer enhances the stiffness. However, the Young’s 

Modulus of copper as a constituent material, as modeled from the properties shown in 

Table 4, is 1.72 times higher than that of aluminum, which suggests a higher 

enhancement in the stiffness of the open-cell foam at the expense of the added weight 

between copper and aluminum. To this end, Figure 35 is re-plotted in Figure 36 after 

normalizing the stiffness values by the hybrid foam's mass. Accordingly, Figure 36 

represents the specific stiffness of the hybrid foam models. 

 

 

Figure 36: Normalized elastic modulus of hybrid copper-coated foams, showing the effect of adding 
coating on the stiffness-to-mass ratio 

  
Applying thicker coatings, according to Figure 36, generally results in a lower 

stiffness-to-weight ratio. Such behavior can be perceived negatively by industries and 

applications that aim to minimize weight. Copper coatings increase the stiffness-to-

weight ratio as copper’s stiffness is approximately 1.6 times that of aluminum, but its 

density is approximately 3 times that of aluminum. So, copper coatings represent 

reinforcements that are marginally stiffer but significantly heavier than aluminum. 

Specific stiffness lines in Figure 36 almost follow a linear monotonous trend, indicating 
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that, within the investigated range of relative densities, applying a coating will always 

be associated with a decrease in the stiffness-to-weight ratio. 

Similar to stiffness, applying the copper coatings increased the yield strength of 

the hybrid foams, but to a lesser extent than stiffness. Yield strengths obtained from the 

analyzed hybrid foam models are shown in Figure 37.  

 

 

Figure 37: Yield strength of the hybrid copper-coated aluminum foams, showing the effect of coating 
aluminum foam substrates having relative densities of 4, 7, 10, 15, and 20% with 30, 50, and 100 µm 

thick copper coatings 

 

Compared to the case without coating, the absolute yield strength values of the 

hybrid foams are slightly higher. In terms of relative change, the effect of coating is 
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of the hybrid foam with 100 µm coating is 30% and 20% higher than that of its 

aluminum substrate foam at relative densities of 4% and 20%, respectively. Similar to 

stiffness, according to Figure 37, hybrid foams with thicker coatings exhibit higher 

yield strengths. For instance, at 4% and 20% relative densities, the relative increase in 

yield strength due to the 100 µm coating, as compared to the case without coating, is 
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weight cost, the normalized yield strength (i.e., yield normalized by mass) data is 

plotted in Figure 38.    

 

Figure 38: Normalized yield strength of the hybrid copper-coated foams, showing the effect of adding 
coating on the yield strength-to-mass ratio 

  
According to Figure 38, the hybrid copper aluminum foams, as compared to their 

aluminum substrate foams, have substantially lower yield-to-weight ratios. This is 

evident at all used relative densities and coating thicknesses. The normalized yield lines 

of the hybrid models in Figure 38 increase approximately in a monotonic manner with 

increased relative density, and they shift downward, almost uniformly, with increased 

coating thickness. The largest relative drop in the yield-to-mass ratio is observed when 

the thickest copper coating is applied to the aluminum foam with the lowest relative 

density. The yield-to-mass ratio of the hybrid foam with 100 µm copper coating and 

aluminum foam with a relative density of 4% is 59.5% lower than that of its aluminum 

foam substrate.  

The thermal conductivity values of the hybrid copper aluminum models are 

shown in Figure 39. Due to the superior heat conductivity of copper as compared to 

aluminum, hybrid foams exhibit higher thermal conductivities that increase with 

increasing coatings’ thickness. The addition of copper coatings enhanced the thermal 

conductivity by more than twofold compared to uncoated aluminum foams. For 
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instance, at the lowest relative density considered (4%), the thermal conductivity of the 

hybrid foams with 30, 50, and 100 µm thick coatings is higher than that of their 

aluminum substrate foam by 60%, 99%, and 196%, respectively. Conducting a similar 

assessment at the highest relative density considered (20%) shows that the thermal 

conductivity of the hybrid foams is higher by 16%, 27%, and 53% than the thermal 

conductivity of the uncoated aluminum foam. So, the best improvement was observed 

at 4% relative density with 100 µm thick coating, while the lowest improvement was 

observed at 20% relative density with 30 µm coating. 

 

 

Figure 39: Thermal conductivity of hybrid copper-coated aluminum foams, showing the effect of 
coating aluminum foam substrates having relative densities of 4, 7, 10, 15, and 20% with 30, 50, and 

100 µm thick copper coatings 

  
These results support the feasibility of the efforts aiming to exploit copper 

coatings to tune and improve the thermal conductivity of commercially available open-

cell aluminum foams [90].  To account for the weight drawbacks associated with adding 

copper coatings, the normalized thermal conductivities of the hybrid foams are 

calculated and plotted in Figure 40.  
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Figure 40: Normalized thermal conductivity of hybrid copper-coated aluminum foams 

  

Figure 40 demonstrates that, though adding coatings improves the hybrid foams' 

thermal conductivity, increasing coating thickness systematically decreases the thermal 

conductivity-to-mass ratio. This means that the relative increase in thermal conductivity 

caused by a specific coating thickness is less than the accompanying relative increase 

in the foam’s weight. The weight increase drawback is most observed at the lowest 

relative density considered. For instance, at the 4% relative density, applying 30, 50, 

and 100 µm thick coatings decreased the normalized thermal conductivity-to-mass ratio 

as compared to the uncoated specimen by 17, 23, and 30%, respectively. On the other 

hand, at the 20 % relative density, applying 30, 50, and 100 µm thick coatings decreased 

the normalized thermal conductivity-to-mass ratio as compared to the uncoated 

specimen by 10, 15, and 23%, respectively. 

It is constructive to look at the aforementioned results from two perspectives: 

first, realizing tunable and improved elastic, yield, and thermal properties, and second, 

the cost associated with achieving tunable properties. Results support the efforts in the 

literature that proposed using hybrid copper aluminum foams to construct foams with 

tailored stiffness, yield, and, most importantly, thermal conductivity. The hybrid foams 

in this work exhibited a stiffness range of 0.52~6.48 GPa, a yield range of 1.08~14 

MPa, and a thermal conductivity range of 1.73 and 35.22 W/m.k. These ranges are 
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much larger than those delivered solely by aluminum foams. Applying the copper 

coatings not only increases the range of achievable properties but also allows for tuning 

the properties by tuning the coating thickness. Tuning the latter is possible through 

controlling the current and time during electro-deposition processes [82]. By covering 

a wide range of relative densities and coating thicknesses, results provide an 

opportunity for optimizing the hybrid copper-aluminum foam tunable properties.  

The primary cost associated with improving and tuning the elastic, yield, and 

thermal properties using coatings is the reduction in the hybrid foam-specific properties 

with increased coating thickness. However, the added weight can be justified for many 

applications. For instance, copper foams can provide higher thermal conductivity 

coefficients than aluminum foams, but they are heavier, more expensive, less 

commercially available, and exhibit smaller yield strengths. So, tuning the behavior of 

widely available aluminum foams using copper coatings can be more economically 

effective than using pure copper foams.     

The results of this work can readily guide designers in selecting the parameters 

(i.e., the relative density of the aluminum foam substrate and coating thickness) 

required to realize a hybrid foam with certain stiffness, yield, or thermal conductivity. 

However, to maximize the benefits of this work, results are used in the next section to 

create semi-empirical models that can predict the behavior of hybrid copper-aluminum 

foams in specific and hybrid foams in general. These models can aid designers in 

selecting the parameters of copper-aluminum hybrid foams. Moreover, they can be used 

to predict the properties of hybrid foams made from different constituents (e.g., other 

than the copper or aluminum alloys considered in this work). The latter would shorten 

the development cycle of hybrid foams in general by minimizing the number of 

expensive simulations and experiments needed to determine their properties.  

7.1.1.2 Empirical predictive models  

7.1.1.2.1 Effective stiffness 

To derive an empirical model capable of predicting the effective elastic modulus 

of hybrid foams, this work draws on established models that used tetrakaidecahedral 

cells to approximate the behavior of open-cell foams. Stochastic open-open cell foams 

bear great resemblance to tetrakaidecahedral tessellated structures, and therefore, they 

have been frequently represented by them in theoretical and computational-based 

studies [110], [124]. Predicting the effective elastic modulus of hybrid foams starts by 
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predicting their relative density. For tetrakaidecahedral foams with cylindrical struts, 

their relative density (R) can be defined as [124]  

 𝑅𝑅 = 3
8
𝜋𝜋
√2
�𝐷𝐷

2

𝐿𝐿2
�      (43) 

where D and L are the struts’ diameter and length, respectively. This equation can be 

reformatted as  

 �𝐿𝐿
𝐷𝐷
�
2

= 3
8

𝜋𝜋
√2𝑅𝑅

  (44) 

Extending this equation to stochastic open-cell foams requires accounting for 

their randomness. To this end, Equation (44) is rewritten as  

 �𝐿𝐿
𝐷𝐷
�
2

= 𝐵𝐵
𝑅𝑅
   (45) 

here, B is a randomness-sensitive proportionality constant. This assumes that the nature 

of the relation between relative density and the average L/D ratio for stochastic foams 

is similar to that of tetrakaidecahedral foams; they only differ in the proportionality 

constant. The stiffness of tetrakaidecahedral foams (𝐸𝐸�) with cylindrical struts were 

reported as [124] 

 1
𝐸𝐸�

= 1
6√2

�12𝐿𝐿
2

𝐸𝐸𝐸𝐸
+ 𝐿𝐿4

𝐸𝐸𝐸𝐸
�  (46) 

where E, L, and I are the modulus, length, cross-sectional area, and second moment of 

inertia of the struts, respectively. As the dominant deformation mechanisms in 

stochastic and tetrakaidecahedral foams are similar [1], [63], Equation (45) is expected 

to apply to stochastic foams. However, the constants in this equation, which relate to 

strut lengths and angles, should be recalibrated to account for the randomness of 

stochastic foams. To this end, Equation (46) is rewritten as   

 1
𝐸𝐸�

= �𝑎𝑎𝐿𝐿
2

𝐸𝐸𝐸𝐸
+ 𝑏𝑏𝐿𝐿4

𝐸𝐸𝐸𝐸
�  (47) 

where a and b are randomness-sensitive proportionality constants. Accordingly, the 

constants a and b can differ from sample to sample due to randomness. Still, the 

principal features in the equation, which relate to the dominant deformation 
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mechanisms in foams, remain unchanged. For the uncoated foam with cylindrical struts, 

the effective stiffness equation simplifies to 

 1
𝐸𝐸�

= �4𝑎𝑎
𝐸𝐸𝐸𝐸
�𝐿𝐿
𝐷𝐷
�
2

+ 64𝑏𝑏
𝐸𝐸𝐸𝐸

�𝐿𝐿
𝐷𝐷
�
4
�  (48) 

Using Equation (46) in Equation (48) results in  

 𝐸𝐸� = 𝜋𝜋𝜋𝜋𝑅𝑅2

4𝑎𝑎∗𝑅𝑅+64𝜋𝜋𝑏𝑏∗
  (49) 

such that 𝑎𝑎∗ = 𝑎𝑎𝑎𝑎 and 𝑏𝑏∗ = 𝑏𝑏𝐵𝐵2. Fitting Equation (49) to the data in Figure 35 (i.e., 

foam stiffness) results in 𝑎𝑎∗ = 1.496 and 𝑏𝑏∗ = 0.01579. The coefficient of 

determination for this fit is 0.9972. The quality of the obtained fit is shown in Figure 

41. This figure shows excellent agreement between the effective stiffness obtained from 

the finite element models of the uncoated aluminum foam and Equation (49).  

 

 

Figure 41: Effective stiffness of aluminum foam, showing a comparison between finite element 
analysis results (FEA) and Equation (49) (Model) 

  
As the stochastic structure of both coated and uncoated foams are identical, the 

semi-empirical model Equation (49) can be extended using mechanics of materials 

principles to describe the stiffness of the hybrid copper-coated aluminum foams. 

Following mechanics of materials approach for handling composite cross-sections 
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[125], the coated cross-sections of the struts comprising the hybrid foams are converted 

to representative homogeneous ones.  

This involved replacing the coating with an equivalent aluminum layer. For axial 

loading, the equivalent aluminum coating has an area of 𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑐𝑐, where f is the ratio of 

copper’s modulus to that of aluminum (𝐸𝐸𝑐𝑐 𝐸𝐸𝑎𝑎𝑎𝑎⁄ ) and 𝑡𝑡𝑐𝑐 is the coating thickness. For 

bending, the equivalent aluminum coating has an elliptical shape as the coating is scaled 

by f, but only along the directional parallel to the applied moment. Applying Equation 

(48) to predict the effective stiffness of the coated foams leads to  

  1
𝐸𝐸�

= � 𝑎𝑎𝐿𝐿2

𝐸𝐸𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
+ 𝑏𝑏𝐿𝐿4

𝐸𝐸𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
� (50) 

where E is the stiffness of aluminum. Acomposite and Icomposite are described as  

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜋𝜋𝐷𝐷2

4
+ 𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑐𝑐 and 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜋𝜋

4
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3
�𝐷𝐷
2

+ 𝑓𝑓𝑡𝑡𝑐𝑐�. If the coating 

thickness is defined in terms of the struts’ diameter through a proportionality constant 

(k) as 𝑡𝑡𝑐𝑐 = 𝑘𝑘𝑘𝑘, then Equation (50) simplifies to  
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�,  

                     𝑠𝑠𝑠𝑠𝑠𝑠ℎ 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 𝑚𝑚 = 1
64

(1 + 2𝑘𝑘)3(1 + 2𝑓𝑓𝑓𝑓) 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐 = �1
4

+ 𝑓𝑓𝑓𝑓�    (51) 

The values of k corresponding to the used coating thicknesses for all relative densities 

are listed in Table 7. Using 𝑎𝑎∗ and 𝑏𝑏∗ defined in Equation (49) to represent 𝑎𝑎𝑎𝑎 and 𝑏𝑏𝐵𝐵2 

in Equation (51), respectively, simplifies Equation (51) to  

 𝐸𝐸� = � 𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚2

𝑐𝑐𝑏𝑏∗+𝑚𝑚𝑚𝑚𝑚𝑚∗
�  (52) 

This equation can describe the effective modulus of the coated hybrid foams using the 

empirical constants determined by simulating the behavior of uncoated specimens. The 

effect of coatings is accounted for through mechanics principles. Equation (52) was 

used to predict the effective modulus of all coated specimens investigated in this work. 

Predictions of Equation (52) are compared to the results obtained using finite element 

simulations in Figure 42.  
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Table 7: The values of thickness parameter k corresponding to coating thicknesses of 30 µm, 50 µm, 
and 100 µm. 

  

k 

Relative density of 

the aluminum 

substrate, R (%) 

Diameter, 

D (mm) 

𝒕𝒕𝒄𝒄
= 𝟑𝟑𝟑𝟑 𝝁𝝁𝝁𝝁 

𝒕𝒕𝒄𝒄 = 𝟓𝟓𝟓𝟓 𝝁𝝁𝝁𝝁 𝒕𝒕𝒄𝒄 = 𝟏𝟏𝟏𝟏𝟏𝟏 𝝁𝝁𝝁𝝁 

4 0.6 0.0500 0.0833 0.1667 

7 0.705 0.0426 0.0709 0.1418 

10 0.85 0.0353 0.0588 0.1176 

15 1.06 0.0283 0.0472 0.0943 

20 1.26 0.0238 0.0397 0.0794 

  
 

 

Figure 42: Predicted effective stiffness of hybrid copper aluminum foams, showing comparisons 
between finite element data (FEA) and predictions of Equation (51) (dashed lines) 

  
In Figure 42, the predicted effective stiffness values, which are presented using 

dashed lines, are in good agreement with the finite element data, particularly at relative 

densities below 0.3 (equivalent to 12 g of mass). At higher relative densities, predictions 

of Equation (52) deviate slightly from the finite element data. The deviation can be 

traced back to the primary model Equation (46) adapted to derive Equation (52). This 

model assumes the deformation mechanisms of the struts to be driven completely by 
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bending and uniform axial internal loads. However, at higher relative densities, 

transverse shear and non-uniform loadings might affect strut deformation [126].   

As Equation (52) does not account for transverse shear, it will be less accurate at 

higher relative densities (>0.3). However, from a practical point of view, this limitation 

wouldn’t arise frequently as foams used in practical applications are of small relative 

densities (<0.15) [127].  

7.1.1.2.2 Effective yield strength 

To establish an empirical model capable of predicting the effective yield strength 

of hybrid foams, this work builds on the cubic cell-based yield model of open-cell 

foams [110]. The cubic cell model assumes deformation in the struts of open-cell foams 

to be dominated by bending. This assumption was shown experimentally [126] and 

numerically [63], [72] to be accurate at small relative densities (i.e., <20%).  

Yielding of open-cell foams is assumed to occur when a plastic hinge is formed 

in their struts. Multiple hinges could co-exist at the moment of macroscopic yield (i.e., 

when the foam’s stress-strain response shows yielding behavior).  

The relation between the effective yield strength of an open-cell foam (𝜎𝜎�𝑦𝑦) and 

the cross-sectional critical bending moment (Mp) at the onset of plastic hinge formation 

in its struts is related according to the cubic cell model [110] as 

 𝜎𝜎�𝑦𝑦 𝜶𝜶 𝑀𝑀𝑝𝑝

𝐿𝐿3
  (53) 

where L is the struts length. This equation states that the macroscopic yield of open-

cell foams is proportional to the plastic hinge internal moment. For the uncoated foam, 

the plastic hinge bending moment, assuming the strut constitutive behavior can be 

approximated as perfect elastic-plastic, can be computed as [110] 

 𝑀𝑀𝑝𝑝 = ∫𝑆𝑆𝑦𝑦𝑎𝑎𝑎𝑎  𝑦𝑦 𝑑𝑑𝑑𝑑  (54) 

such that 𝑆𝑆𝑦𝑦𝑎𝑎𝑎𝑎 is the yield strength of the struts’ constituent material, which is aluminum 

in this work, and y is the distance from the neutral axis.  

Assuming a perfect elastic-plastic response is practical as it simplifies the 

derivation. In addition, it is sufficiently accurate as the relative change in the yield stress 

due to plastic hardening for both materials used in this work at small plastic strains is 

negligible. For a circular cross-section with a diameter (D), Equations (53) and (54) 

result in  
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 𝜎𝜎�𝑦𝑦 𝜶𝜶 𝑆𝑆𝑦𝑦𝑎𝑎𝑎𝑎 �
𝐷𝐷
𝐿𝐿
�
3
  (55) 

Using Equation (44) in the previous equation leads to  

 𝜎𝜎�𝑦𝑦 𝜶𝜶 𝑆𝑆𝑦𝑦𝑎𝑎𝑎𝑎𝑅𝑅1.5  or  𝜎𝜎�𝑦𝑦 = 𝐴𝐴 𝑆𝑆𝑦𝑦𝑎𝑎𝑎𝑎𝑅𝑅1.5     (56) 

The proportionality constant A, which is equal to 0.8025, is determined by fitting 

Equation (56) to the finite element-based yield data of the uncoated aluminum foams.  

A comparison between the resulting fit and the finite element data is shown in 

Figure 43, which demonstrates excellent agreement. The R2 value of the fit shown in 

Figure 43 is 0.998.  

 

 

Figure 43: Yield strength of open-cell aluminum foams, showing a comparison between finite element 
data (FEA) and the semi-empirical model (Model) represented by Equation (56) 

 

As the deformation mechanism and randomness of the coated foams are similar 

to those of their parent aluminum substrate, Equation (56) is extended to describe 

hybrid foams using mechanics principles. To this end, the integration performed to 

determine 𝑀𝑀𝑝𝑝 is partitioned into two components to account for the composite cross-

section of the struts comprising hybrid foams. 

 𝑀𝑀𝑝𝑝 = ∫ 𝑆𝑆𝑦𝑦𝑎𝑎𝑎𝑎 𝑦𝑦 𝑑𝑑𝑑𝑑𝐴𝐴𝑎𝑎𝑎𝑎
+ ∫ 𝑆𝑆𝑦𝑦𝑐𝑐𝑐𝑐 𝑦𝑦 𝑑𝑑𝑑𝑑𝐴𝐴𝑐𝑐𝑐𝑐

  (57) 

here, 𝐴𝐴𝑎𝑎𝑎𝑎 and 𝐴𝐴𝑐𝑐𝑐𝑐 are the cross-sectional areas of the aluminum and copper phases, 

respectively. 𝑆𝑆𝑦𝑦𝑎𝑎𝑎𝑎  and 𝑆𝑆𝑦𝑦𝑐𝑐𝑐𝑐 are the yield strength of the aluminum and copper phases, 
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respectively. Evaluating Equation (57), in conjunction with Equations (53) and (44), 

results in Equation (58), which is equivalent to Equation (56) but applies to hybrid 

foams.  

 𝜎𝜎�𝑦𝑦 = 𝐴𝐴�𝑆𝑆𝑦𝑦𝑎𝑎𝑎𝑎 + 𝑆𝑆𝑦𝑦𝑐𝑐𝑐𝑐[(1 + 2𝑘𝑘)3 − 1]�𝑅𝑅1.5     (58) 

The thickness parameter (k) appearing in this equation is defined in Table 7. The 

proportionality constant (A) is assumed to be identical to the one associated with 

uncoated foams Equation (56) as both coated and uncoated foams share the same 

stochastic properties.  

To evaluate the effectiveness of Equation (58), the effective yield of the hybrid 

foams is calculated and compared to the finite element results in Figure 44.  

The comparison shows good agreement, particularly at a relative density smaller 

than 0.3 (mass <12g). This is consistent with the inherent assumptions made in deriving 

Equation (58).  

At large relative densities, deformation modes such as transverse shear 

accompany the dominant bending deformation mode. These additional deformation 

modes, though small, affect the foam’s deformation and internal stress distribution and 

cause its behavior to deviate from that predicted by Equation (58). Nevertheless, the 

aforementioned deviations do not cause concern as most foams used in practical 

applications have small relative densities. 

 

 

Figure 44: Predicted effective yield strength of hybrid copper aluminum foams, showing comparisons 
between finite element data (FEA) and predictions of Equation (58)(dashed lines) 
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7.1.1.2.2 Effective thermal conductivity 

Estimating the effective thermal conductivity (ETC) of metallic foams, in 

particular for open-cell foams as they are used as heat exchangers in thermal 

management systems [23], [128], has acquired significant attention. This attention is 

exemplified by the numerous studies that established relationships between ETC of 

open-cell foams and their porosity, topological aspects of their inter-connected 

ligaments, constituent material, and fluid filling or flowing through their pores [129], 

[130], [131].   

Such relationships are instrumental for designing and optimizing open-cell foams 

used in thermal management solutions. Developing mathematical models for predicting 

ETC of open-cell metallic foams mostly comprises three steps [85], [129], [130], [131], 

[132], [133]: identifying representative unit cells (e.g., tetrakaidecahedron or cubic), 

deriving a semi-empirical model through analyzing the thermal response of the unit 

cell, and calibrating the semi-empirical model using computational or experimental 

results.  

The latter step is particularly important in accounting for the stochastic features 

corresponding to different types of open-cell foams. Most of the semi-empirical ETH 

models of open-cell foams (e.g., [131], [132]), which are derived using the 

aforementioned approach, can simplify algebraically to linear or quadratic porosity-

dependent correlations of the following form if heat is assumed to transfer through them 

purely due to conduction. 

 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑘𝑘𝑠𝑠∅(𝜀𝜀)  (59) 

Such that 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the ETC of the foam, 𝑘𝑘𝑠𝑠 is the thermal conductivity of its 

constituent material, ε is the porosity, and ∅(𝜀𝜀) is a weight that ranges between 0 and 

1. The weight takes the form of a linear or second-order function. Applying Equation 

(59) to the results of the uncoated aluminum foams investigated in this work while using 

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 for 𝑘𝑘𝑠𝑠,  shows that a second-order weight function is sufficient to capture 

the response. The second-order weight is determined as 

  ∅(𝜀𝜀) = 1.318𝜀𝜀2 − 1.812𝜀𝜀 + 1.5062   (60) 

The correlation coefficients here account for the stochastic aspects of the modeled 

geometry. The R2 value associated with the second-order fit is 0.998. Extending 

Equation (59) to capture the response of hybrid foams requires two modifications. First, 
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𝑘𝑘𝑠𝑠 should be represented by the homogenized heat conduction coefficient of the foam 

ligaments. Assuming heat transfer through the copper and aluminum layers comprising 

each ligament satisfy the parallel heat conduction criterion, then the homogenized heat 

conduction coefficient can be determined using the rule of mixture as  

 𝑘𝑘𝑠𝑠 = 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
1

(1+2𝑘𝑘)2 + 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(1+2𝑘𝑘)2−1

(1+2𝑘𝑘)2   (61) 

where 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 are the heat conduction coefficients of aluminum and 

copper, respectively, while k is the thickness coefficient defined in Table 7. Second, 

the porosity parameter in Equation (59) should account for the reduced porosity caused 

by the applied coatings. This can be achieved by using the common definition of 

porosity as one minus the volume ratio of the solid phase to total volume (i.e., cube in 

this work). For the cases with coatings, the aforementioned definition of porosity is 

simplified to  

 𝜀𝜀 = 1 − 𝑅𝑅(1 + 2𝑘𝑘)2  (62) 

such that R is the relative density of the aluminum foam substrate and k is the thickness 

parameter defined in Table 7. Predicted ETC of the hybrid foams with 30, 50, and 100 

µm thick coatings using Equation (59), along with Equations (60) ~ (62), are presented 

in Figure 45.  

 

 

Figure 45: Effective thermal conductivity of hybrid foams, showing comparisons between finite 
element data (FEA) and predictions of Equation (58) (dashed lines)  
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Figure 45 shows good agreement between the ETC values predicted by Equation 

(59) and their counterparts determined using the finite element models. The deviation 

between the finite element results and ETC predictions is only visible in the case of 100 

𝜇𝜇𝜇𝜇 coating and at the largest aluminum foam relative densities (i.e., 0.15 and 0.2), 

which correspond to a total mass exceeding 11 g. In the latter case, the empirical model 

overestimated the ETC as it overlooks the effect of vertices at which the ligaments 

connect. The models consider the foam as a network of interconnected cylindrical 

ligaments that equally contribute to heat propagating across the foam. However, at 

higher relative densities and thicker coatings, a larger portion of the applied coating 

would be concentrated at the vertices. This portion would not participate in conducting 

heat as the model would anticipate.  

The semi-empirical models of effective stiffness, yield, and heat conduction 

coefficients of open-cell hybrid-coated foams are simple and powerful. They can be 

calibrated using uncoated foams and subsequently used to predict the behavior of 

coated foams. This can substantially help in designing coated foams with application-

tailored properties. Moreover, the semi-empirical models are independent of the 

constituent materials of both substrate and coating. Therefore, they can be applied to 

hybrid-coated foams comprising other constituents.  

7.1.2 Numerical simulations on uniformly copper-coated aluminum 
foams – mechanical dynamic testing 

The behavior of foams and cellular solids under dynamic crushing loads involves 

three phases: linear, plateau, and densification phases [1]. During the plateau phase, 

two mechanisms are present: localization and micro-inertia. Localization is related to 

the concentration of deformation in particular ligaments that eventually, due to 

excessive deformation, change their shape. As the excessively deformed cell walls 

move laterally or rotate, they induce resistive microinertia forces that increase in 

magnitude at higher deformation rates. Due to micro-inertia forces, the plateau strength 

of foams can increase at higher loading rates, even for foams made from a rate-

insensitive constituent material. The plateau stage ends with densification, which is 

caused by the collapse of cell walls. Densification causes a sudden jump in the observed 

stresses. Results obtained in this work are consistent with the aforementioned behavior. 

Stress-strain curves obtained from the finite elements models using 30 µm, 50 µm, and 

100 µm thick copper coatings are shown in Figure 46. The stress-strain curves clearly 
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show the commonly observed three deformation phases (i.e., elastic, plateau, and 

densification). Results show substantial improvements in the plateau strength. Adding 

a 100 µm thick copper coating almost doubled the plateau strength. However, to make 

the comparison more meaningful, the stress in Figure 46 should be normalized by the 

overall density of the corresponding model. This normalization is important to account 

for the increase in mass due to applying a coating. In principle, one would aim to realize 

higher strength-to-weight ratios by applying coatings. Normalizing the stress by the 

density of the foam resulted in the specific stiffness. 

Increasing the copper thickness changes the average spacing between cell walls 

and increases the foam’s relative density. Adding 30 µm, 50 µm, and 100 µm thick 

copper coatings increased the mass of the composite foam from 5.6 g to 7.53 g, 8.81 g 

and 12.02 g, respectively. Comparing the mass of the foam post-coating to its pre-

coating mass shows a substantial increase in mass. 100 µm almost doubles the mass of 

the pre-coated foam.  

 

  

Figure 46: Stress-strain curves of coated open-cell aluminum foam, showing the effect of increasing 
coating thickness 
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dividing the stress by the corresponding foam density. Resulting specific stress-strain 

curves are presented in Figure 47. 

 

  

Figure 47: Specific stress-strain curves of coated open-cell aluminum foams, showing the effect of 
increasing coating thickness 

 

Contrary to Figure 46, Figure 47 shows that applying a coating does not always 

improve the plateau strength. For instance, applying a 30 µm copper coating decreased 

the specific plateau stress slightly. On the other hand, Figure 47 shows that using 50 

µm and 100 µm thick copper coatings improved the specific plateau stress by the same 

amount (10%). Thus, using 50 µm thick copper coating would be better than using 100 

µm thick copper coating; 50 µm coating would result in less cost and weight.  

So, if the density of the foam post-coating is not taken into account, the 

relationship between the plateau stress and coating thickness would appear 

proportional. To further analyze the mechanical properties, the energy absorption and 

energy absorption per density (i.e., specific absorbed energy) were calculated by 

numerically integrating the area under the stress-strain curves of Figure 46 and Figure 

47, respectively. Integration was performed using the trapezoidal rule of integration. 

Both energy absorption capacity and specific energy absorption capacity are shown in 

Figure 48.  
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Figure 48: Coating thickness effect on energy absorption capacity and specific energy absorption 
capacity 

  

As energy absorption is defined as the area under the stress-strain curve, it 

increases with both increasing the overall deformation (i.e., densification strain) and 

increasing the plateau strength. Applying copper coatings did not affect the 

densification strain substantially but affected the plateau strength. So, coatings are 

expected to affect the foam’s overall energy absorption capacity. Figure 48 shows that 

adding coatings increased the energy absorption capacity of the composite foam.  

However, in terms of specific absorbed energy, adding a 30 µm thick coating 

decreased the foam’s ability to absorb energy. On the other hand, 50 µm and 100 µm 

coatings increased the specific absorbed energy capacity of the foam by the same level.  

Based on the range of coating thickness used, 50 µm coating delivers the 

maximum enhancement; it maximizes the specific plateau stress and the specific energy 

absorption capacity. Copper-coating porous structures can be used as a tool to tailor 

specific mechanical properties of the foam without having to compromise on the degree 

of porosity. To shed light on the deformation patterns in the cell walls of the coated 

foams, the stress contours were obtained from the simulations and are presented in 

Figure 49. 
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stress concentrations observed in the pre-coated foam. Moreover, the deformation 

mechanisms driving the plateau stress are evident at 20% and 40% strain levels.  

Here, localization and cell collapse are evident. Finally, at 70% strain, 

densification is observed in all cases, as shown in Figure 49. However, at all strain 

levels, applying a coating reduced the maximum observed stresses. Thus, one can delay 

ligament failure or rupture by applying coatings. 

 

 

Figure 49: Deformation and stress contours of coated open-cell aluminum foam at different strain 
levels 
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7.1.3. Experimental testing on functionally graded copper-coated 
aluminum foam – static testing 

The coated foam samples, electrodeposited at different times, were subjected to 

uniaxial compression, and the stress-strain diagrams for all samples are shown in Figure 

50. The uncoated aluminum samples show slight variation in Figure 50a as the samples 

were not subjected to different electrodeposition times. On the other hand, the samples 

that were electrodeposited for 3600 s and 9000 s show the highest variations, while the 

samples with 5000 s electrodeposition time show the least variation. 

 

  

  
 

Figure 50: Stress-strain plots of coated and uncoated samples 

  
Four samples were coated at different times to ensure the repeatability and 
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8 shows the percentage difference between samples of the same set based on the yield 

stress. 

From the percentage difference in the plateau stress for each set of samples, it is 

evident that the least variation occurs in the uncoated samples, showcasing the high 

degree of repeatability. The percentage difference is relatively small, where the highest 

percentage difference is recorded between F1 and F3 at -4.74%. This consistency 

suggests that the manufacturing process of the obtained foam samples is reliable and 

produces samples of consistent mechanical properties across different samples. 

However, when the samples are coated, there is a change in the variability of the 

mechanical results. 

The percentage difference increases up to 25.67% for samples coated for 3600 s, 

showing the variability in the mechanical properties of coated samples. These variations 

can be attributed to several factors, including the interactions of the electrodeposition 

process with the stochastic foam nature. Similarly, the samples that were coated for 

9000 s show a variability in the yield stress up to -27.82%. On the contrary, the 5000 s 

set of samples shows a maximum of 6.39% difference in the yield stress, indicating a 

reliable and consistent electroplating process for the samples coated for 5000 s. The 

inherent randomness of stochastic foam structures contributes significantly to the 

observed variations. The obtained foam samples are characterized by irregular and 

random pore sizes, shapes, and distributions. This randomness affects the electroplating 

process for each sample, thereby leading to variation in the coating distribution. Even 

though the experimental setup remains consistent, the unique morphology coupled with 

aluminum defects on the struts results in a slight variation in the mechanical properties 

after coating. 

Despite the inherent complexity of achieving consistent coating results with 

electrodeposition, the variation in the yield stress between the samples is not 

excessively high. The percentage difference within each indicates reasonable 

repeatability and reliability in the electroplating process. For instance, for the 5000 s 

coated samples, the percentage difference is low, such as -3.34% between F1 and F2. 

Similarly, for the 9000 s coated samples, the difference between F1 and F1 is just 

1.13%, and for the 3600s set, the difference between F1 and F3 is 6.13%. 
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Table 8: Percentage difference of yield stress between samples of the same set. 

Set Comparison Percentage 

Difference (%) 

 

Uncoated Samples 

F1 vs F2 1.08 

F1 vs F3 -3.71 

F2 vs F3 -4.74 

 

 

3600s 

F1 vs F2 20.83 

F1 vs F3 6.13 

F1 vs F4 -10.20 

F2 vs F3 -12.16 

F2 vs F4 -25.67 

F3 vs F4 -15.39 

 

 

5000s 

F1 vs F2 -3.34 

F1 vs F3 -2.43 

F1 vs F4 2.84 

F2 vs F3 0.94 

F2 vs F4 6.39 

F3 vs F4 5.39 

 

 

9000s 

F1 vs F2 -14.98 

F1 vs F3 1.13 

F1 vs F4 -26.99 

F2 vs F3 18.94 

F2 vs F4 -14.14 

F3 vs F4 -27.82 

 

Key mechanical properties that govern the behavior of cellular material are 

calculated, which include the densification strain, plateau stresses, energy absorption 

between 0 and 70% strain, and 30 to 70% strain. The results from each set are then 

averaged out to provide a comprehensive view of the impact of functionally graded 

coatings on the mechanical properties of stochastic foams. 

7.1.3.1 Elastic modulus 

The elastic modulus of the coated and uncoated sample is presented and analyzed 

in this section. A total of four samples were coated for each set of electrodeposition 

times to ensure repeatability and reliability of the achieved results. The elastic modulus 
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is calculated from the stress-strain plots shown in Figure 50 and was averaged to 

provide a single representation value for each electrodeposition time in Figure 51. The 

error bars in the chart reflect the standard deviation, highlighting the variability within 

each set of samples. From the obtained results, the uncoated samples exhibited the 

highest average elastic modulus of 51.66 MPa. It is evident from the uniaxial 

compression tests that as the electrodeposition time increases, the average elastic 

modulus decreases. Specifically, at 3600 s, the average elastic modulus was calculated 

to be 46.5 MPa. This is then followed by a further decrease for the 5000 s and 9000 s 

samples, where the elastic modulus decreased to 41.91MPa and 46.25MPa, 

respectively.  

 

 

Figure 51: Effect of functionally graded copper-coated aluminum foam on elastic modulus 
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that act as stress concentrators, which reduces the overall stiffness of the foam structure. 

On a microstructural level, the increased coating thickness introduces the accumulation 

of defects within the coatings. Such defects include dislocations, voids, and micro-

cracks. The formation of such dislocations during the prolonged period of 

electrodeposition in an acidic solution is a response to the internal stresses generated 

within the material. Such stresses can arise due to the difference in the thermal 

expansion coefficient between the copper coating and the aluminum substrate, as well 

as the residual stresses from the electrodeposition process itself.  

As the dislocation density increases with longer electrodeposition time, 

dislocations pile up at grain boundaries and other obstacles within the aluminum 

substrate. These pileups lead to localized stress concentrations, which reduces the 

ability of the material to deform elastically. This phenomenon of decreasing elastic 

modulus with increased electrodeposition times has been observed in other studies. For 

instance, in a study by Devivier et al. [82], the authors observed a decrease in the elastic 

modulus of nickel-coated aluminum foam due to the introduction of additional defects. 

7.1.3.2 Plateau stress 

The plateau stress is another critical parameter that is used to evaluate the 

mechanical performance of cellular materials, especially foams under compressive 

loads. The plateau stress is the region of the stress-strain curve in which the material 

undergoes significant deformation with minimal change in the stress. This parameter 

directly contributes to the energy absorption capabilities of the structure, which is 

important in applications of impact protection and cushioning, where the material needs 

to absorb energy efficiently while maintaining structural integrity. The plateau stress is 

calculated for each set of samples (0 s, 3600 s, 5000 s, 9000 s) and averaged out across 

all the specimens for each set, shown in Figure 52. The plateau stress values were 

averaged out to provide a representative value for each electrodeposition time, and 

similar to the elastic modulus bar graph, the error bars indicate the standard deviation, 

reflecting the variability within each set.  

From Figure 52, the uncoated samples exhibited the lowest average plateau stress 

at 0.902 MPa. Contrary to the elastic modulus, the plateau stress observed a significant 

increase with increased electrodeposition time, where the average plateau stresses were 

calculated to be 0.995 MPa, 1.067 MPa, and 1.276 MPa for electrodeposition times of 
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3600 s, 5000 s, and 9000 s, respectively. The higher copper coating thickness results in 

a higher load-bearing capacity of the foam, thereby increasing the plateau stress. 

On a microstructural level, while the defects are present in the aluminum foam, 

the electrodeposition process can aid in microstructural reinforcement. The deposited 

copper fills in surface irregularities and defects, which creates a more uniform structure. 

This uniformity improves the foam’s ability to withstand compressive loads, resulting 

in higher plateau stresses. On a mesoscale level, the added copper layer increases in the 

second moment of inertia of the reinforced ligaments, which further enhances their 

load-bearing capacity through flexural yielding. The enhanced moment of inertia 

results in higher bending resistance, thereby leading to higher plateau stresses. 

 

Figure 52: Effect of functionally graded copper-coated aluminum foam on plateau stress 

  

7.1.3.3 Energy absorption 
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plateau stress results in a larger area under the curve, thus a greater energy absorption. 

To properly assess the energy absorption capabilities of all the samples and analyze the 

effect of copper coating on aluminum foam, the energy absorption is calculated between 

strains of 0% to 70% and 30% and 70%. In the 0-70 phase, shown in Figure 53, this 

portion of deformation includes the initial elastic region, the plateau region, and the 

onset of densification, thereby highlighting the comprehensive measure of the 

material’s capacity to absorb energy throughout the entire deformation process. The 

energy absorption between 30% and 70% strain, shown in Figure 54, isolates the energy 

absorption primarily in the plateau region, excluding the initial elastic response and 

early stages of plastic deformation. It is important to distinguish between both plots to 

understand the material’s behavior under sustained loading conditions and its ability to 

absorb energy efficiently during prolonged deformations. 

From Figure 53, the energy absorption increases significantly as the 

electrodeposition time. Specifically, the energy absorption increases from 1.0266 

MJ/m3 to 1.072 MJ/m3, 1.21733 MJ/m3, and 1.414 MJ/m3 for electrodeposition times 

of 3600 s,5000 s, and 9000 s, respectively. On the other hand, when looking at the 

energy absorption between 30% and 70% strain, the energy absorption increases from 

0.766 MJ/m3 to 0.785 MJ/m3, 0.911 MJ/m3, and 1.050 MJ/m3 for electrodeposition 

times of 3600 s, 5000 s, and 9000 s, respectively. The energy absorbed during the 

plateau phase is the highest region of energy absorption during the deformation process. 

The thickness and uniformity of the copper coating lead to substantial improvements in 

the energy absorption capabilities. 

While there is a drop in the elastic modulus, as shown in Figure 51, the initial 

elastic phase deformation does not significantly contribute to the overall energy 

absorption capabilities. The percentage increase in energy absorption when comparing 

uncoated samples to coated samples is calculated to be significantly close, where the 

energy absorption up to 70% results in an increase of 4.42%, 18.58%, and 37.75% for 

3600 s, 5000 s, and 9000 s coated samples respectively, as compared to the increase of 

2.48%, 18.0% and 37.09% for 3600 s, 5000 s, and 9000 s coated samples, respectively. 
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Figure 53: Effect of functionally graded copper-coated aluminum foam on energy absorption from 0% 
to 70% strain  

 

Figure 54: Effect of functionally graded copper-coated aluminum foam on energy absorption from 30% 
to 70% strain 

 
There is a negligible difference between the percentages of enhancement in the 

two plots, which showcases that the initial elastic phase region does not significantly 

contribute to the overall energy absorption capabilities of the copper-coated aluminum 

samples.  
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Adding on, the energy absorption capabilities of the copper-coated aluminum 

foams are significantly influenced by the nature of the applied coating, which is thicker 

at the surface and gradually decreases as we move deeper into the sample. This gradient 

in coating thickness, across all dimensions (x,y,z), creates a functionally graded 

material where the properties vary continuously from surface to core. The outer regions 

of the foam, where the copper coating is thickest, contribute significantly to the initial 

energy absorption. Particularly, in the plot showing the energy absorption up to 70% 

strain, the thick coating at the surface enhances the initial resistance to deformation.  

The gradient in coating thickness also allows for better load distribution as the 

deformation progresses. The thicker outer coating layer bears the most load initially, 

while the gradually thinner inner coating layers help to distribute the stresses more 

uniformly. This improved load distribution results in enhanced energy absorption 

capabilities in the plateau region, particularly in the region between 30% and 70% 

strain. In the 30% to 70% strain region, the energy absorption is due to plastic 

deformation, in which the functionally graded coating supports sustained deformation 

without high-stress concentrations. The transition from a thicker surface coating to a 

thinner coating creates a gradient that mitigates sudden changes in the mechanical 

properties, which reduces the likelihood of fracture, thereby contributing to higher 

plateau stresses under higher strain regions. 

7.1.3.4 Densification strain 

The densification strain is calculated for all sets of samples, which refers to the 

strain at which the material transitions from the plateau region, where the stress is nearly 

constant, to a region where the stress increases rapidly. This occurs when the cell walls 

of the foam completely collapse, and the material is compacted, increasing the relative 

density and, thereby, the stress. The region marks the end of effective energy absorption 

in the foam, where beyond this point, the material no longer efficiently absorbs energy 

but instead undergoes densification. In this region, the material’s volume decreases 

significantly. The densification strains were determined as the point where the plateau 

stress exceeds 100% of the yield stress. This method ensures a consistent and objective 

measure of when the material transitions from the plateau region to the densification 

region. The densification strains are shown in Figure 55 for all sets of coated samples. 



111 
 

A high densification strain indicates that the material can absorb more energy 

before reaching densification, which is advantageous for applications where maximum 

energy absorption is required. A higher densification strain implies that the foam 

maintains the plateau stress over a larger deformation range. 

 

 

Figure 55: Effect of functionally graded copper-coated aluminum foam on densification strain 

  
From Figure 55, the densification strains for the uncoated samples were 

calculated to be at 56.396% as compared to 55.675%, 53.031%, and 43.971% for 

electrodeposition times of 3600 s, 5000 s, and 9000 s, respectively. These values 

indicate a decreasing trend in the densification strain with increasing electrodeposition 

time. From a macroscale perspective, the addition of copper coatings, particularly in 

longer electrodeposition time (5000 s and 9000 s), results in earlier densification 

compared to uncoated samples. The increased overall rigidity, earlier portrayed in 

Figure 51, is due to the thicker copper coating that affects the foam structure, which 

can only sustain deformation up to a certain point before beginning to compact.  The 

copper coating reinforces the foam’s cell walls, thereby increasing their resistance to 

buckling.  

For instance, in samples with shorter electrodeposition time (3600 s), the 

reinforcement contributes to a slight decrease in the densification strain due to enhanced 

structural support. However, with increased coating thickness, the enhanced stiffness 

strut leads to a more brittle response, resulting in an earlier transition to densification. 
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The functionally graded coating thickness, where the outer regions of the foam have 

higher coating thickness, results in stiffer outer layers that fail to deform plastically. 

Accordingly, the inner, less coated regions exhibit more localized deformation and 

reach their densification points faster, leading to overall lower densification strains. 

The observed reduction in the densification strain with increased 

electrodeposition time suggests that while the coated samples were able to absorb 

energy effectively, they beings to compact and densify sooner. The earlier onset of 

densification in thicker coatings indicates that this higher plateau stress, achieved by 

higher coating thicknesses, is not sustained over larger deformation. This results in a 

trade-off between initial load-bearing capabilities and the ability to absorb energy over 

extended deformations. 

7.2 Altering Topological Features of Honeycombs by Introducing 

Sinusoidal Perturbations 

7.2.1 Out-of-plane compressive response 

Under out-of-plane loadings, aluminum honeycomb cores fail mainly by yielding, 

elastic-buckling, or plastic-buckling. The large length-to-thickness ratio of their cell 

walls renders honeycomb cores prone to buckling instabilities and failure. However, 

their failure mode also depends on the loading area size and the number of cell walls 

carrying the load. Increased load sharing is associated with subjecting a larger area to 

the out-of-plane load (e.g., impact with larger objects), which lessens the probability of 

buckling and increases yielding. Therefore, before superposing perturbations to the 

conventional honeycomb core, it is essential to characterize its failure modes and their 

dependence on loading area size represented by the loading scenarios: 1 wall, 3 walls, 

1 cell, and 3 cells. A simple procedure is used to determine the failure mode in the 

honeycomb core. This procedure compares the maximum local stress in the walls of the 

loaded honeycomb to the out-of-plane force applied. It aims to determine whether the 

onset of local yielding precedes the onset of buckling, which typically manifests as a 

softening in the out-of-plane load-displacement curve. 

 Figure 56 compares the local and structural behavior of the unperturbed 

honeycomb for the four loading scenarios representing loading area size. The applied 

out-of-plane force and the resulting out-of-plane displacement (i.e., displacement of 

nodes subjected to the out-of-plane force) are presented in  Figure 56a. The local 
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response represented by the evolution of the maximum normalized stress observed in 

the cells of the unperturbed honeycomb is shown in  Figure 56b. The maximum 

normalized stress is defined as the ratio between the maximum Von Mises stress and 

the yield strength of the cell walls’ constituent material. The maximum normalized 

stress attains a value of 1 at the start of cell wall yielding.  

  
 
Figure 56: Out-of-plane response of the unperturbed conventional honeycomb core, showing a) its out-

of-plane force-displacement response and b) the maximum stress observed in its cell walls 

  
Based on  Figure 56a, the onset of softening in the out-of-plane load occurs at an 

out-of-plane displacement between 0.035mm and 0.4mm for the loading scenarios of 

three walls, one cell, and three cells and occurs at the ~0.02 mm displacement mark for 

the loading scenario of one wall. However, the maximum normalized stress presented 

in  Figure 56b demonstrates that local yielding, regardless of the impact area size, 

commences at a displacement between 0.03 mm and 0.035 mm. Accordingly, for the 

single wall-loaded scenario, elastic buckling preceded yielding. In contrast, for the rest 

of the loading scenarios, local yielding coincided with or preceded the onset of 

softening, highlighting a plastic buckling failure mode. Accordingly, only highly 

concentrated out-of-plane loads (i.e., concentrated on a single wall) can give rise to 

elastic buckling in the considered honeycomb core.  

Imposing perturbations significantly affected the honeycomb’s force-deflection 

response, failure characteristics, and load-carrying capacity. To highlight this effect, 

Figure 57 compares the global force-deflection response to the local stress evolution at 

the cell wall level for the case with the perturbation parameters of A = 0.33 mm and n 

= 4, which is the case with the highest perturbation amplitude and frequency. According 
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to  Figure 57a, load softening is not observed in all loading scenarios, and the load 

transitions from a linear phase to a plateau phase in a smooth manner, suggesting the 

absence of elastic or plastic buckling and highlighting the effectiveness of the 

superposed perturbations in driving the cell walls to yield rather than buckle. The local 

behavior shown in Figure 57b shows monotonic behavior that starts with a linear phase 

and transitions smoothly to a plateau phase. Accordingly, load softening in the 

perturbed case was not observed in its behavior at the local (i.e., cell walls) and global 

(i.e., force-displacement) length scales. Figure 57b shows that local plastic deformation 

in cell walls commences slightly after the 0.03 mm displacement mark, which is 

consistent with the results presented in  Figure 56b. Cell walls in the case with the least 

concentrated force, i.e., three cells are loaded, started yielding at a higher displacement 

and load as the stress in the cells was more uniform. Comparisons similar to the ones 

conducted in  Figure 56b and Figure 57b were performed for each perturbation 

configuration.  

All comparisons concluded that local plastic deformation in cell walls 

commences slightly after the 0.03 mm mark, except for the cases with three loaded 

cells. This conclusion indicates that axial loading and stress uniformity drive initial 

plastic deformation in cell walls. Superposing the perturbations with the highest 

amplitude and frequency increased the honeycomb core’s mass and cross-sectional area 

by 11.8%. This slight increase did not considerably affect the axial stress arising from 

the out-of-plane loading. Therefore, initial yielding in cell walls appeared around the 

same out-of-plane displacement, regardless of the level of applied perturbation. The 

superposed perturbations improved the peak load by a percentage that exceeded the 

percentage increase in mass. For instance, the three cell-loaded cases exhibited a 

~28.5% improvement in peak load, which is 141% higher than the increase in mass.  

The transition from buckling-based to yielding-based deformation, caused by the 

superposed perturbations, is linked to changes in the deformation and stress fields 

within cell walls. Figure 58 demonstrates these changes by comparing the deformation 

and stress fields in the unperturbed case with those of the highest perturbed case (A = 

0.3 mm and n = 4) at the cores’ peak loads. Figure 58 uses the single-loaded cell as an 

illustrative case, as all load scenarios exhibited relatively consistent trends. 
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Figure 57: Out-of-plane response of a honeycomb core after superposing a perturbation with an 

amplitude of 0.3 mm and a frequency of 4, showing a) its out-of-plane force-displacement response and 
b) the maximum stress observed in its cell walls 

  
According to  Figure 58a, deformation at peak load in the unperturbed core has a 

significant lateral component (i.e., vertical to the walls), indicating buckling-based 

deformation. Superposing perturbations makes the deformation more uniform and 

minimizes lateral deformations, see  Figure 58b.  

Moreover, this figure indicates that deformations are mainly in the form of axial 

strain along the axis of the cell. Stress in the case of the unperturbed core is 

heterogeneous, with concentrations near locations of pronounced lateral deformations 

and near connections with neighboring cells, see  Figure 58c. Introducing perturbations, 

as seen in  Figure 58d, transforms the stress distribution to be more uniform along the 

walls’ length direction. After applying the perturbations, the highest stresses became 

localized near the loaded edges and diminished as one moved farther from the loaded 

regions. The latter stress distribution underscores a yielding-based deformation, where 

normal deformations and strains along the axis of the cells dominate the deformation 

mechanisms.  

The discussion above underscored the effect of large perturbation frequencies and 

amplitudes (i.e., the extreme case). However, to highlight the impact of the perturbation 

level, the force-deflection response corresponding to every perturbation scenario used 

is analyzed. 
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Figure 58: Effect of perturbation on deformation and stress fields in cell walls at peak load, showing a) 
deformation field in unperturbed, b) deformation field in perturbed, c) stress in unperturbed, and d) 

stress field in perturbed cores 

  
Figure 59 shows the force-deflection response of the perturbed honeycomb cores 

due to the most concentrated loading (i.e., load acts on a single cell wall). This figure 

demonstrates a gradual change in the force-deflection characteristics with increased 

perturbation frequencies. At the lowest imposed frequency, see Figure 59a, a softening 

behavior appears after the peak load observed at the end of the linear force-

displacement phase. This softening behavior is also observed in the unperturbed case.  

The softening behavior gradually disappears with increased perturbation 

frequency (e.g., Figure 59b) and is replaced by a hardening behavior at high 

perturbation frequencies (e.g., Figure 59c and Figure 59d). By diminishing the 

softening phase, increased perturbation frequencies increase the smoothness of the 

transition between the elastic and plastic deformation phases.  
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Imposed perturbations also affected the initial failure mode. Loading a single cell 

in the unperturbed honeycomb core, as seen in  Figure 56, led to an initial elastic 

buckling failure before the 0.03 mm displacement mark.  

Imposing perturbation frequencies of 2, 3, and 4 eliminated the elastic buckling 

failure mode and substituted it with plastic yielding that occurs at higher out-of-plane 

loads. These loads increased with the increase in perturbation frequency. However, 

imposing a perturbation frequency of 1, as seen in Figure 59a, shifted the peak load to 

the 0.03 mm mark, which corresponds to the stage at which cell walls start to yield. 

Accordingly, plastic buckling rather than elastic buckling controls the initial failure in 

the case of a perturbation frequency of 1.  

Overall, the force-deflection behavior presented in Figure 59 shows that the load-

carrying capacity of the perturbed honeycomb gradually increased with each increase 

in perturbation frequency. Moreover, the force-deflection behavior showed stronger 

sensitivity to perturbation amplitude at higher perturbation frequency. Figure 59 shows 

that the force-displacement curves corresponding to different perturbation amplitudes 

relatively overlap at small perturbation frequencies, while they diverge at higher 

perturbation frequencies.  

The analysis applied above to the case with a single loaded cell wall is applied to 

the rest of the loading cases. The force-displacement curves of the cases with loading 

applied on three walls, one cell, and three cells are presented in Figure 60, Figure 61, 

and Figure 62, respectively. These figures demonstrate that the effect of the 

perturbation on the load-displacement behavior is generally similar to that observed in 

the case of loading applied on one cell wall, shown in Figure 59. Increasing the 

frequency of the superposed perturbations gradually eliminated the post-buckling 

softening phase, eliminated plastic buckling failure mode, smoothened the transition 

between the elastic and plastic deformation phases, and increased the load-carrying 

capacity of the core. 

In addition, force-displacement curves in all load cases showed more sensitivity 

to perturbation amplitude at higher frequencies. Higher sensitivity manifested as 

increased divergence between the force-displacement curves at higher frequencies. In 

general, results suggest that a perturbation amplitude of 0.3 mm and perturbation 

frequency of 4 is sufficient to eliminate the softening behavior after the elastic phase.  
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Figure 59: Out-of-plane force-deflection response of perturbed honeycomb core subjected to 

concentrated loading on one cell wall, showing the response corresponding to the perturbation 
frequencies (n) of a) 1, b) 2, c) 3 and d) 4 
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Figure 60: Out-of-plane force-deflection response of perturbed honeycomb core subjected to 
concentrated loading on three walls, showing the response corresponding to the perturbation 

frequencies (n) of a) 1, b) 2, c) 3 and d) 4 

  

  

  
Figure 61:Out-of-plane force-deflection response of perturbed honeycomb core subjected to 

concentrated loading on one cell, showing the response corresponding to the perturbation frequencies 
(n) of a) 1, b) 2, c) 3 and d) 4 
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Figure 62: Out-of-plane force-deflection response of perturbed honeycomb core subjected to 
concentrated loading on three cells, showing the response corresponding to the perturbation frequencies 

(n) of a) 1, b) 2, c) 3, and d) 4  
 

7.2.2 In-plane response 

The effect of the superposed perturbations on the in-plane compressive response 

of the honeycomb core is demonstrated in Figure 63. In particular, this figure illustrates 

the perturbation effect on the honeycomb’s elastic and plastic properties. Both 

properties are important as they affect the core’s capacity to carry flexural and 

transverse shear loads. Figure 63 shows that the stress-strain curves of the perturbed 

cores relatively coincide in the elastic deformation phase, indicating a perturbation-

insensitive behavior. However, at the highest perturbation amplitude, perturbations 

commence to affect the core’s elastic behavior by reducing its elastic stiffness, as seen 

in Figure 63d. Although the latter observed drop in elastic stiffness is negligible, it may 

grow with a further increase in perturbation amplitude. The peak stress at the end of the 

elastic phase for all perturbation conditions coincided at ~0.084 MPa, as seen in Figure 

63, demonstrating the insensitivity of the initial yielding to perturbation.  
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Figure 63: In-plane compressive response of the perturbed honeycomb lattices, showing the 
insensitivity of the in-plane stiffness and yield of hexagonal double-wall honeycombs to the 

perturbation amplitudes of a) 0.15, b) 0.2, c) 0.25 and d) 0.3 
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such that 𝐿𝐿 and t are the length and thickness of the cell wall, respectively, and 𝑢𝑢(𝑥𝑥) is 

the perturbation function. Numerically evaluating this equation shows that the second 

moment of inertia of the perturbed wall is 13 times (lowest perturbation frequency and 

magnitude) to 57 times (highest perturbation frequency and magnitude) higher than that 

of the unperturbed cell wall. Moreover, the results of Equation (63) showed that the 

second moment of inertia is sensitive to the perturbation magnitude and insensitive to 

frequency. Changing the frequency from 1 to 4 does not change the out-of-plane second 

moment of inertia by more than 6%.  

 The significant increase in the second moment of inertia drove but did not 

directly correlate with the improvement in the resistance of the perturbed cores to 

failure under out-of-plane loads. To illustrate this point, the peak loads observed at the 

end of the linear phase are extracted from Figure 59, Figure 60, Figure 61, and Figure 

62 and plotted in Figure 64. The offset method commonly used to define yield strength 

was used for cases that do not show a clear peak load, mainly at high perturbations. 

However, a 0.13% strain offset was used instead of the widely used 0.2%. The latter 

overestimated the peak load in cases with a clear peak load. To determine the strain 

offset, the strain was computed by dividing the displacement by the height of the 

honeycomb core. It is worth reminding that the 0.2% offset is not a standard and was 

proposed for metals, so using a different value is not uncommon. The peak load in this 

work represents the strength of the honeycomb core at the early stages of deformation 

before progressive collapse and densification. 

Figure 64 shows that a frequency of 1 results in a negative effect, where the 

peak load of the perturbed cores is lower than that of the unperturbed core. At 

frequencies higher than 2, perturbations induced a strengthening effect. The increase in 

the peak load at the highest perturbation frequency and magnitude, compared to the 

unperturbed case, is in the range of 14% to ~28.5%, depending on the loading scenario 

size. These values are moderate compared to the calculated increase in the second 

moment of inertia. The lack of direct correlation can be attributed to the existence of 

multiple deformation modes, load sharing and support at the vertices, and the warping 

of cell walls at large loads. 

Accordingly, cell walls carry complex loads at the peak load, not simple axial and 

bending loads as theoretical models assume. Interestingly, Figure 64 shows that peak 
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load increases with frequency more than it increases with perturbation magnitude. This 

behavior contrasts with that of the second moment of inertia, indicating the existence 

of nonuniform deformations. Higher perturbation frequencies introduce increased 

resistance to multiaxial nonuniform bending deformations. To establish a comparative 

viewpoint, one can liken the high-frequency perturbations to the bends and contours 

imprinted onto sheet metal, aiming to enhance its resistance to bending, as commonly 

seen in the automotive industry. The methodology section mentioned that four loading 

scenarios are used to overcome the uncertainty regarding the size and location of the 

localized impact area. Impacting objects during low-velocity impact engage different 

numbers of cell walls; therefore, the resistance experienced by each impacting object 

could be different. Accordingly, using a single loading scenario to investigate the 

response of a structure or study the effect of a geometric parameter can be misleading. 

This concept is demonstrated in  Figure 64. The effect of imposing perturbations on the 

peak load depends on the loading scenario. For instance, the highest enhancement in 

the peak load of the perturbed cores was ~14%, ~19.8%, 16.6%, and ~28.5% for the 

loading cases of one wall, three walls, one cell, and three cells, respectively. 

Accordingly, the same perturbation settings resulted in different improvements, 

demonstrating the need to utilize multiple loading scenarios to better understand the 

effect of special geometric features. Collectively, the four scenarios underscore the 

positive effect of the introduced perturbations on the peak load of the perturbed cores.  

The added perturbations eliminated the post-peak softening and introduced a mild 

hardening response in some cases. To evaluate their effect on the post-peak response, 

the areas under the force-displacement curves, representing toughness, were computed 

and are presented in Figure 65.  Figure 65 demonstrates a positive correlation between 

toughness and increased perturbation frequency or amplitude. Like peak load, the area 

under the force-displacement curves is sensitive to frequency more than amplitude. The 

highest areas are observed at the highest perturbation frequency and amplitude. At the 

highest perturbation settings, the area under the force-displacement curves increased, 

compared to the unperturbed honeycomb, between 34.8%  and 56.7%, depending on 

the loading scenario. Thus, the four loading scenarios underscore the effectiveness of 

the superposed perturbations in enhancing the post-peak behavior. Accordingly, results 

confirm that the superposed perturbations can improve the load-carrying capacity of 

honeycomb cores under out-of-plane loads.  
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Figure 64: Effect of perturbations’ amplitude and frequency on the peak out-of-plane load for a) one 

cell wall, b) three cell walls, c) one cell, and d) three cells 

  
The effect of the superposed perturbations on the in-plane response was 

illustrated in Figure 63 as negligible. Such behavior is consistent with the analytical 

models developed to describe the stiffness and yielding of regular honeycombs [110], 

[135]. These models assume cell wall bending is the dominant deformation mode in 

regular honeycombs subjected to uniaxial compressive loads. The bending moment 

driving cell wall bending in regular honeycombs depends on their cell wall length. As 

the superposed perturbations do not relocate the parent cores’ vertices, the effective cell 

wall length, i.e., the distance between vertices, remains similar to that of the parent 

regular honeycomb. Therefore, the underlying deformation mechanism under uniaxial 

compressive loading in the perturbed and unperturbed parent honeycomb are identical, 

resulting in the insensitivity of the in-plane compressive stiffness and yield response to 

perturbations. 
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Figure 65: Effect of perturbations’ amplitude and frequency on the area under the force-displacement 
curve during localized out-of-plane loading on a) one cell wall, b) three cell walls, c) one cell, and d) 

three cells. The dashed line represents the response of the response of the unperturbed parent 
honeycomb core. 

 

7.2.3 Low-velocity impact  

To assist in generalizing the results of this work, it is essential to discuss the 

dependence of the results on boundary conditions and cell walls’ constituent material. 

The objective here is to shed light on whether the effectiveness of the introduced 

perturbations is limited to the employed boundary conditions and constituent material. 

The boundary conditions used to model the out-of-plane behavior of the cores align 

with those associated with cores serving in sandwich structures. The boundary 

conditions used are referred to as fixed-fixed conditions in the context of buckling. The 

epoxy at the core-composite sheet interface constrains cell walls’ lateral and rotational 

motion.  

Without the presence of the composite sheets, the core’s out-of-plane loading 

would be accompanied by translational and rotational deformations at the edges of the 

loaded cell walls. In such loading conditions, the perturbations investigated in this work 

are expected to enhance the out-of-plane structural performance but to a different extent 

than observed in the investigated fixed-fixed loading case. To shed light on the 
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effectiveness of the introduced perturbations in out-of-plane loading scenarios beyond 

those covered in the methodology, indentation simulations are performed on 8×8 

honeycomb core models whose top edges are allowed to rotate and move laterally (i.e., 

the core is not in a sandwich structure configuration).  

Two models are considered: one represents the unperturbed parent core, while the 

other represents the perturbed core with a frequency of 4 and a magnitude of 0.3 mm. 

The cores’ bottom edges were fixed. A 9.5 mm diameter cylindrical rigid indenter, i.e., 

the same size as the core’s cell, was used to generate the out-of-plane loading. Contact 

interaction was defined at the indenter-core interface and assigned a friction coefficient 

of 0.2. Abaqus explicit was used to simplify the simulation process because it involves 

contact interactions. The indenter was displaced at a rate of 0.2 mm/s (0.72 km/h). 

Accordingly, the models represent a localized low-velocity impact (i.e., indentation) 

scenario. Figure 66 shows the schematics of the low-velocity out-of-plane loading 

scenario. 

The finite element software calculated the force applied to the impactor to 

generate the prescribed displacement. The load-displacement curves corresponding to 

the perturbed and unperturbed cores are shown in  Figure 67. The results of the 

indentation simulations confirm the superiority of the perturbed core. Moreover, the 

results follow the trends observed in the fixed-fixed loading conditions. Nevertheless, 

under impact conditions without lateral and rotational constraints at the top edges, the 

perturbed and unperturbed cores exhibit peak loads that are 20% and 34% lower, 

respectively, compared to the fixed-fixed loading condition. The lower peak load is 

expected due to the lack of translational and rotational restrictions.  

 

 

 
Figure 66: Schematics of low-velocity localized impact loading  
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Figure 67: Force-displacement response under out-of-plane low-velocity impact, showing the response 

of the unperturbed and the highly perturbed core (n=4, A=0.3) 

  
Based on the impact simulation results, which can be considered a case study, it 

can be argued that the superposed perturbations enhance honeycomb cores’ strength 

and load-carrying capacity under out-of-plane loads in general. However, the 

magnitude of enhancement depends on the boundary conditions associated with the out-

of-plane loading. Similarly, using a different cell wall constituent material is anticipated 

to affect but not diminish the effectiveness of the introduced perturbations. In particular, 

constituent materials with lower yield strengths are expected to be less enhanced by the 

perturbations as they are more prone to plastic buckling. In such cases, higher 

perturbations would be needed to transform the underlying deformation mechanism 

from buckling to yielding.  

7.2.4 Flexural response 

The flexural response of the perturbed cores is illustrated in Figure 68 through 

their moment-rotation response. Imposing sinusoidal perturbations reduced the flexural 

stiffness of the core. The unperturbed core delivered the highest flexural stiffness and 

peak bending moment (507 N.mm). The peak bending moment is the largest moment 

realized by a moment-rotation curve, followed by a plateau at the peak moment and 

then a gradual decrease in the moment as the rotation increases. The slope of the 

moment-rotation curve during its initial linear phase represents the flexural stiffness. 

The lowest flexural stiffness and peak moment corresponded to a perturbation 
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frequency and amplitude of 4 and 0.3, respectively. The peak moment of the largest 

perturbed case is ~45% lower than that of the unperturbed case. The reducing effect of 

perturbations on the flexural response appears to be approximately monotonic.  

The flexural stiffness and peak moment decreased with increasing perturbation 

frequencies or amplitudes except in a few cases. For instance, at a perturbation 

frequency of 2, increasing the perturbation amplitude from 0.15 mm to 0.2 mm 

increased the peak load from 348.9 N.mm to 368.5 N.mm. Overall, the results 

demonstrate a softening effect of perturbations on the flexural response. The flexural 

response appears to follow a linear behavior at the highest perturbation frequencies. 

This behavior is indicative of increased compliance by the structure and is supportive 

of a gradual and controlled loading pattern.  

There are no sudden spikes in the moment in all cases. Such behavior is sought 

after, for instance, in impact energy mitigation applications. The change in slope in the 

traditional cases during the linear phase can be indicative of a higher flexural stiffness 

within the traditional core. In perturbed cases, this flexural stiffness is reduced due to 

the alteration of the second moment of inertia induced by sinusoidal perturbations.  

The cellular core degree of softening is altered as the sinusoidal perturbations are 

introduced as a result of changing the load-bearing characteristics of the unit cell, and 

any nonlinearity introduced by the material properties or geometry is diminished by the 

effects of the perturbations.  

7.2.5 Transverse shear loading 

The effect of the superposed perturbations on the transverse shear response of the 

honeycomb core is presented in Figure 69. The figure shows the average transverse 

shear force-displacement curves resulting from loading a sheet comprised of 8×1 cells 

by a transverse load, as discussed in the methodology section. Figure 69 illustrates a 

softening effect of the superposed perturbations on the transverse shear response. The 

slope of the shear force-displacement curves in the linear range is representative of the 

transverse shear stiff of the perturbed core, and a reduced slope indicates reduced 

stiffness. 
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Figure 68: Flexural response of the perturbed honeycomb lattices, showing the sensitivity of the 

moment-rotation curves to perturbation at the perturbation amplitudes of a) 0.15, b) 0.2, c) 0.25, and d) 
0.3  

Generally, increasing the perturbation frequency or amplitude decreased the 

transverse shear stiffness of the perturbed cores. The only exception to this trend 

appeared at the perturbation amplitude of 0.15 mm, where the shear stiffness at the 

frequencies of 3 and 4 was slightly higher than at a frequency of 1. The incremental 

reduction in stiffness, defined as the decrease in stiffness between two consecutive 

frequencies, decreased with increasing frequency. Thus, the frequencies of 3 and 4 

resulted in overlapping transverse shear force-displacement responses.  

Moreover, Figure 69 shows that the effect of perturbation frequencies is amplified 

at higher perturbation amplitudes. For instance, the incremental decrease in stiffness 

between the cases with perturbation frequencies of 3 and 4 is higher at a perturbation 

of 0.3 than at the perpetuation of 0.25. The reduction in stiffness caused by superposing 

the sinusoidal perturbations is accompanied by a decrease in the core's ability to resist 

permanent deformation and yielding. The onset of yielding at the cores' structural level 

can be defined as the stress level at which the transverse shear force-displacement curve 

transitions from the linear phase to the nonlinear phase. Similar to the flexural loading 

case, increasing the perturbation level increased the structure's compliance, and an 

approximately linear shear force-displacement response was observed at the highest 

perturbation levels. Such behavior supports smoother loading profiles, which is favored 

in impact load mitigation applications. Imposing the sinusoidal perturbations on the 
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honeycomb lattice significantly influences its flexural and transverse shear properties. 

The sinusoidal perturbations introduced geometric imperfections in the cores' structure, 

prompting the development of nonuniform and localized stresses, as shown in Figure 

70 (units in MPa).  

The straight cell walls in the unperturbed honeycombs serve as the force 

transmission paths for the in-plane forces induced by flexural and transverse loads. The 

unperturbed cell walls have the best load-bearing ability as straight lines. In the 

perturbed cores, the force transmission paths for the in-plane forces pass through curved 

cell walls, which offer lower load-bearing ability than their straight counterparts. 

Accordingly, the curved cell walls are more prone to developing nonuniform and 

localized stresses. 

 

 

 

 

 

Figure 69: Response of the perturbed honeycomb lattices to transverse shear force, showing the 
sensitivity of the transverse force-displacement curves to perturbation at the perturbation amplitudes of 

a) 0.15, b) 0.2, c) 0.25, and d) 0.3 
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The softening behavior driven by the development of localized stresses provides 

a smoother loading response that gives rise to a slowly rising resistance to deformation. 

From a structural integrity perspective, such behavior can be concerning. However, 

from the standpoint of mitigating impact energy, such behavior is appealing, as it would 

allow for the gradual dissipation of impact energy, thereby avoiding sudden shocks or 

overloading of a protected person, structure, or device. 

 

Figure 70: Stress contour plot of perturbed honeycomb panel under pure bending 

 

7.2.6 Three-point bending 

The deformation modes, peak loads, and specific energy absorption are reported 

for the sandwich structures corresponding to the 5 different cores considered, i.e., 4 

perturbed and 1 traditional. The average macroscopic deformation of the 5 sandwich 

structures is similar. Figure 71 represents the typical observed deformed shape of the 

modeled sandwich structures. As the load is applied at the middle of the panel, a narrow 

indentation forms under the indenting roller. The figure also shows the local 

deformations at the point of contact. The face sheet thickness plays a crucial role in 

distributing the local forces and deformations.  

The load-displacement curves of the 5 sandwich structures considered are shown 

in Figure 72. To validate the finite element model's accuracy, the force-displacement 

result corresponding to the sandwich structure with the traditional honeycomb core is 

compared to that of a similar panel that was experimentally tested [116]. The result of 

this work agrees well with the experimental results; a maximum difference of 3% is 

observed. 
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Figure 71: Deformation of a sandwich structure under 3-poing bend loading, showing localized 

 

According to Figure 72, the peak load realized by the sandwich structure 

comprising a traditional honeycomb core is 2.17 kN. However, replacing the 

conventional honeycomb core with a perturbed one can increase the peak load to 2.95 

kN. This increase is related to the increased second moment of inertia and improved 

stiffness. The perturbed cores are 0.3% higher in weight than their traditional 

counterparts, and this increase in weight is negligible compared to the increase in peak 

load which reached 36%. 

Figure 72 shows that the perturbation effect is more relevant in the loading phase. 

Once the peak load is reached, the force-displacement curves of all sandwich structures 

showed an exponential decay, and they relatively overlapped once the load decreased 

below the 1 kN mark. This behavior suggests that once the honeycomb cores start to 

crumble, the introduced perturbations no longer contribute to the overall flexural 

strength of the sandwich structure. After the applied force crushes the cells, the 

perturbed and unperturbed honeycomb cells behave similarly; thus, the final load for 

all panels is identical.  

To further understand the effect of modifying hexagonal honeycombs using 

sinusoidal perturbations, the flexural stiffness and specific energy absorption are 

calculated for the sandwich structures comprising perturbed cores. 
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Figure 72: Deformation of a sandwich structure under 3-point bend loading, showing localized 

  

Figure 73 shows the flexural stiffness of the sandwich structures. This figure also 

compares the results from the sandwich structures with perturbed honeycomb to those 

of sandwich structures with traditional honeycomb. Figure 73 shows that, in general, 

an increase in amplitude or frequency increases flexural stiffness. The sandwich 

structure with the highest frequency and amplitude, namely one wave and an amplitude 

of 0.2 mm, showed a 35.7% higher flexural stiffness than that of the sandwich structure 

with the traditional honeycomb. A lower perturbation frequency, namely 0.5 waves per 

cell wall, did not result in similar substantial improvements. Results suggest that the 

relationship between frequency, amplitude, and flexural stiffness is non-linear.   

Figure 74 shows the specific energy absorbed by the sandwich structures 

comprising perturbed and unperturbed honeycomb cores. Specific energy absorption is 

calculated by integrating the area under the force-displacement curve and normalizing 

the outcome by the mass of the sandwich structure. Figure 74 shows a general trend; 

the specific energy absorption increases as the perturbation amplitude and frequency 

used are increased. However, since the imposed sinusoidal perturbations do not 

contribute to the structural stiffness after the honeycomb starts to collapse, i.e., after 

peak load, they have a lower enhancing effect on the specific energy absorption as 

compared to their effect on peak load. 
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Figure 73: Flexural stiffness of sandwich structures comprising perturbed honeycomb cores 

 

 

Figure 74: Specific energy absorption of sandwich structures comprising perturbed and unperturbed 
honeycomb cores 

 

For instance, the specific energy absorption of the sample with the highest 

perturbation frequency and amplitude is 26% higher than that of the sample with a 

traditional honeycomb. This increase, though substantial, is less than that exhibited by 

peak load. Accordingly, unlike the flexural stiffness and peak load, the specific energy 

absorption considers the phase where the perturbated and traditional honeycomb cores 

behave similarly.   
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Chapter 8: Conclusion and Future Recommendations 

This dissertation aims to comprehensively explore the different mechanisms that 

can be utilized to enhance the mechanical and thermal features of cellular solids. The 

study investigated the effects of copper coating aluminum foam on their mechanical 

performance. Numerical and experimental techniques were utilized to achieve this goal. 

FEA was used to perform numerical analysis, while electrodeposition, SEM, EDS, and 

uni-axial compression tests were used to assess the effect of coatings experimentally. 

Analytical models were developed to predict the behavior of the coated foams. The 

models help in tailoring the required coating thickness to achieve the required 

mechanical properties. The simulations revealed that the stiffness of uniformly copper-

coated aluminum foam significantly enhances the stiffness. For instance, the stiffness 

of foams with 100µm thick coating can be 138% higher than uncoated foams at 4% 

relative density. As for the yield strength, an enhancement of 30% was recorded at 4% 

relative density compared to uncoated foams. The thermal conductivity was also 

significantly enhanced, where the most pronounced effect was recorded at lower 

relative densities, with up to 196% increase at 4% relative density for 100µm copper 

coating.  Despite the mechanical and thermal benefits, the addition of copper coating 

significantly increases the overall weight and relative density of the foams. For 

instance, 100µm coating increases the weight by 221% at 4% relative density. To 

further assess the effect of added weight, mechanical and thermal properties were 

normalized by the weight to find the optimum coating thickness.  

A unique solution was proposed to efficiently tackle the issue of increased weight 

in uniformly coated aluminum samples, which introduced functionally graded coating. 

Functionally graded copper coatings were developed with the aid of an 

electrodeposition process.  Samples were subjected to various characterization 

techniques to assess the coating quality. This includes the use of SEM and EDS, which 

show the variation in the coating thickness across the depth of the specimen. The results 

show close agreement with the numerical simulations where the energy absorption was 

enhanced up to ~30% with the addition of functionally graded coatings. However, there 

was a notable difference between the functionally graded coatings and the uniform 

coatings, which is the elastic modulus. The uniform coatings in the numerical 

simulations showed significant improvement in the stiffness, whereas the functionally 

graded coatings resulted in decreasing stiffness. 
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Finally, this dissertation aimed to enhance the mechanical properties of cellular 

solids, particularly honeycombs, by introducing sinusoidal perturbations to the 

honeycomb walls. Numerical simulations were used throughout this research goal to 

analyze the effect of perturbations on the mechanical properties, specifically the use of 

FEA. The mechanical features that were investigated include out-of-plane and in-plane 

compressive responses, as well as their behavior under low-velocity impact, flexural, 

and transverse shear loading. The introduction of sinusoidal perturbations significantly 

enhanced the out-of-plane compressive response. The primary result includes a shift in 

the failure criteria, where the introduction of sinusoidal perturbations resulted in 

yielding rather than buckling. The perturbations increased the peak load out of plane 

compression capacity by up to 28.5%, particularly under highly concentrated loads. It 

was concluded that by increasing the frequency and amplitude of the sinusoidal 

perturbations, higher enhancement can be achieved. As for the in-plane response, the 

effect of sinusoidal perturbations was negligible. The flexural response and transverse 

shear response showed a decrease in the pure bending stiffness and shear stiffness with 

increased frequency and amplitude. 

Overall, various techniques can be utilized to enhance the mechanical and thermal 

properties of cellular solids. Through altering the topological features or the 

introduction of metallic coatings, researchers aim to tailor the mechanical and thermal 

properties to achieve the required properties.  

Future research should focus on the recently developed lattice structures (e.g., 

TPMS)  and aim to enhance their mechanical and thermal properties by introducing 

sinusoidal perturbations in three dimensions with the aid of FEA and CAD. Adding on, 

limited research has been done on copper-coated aluminum honeycombs, which have 

been widely used in the industry. The electrodeposition process has been proven to be 

cost-effective in terms of mechanical and thermal properties. Future research should 

also aim to investigate the effects of copper-coated aluminum honeycomb on static and 

dynamic mechanical properties for energy absorption applications. 
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